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Abstract

Alkali-activated cements, produced by reacting aluminosilicate precursors with
alkaline solutions, offer a promising low-CO- alternative to Portland cement. This
thesis introduces a multiphysics modelling framework to reduce the uncertainty in
carbonation resistance, focusing on sodium sulfate (Na.SO4)-activated slag cements.
Sodium sulfate, a near-neutral salt, is examined as a safer and more user-friendly
alternative to traditional alkaline activators, offering reduced handling risks, easier on-

site casting, and lower corrosion potential for steel reinforcement.

The developed modelling framework integrates thermodynamic and transport models
to simulate chemical changes and pore structure evolution during carbonation. This
novel approach helps to optimise mix design for durable, low-CO: concrete
formulations. By capturing coupled carbonation and transport effects, the framework

provides a comprehensive tool for predicting performance under varying conditions.

Experimental studies complement the modelling, exploring the impact of slag
chemistry on sodium sulfate-activated slag cements, with a focus on reaction
mechanisms, kinetics, and phase evolution. This with the aim to understand the CO>
interactions with these materials. The study reveals fundamental physicochemical CO»
interaction mechanisms taking place in the studied materials and highlights the critical

role of selecting appropriate methodologies for studying their carbonation.

Additionally, this thesis advances the understanding of using time-resolved
synchrotron X-ray diffraction computed tomography and X-ray microcomputed
tomography to offer unique insights into microstructural changes induced by
carbonation. This marks the first use of time-resolved 3D analysis to observe real-time
microstructural evolution during CO: exposure, providing irrefutable evidence of

carbonation mechanisms.

The integration of experimental data and modelling in this research offers a solid
foundation for optimising alkali-activated cements, enhancing carbonation resistance,
and supporting more sustainable concrete infrastructure. This framework is the first of
its kind and enables the selection of optimal activators considering slag characteristics
to design cements with lower CO: footprints and improved longevity, thereby

enhancing the sustainability and durability of concrete infrastructure.
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Chapter 1.

INTRODUCTION

Alkali-activated cements (AACs) are promising low-CO- alternatives to replace traditional
Portland cement in the production of concrete and other construction products. AACs are
produced by alkaline activation of aluminosilicate materials sourced from natural materials,
industrial wastes, or by-products. Among the array of aluminosilicate sources utilised to
produce AACs, blast furnace slag, originating from the iron-making process, stands as the most
widely used precursor, for producing materials with desirable mechanical and durability

properties.

Although alkali-activated slag (AAS) cements have been produced at industrial scales and
applied in several countries, the main barrier restricting its broader industrial application is the
use of conventional alkaline solutions, typically alkali hydroxide or silicates. These activators
are viscous, corrosive and hazardous for handling; the production of these activators requires
an energy-intensive process, causing CO> emissions. Consequently, the activator component
of an AAC is deemed the most pollutant component of these materials. Natural salts, such as
sodium sulfate (Na;SO4), can be obtained from natural resources or as by-products from
different industries. They are promising activators due to their lower CO2 footprint, competitive

cost, and user-friendliness compared to conventional activators.

Despite the technical and environmental advantages offered by alkali-activated materials
(AAMs) as alternative cementitious materials, the long-term stability and the factors
influencing their performance remain largely unexplored. Interaction with CO>—referred to as
carbonation—is a critical area of uncertainty, which could compromise the long-term structural
integrity of these materials and potentially lead to the degradation of steel-reinforced concrete
under certain exposure conditions. Furthermore, the absence of modelling tools to predict the
service life and enhance the durability of such materials underscores the need for development.

There is an urgent need to develop a better understanding of the potential effects of carbonation



on these novel sustainable cements and to create modelling tools for their service life
performance prediction. This knowledge gap can be addressed by developing a reactive-
transport framework that incorporates complex chemical and physical interactions during
carbonation, validated by experimental results. Such a framework can be used not only to
predict the carbonation performance of clinker-free AAMs or other binders but also to

determine their potential for CO. sequestration.

This PhD research centres on evaluating sodium sulfate-activated blast furnace slag cements,
as a function of slag composition. This study conceptualises the reaction mechanism and
investigates the long-term stability and properties of studied materials. The physicochemical
alteration induced by the exposure to different CO> concentrations in sodium sulfate-activated
slag cements, underpinned a novel understanding of the carbonation mechanism to provide
recommendations for developing future carbonation resistance evaluation tests applicable to
such materials. Ground knowledge then helped to develop a novel reactive-transport
framework to predict the carbonation performance of sodium sulfate-activated slag cements

and their CO; uptake potential at different CO> concentrations.

Chapter 2 presents a comprehensive literature review of the latest advancements in the reaction
kinetics, phase assemblage, and mechanical properties of sodium sulfate-activated slag
cements. It also explores the carbonation mechanisms in alkali-activated materials, focusing
on phase evolution, alterations in pore structure, and mechanical development. Furthermore,
the chapter summarises and discusses the progress in carbonation modelling within
cementitious materials. The utilisation of 3D and 4D tomography characterisation techniques
in studying the pore structure and reaction mechanisms of cementitious materials are also

summarised and discussed.

Chapter 3 delineates the experimental methodology, detailing the physical and chemical
properties of the anhydrous blast furnace slags as well as the grades and sources of the chemical
agents used. It describes the procedures and steps involved in sample preparation. Additionally,
this chapter provides a comprehensive overview of the multi-analytical techniques employed
in this study for characterisation, along with the specific parameters used for each technique.
Detailed discussions on thermodynamic modelling and image-based modelling methods are
also included. Moreover, the chapter covers the workflows for processing X-ray diffraction

and X-ray microtomography datasets.

Chapter 4 evaluates the reaction kinetics, phase assemblage, and microstructure evolution of

NaxSOs-activated slag cements produced with three commercial slags. The main reaction



products identified are ettringite and calcium aluminosilicate hydrates, alongside a poorly
crystalline SO4* intercalated Mg-Al-layered double hydroxide (LDH) phase. Results revealed
that the Al,O3 slag content alone does not correlate with the hardened cement performance.
While pastes made with a higher A1,O3 content slag exhibit faster reaction kinetics, those made
with a slag with a higher Mg/Al ratio developed superior compressive strength and reduced
porosity over extended curing periods, which is comparable to that of blended Portland cement
systems. Thermodynamic modelling simulations indicated that sulfate consumption occurs via
ettringite and LDH phase formation, influencing the slag reaction degree, pH value, and
porosity reduction in these cements. This chapter highlights the critical role of slag composition
in controlling microstructure and, consequently, the mechanical properties of sodium sulfate-

activated slag cements.

In Chapter 5, the impact of carbonation, induced at different CO> exposure concentrations (0.04
or 1%), in the phase assemblages and compressive strength of Na>SO4-activated slag materials
was determined. The main carbonation reaction products forming are different CaCOs
polymorphs, independent of the slag composition or carbonation conditions adopted. This is a
consequence of the Ca-bearing phases' decalcification. In specimens exposed to 0.04% CO», a
negligible carbonation front was observed, along with a continued phase assemblage evolution
and compressive strength gain after 500 days of exposure. This was more noticeable in pastes
produced with slags with a higher Mg/Al ratio. Conversely, exposure to 1 % CO: led to
complete carbonation after 28 days, and a significant compressive strength reduction.
Accelerated carbonation does not lead to the development of comparable microstructures to
those observed in naturally carbonated pastes. Therefore, results derived from the accelerated
tests are considered unsuitable for predicting the long-term carbonation performance of

NaxSOs-activated slag cements.

Chapter 6 investigates the interaction of CO> with sodium sulfate-activated, by employing 3D
microscale imaging techniques, specifically synchrotron X-ray diffraction computed
tomography (XRD-CT) coupled with X-ray computed tomography (uCT), to analyse the pore
structure and the spatial arrangement of crystalline phases in Portland clinker-free sodium
sulfate-blast furnace slag cement pastes, before and after carbonation. Results reveal a
discernible reduction in ettringite volumes and, notably, provide the first definitive evidence of
Mg-Al-SOs-layered double hydroxide (LDH) phase formation within the sodium sulfate-
activated slag cement system, highlighting its critical role in CO; sequestration. The process of
accelerated carbonation was observed to increase porosity while reducing the tortuosity across
the studied alkali-activated slag pastes, yielding a pore network that rivals conventional

blended Portland cements in terms of lower porosity and enhanced tortuosity. Remarkably, the



paste produced using slag with the highest Mg/Al ratio (0.8) demonstrated superior carbonation
resistance. Additionally, a correlation was established between simulated tortuosity and 3D
porosity in accordance with Archie’s law. This represents a significant step forward enabling
a rapid and reliable estimation of carbonation resistance and CO binding capacity of alkali-

activated slag cements.

Chapter 7 introduces a novel reactive transport framework tailored for hardened cementitious
materials. This framework integrates key processes, including slag hydration, carbonation
reactions, ionic transport and moisture transport, while accounting for variations in
microstructure and transport properties over time and reacted CO». The framework was applied
to simulate both accelerated carbonation (1% CO- v/v over one year) and natural carbonation
(0.04% CO: v/v over ten years) in clinker-free alkali-sulfate blast furnace slag for a case study,
under controlled temperature and humidity conditions. The simulation results showed strong
alignment with experimental data and existing literature, demonstrating the model's robustness.
The novelty of this framework lies in its ability to predict phase evolution, transport properties
such as diffusivity, permeability, saturation, liquid volume fraction, capillary pressure, pore
solution pH, the composition of aluminium-substituted calcium silicate hydrate gel (C-A-S-H),
and COs: sequestration profiles across different depths. The model is designed to be adaptable,
supporting the development of simulation tools that can assess the durability performance and
CO: uptake capacity of more complex cement systems, including those containing

supplementary cementitious materials (SCMs) or based on alkali-activated cements.

Chapter 8 presents the conclusions and outlines recommendations for future research in the
development of near-neutral salt activation technology. It addresses the challenges and
identifies potential directions for advancing 3D tomographic analysis in cementitious materials.
Furthermore, this chapter proposes future directions for refining the reactive-transport
framework developed in this study, aimed at enhancing the reliability and service life of alkali-
activated slag (AAS) concrete.



Chapter 2.

LITERATURE REVIEW

2.1 Alkali-activated blast furnace slag

Rapid population growth and urbanisation have led to an exponential increase in the demand
for cement and concrete for many applications including housing, transportation and energy
infrastructures [1]. Portland cement is the most widely used binder in concrete production, and
it is a major contributor of anthropogenic CO», with its production responsible for ~8 % of
global total CO; emissions [2, 3] and about 19 % of industrial emissions, which refers to various
pollutants, including gases, particles and other harmful substances, as a result of industrial
processes and activities [4]. Alkali-activated cements are alternative low-carbon materials, with
the potential to provide 30-80 % CO> emissions savings compared to Portland cement,
depending on their mix design and curing conditions adopted [5]. Alkali-activated cements are
considered a suitable and technically feasible solution for achieving low-carbon and

implementing sustainable construction practices [6, 7].

AACs are cementitious materials formed by reacting aluminosilicate precursors with an
alkaline solution. Blast furnace slag (BFS) is an iron industry vitreous by-product quenched
from the melted iron slag into glassy products, then dried and grounded into a fine powder [8].
It has been reported that ~200-400 kg of melted blast furnace slag is produced per ton of pig
iron [9], and a considerable amount of BFS is produced from metallurgical industries in China
[10], Japan [11] and the USA [12]. Despite the extensive use of BFS in Europe for producing
blended Portland cements, this is not the case in other geographical locations, which motivates
the continued development of cements with ultra-high contents of blast furnace slags such as
AACs. These cements can be designed to achieve similar or better properties than ordinary
Portland cement by modifying the activation conditions (e.g. type and amount of activator) [7].
Consequently, there is significant interest in identifying the optimal activation conditions for a

given BFS source and activator type to produce materials with targeted performance.



The main components of BFS are CaO (35-40 %), S102 (25-35 %), MgO (5-10 %) and AL2Os
(5 -15 %) [13]. Both the chemical composition and physical properties of BFS, such as particle
size distribution, specific surface area, fineness, oxide chemical composition and silicon and
aluminium coordination conditions, vary depending on the iron ore, location of extraction and
its processing [14-16]. Such differences affect rheology [16, 17], reaction kinetics [18, 19],
phase assemblage [20-22] and transport properties [23-25] of alkali-activated materials

produced with them.

Alkali-activated materials have been recognised as an alternative binder since 1895 [26].
Significant advancements have been achieved in recent decades using locally sourced BFS,
activated by sodium hydroxide and/or sodium silicate solutions, in local applications and
infrastructure development [27-29]. In 2018, the standard PAS 8820 [30], was introduced,
facilitating the broad adoption of alkali-activated cementitious materials and concrete for fit-

for-purpose applications in the United Kingdom.

The performance of alkali-activated slag cements has demonstrated comparable performance
to blended ordinary Portland cements (OPC). Extensive work has been reported showcasing
that alkali-activated material can achieve comparable or even better performance in terms of
mechanical properties [31-33], workability [34-36], durability [37-39], such as carbonation
[40-42], chloride [43-46] and sulfate attacks [47-49], compared to OPC-based materials by

tailoring the mix design.

The major difference between PC and AAS is the nanostructure of the main reaction products
calcium silicate hydrates (C-S-H). Aluminium-substituted calcium silicate hydrates (C-A-S-H)
are the main reaction products forming in AAS, and play an important role in the mechanical
and durability performance of these cements [50]. Contrary to PC, where C-S-H is dominant
by Q! and Q? silicate tetrahedra [51], in C-A-S-H, aluminium tetrahedra tend to substitute for
silicon at the bridging site forming Q*(1Al) tetrahedra [52]; the practical maximum aluminium
substitution appears at ~0.2 of Al/Si ratios in alkali-activated slag cements with increased mean
chain length [53]. Increased Al substitution in C-S-H changes its morphology from a fibrillar-
like to a fine foil-like structure, and this more impermeable nanostructure contributes durability

improvement of these cements [54, 55].
2.2 Environmental considerations in alkali-activated cements

Alkali-activated cements represent a promising alternative to Portland cement for concrete

production; however, the manufacturing processes and CO; footprint associated with the



production of activators limit their widespread adoption at an industrial scale [56]. The most
commonly used activators in alkali-activated cements, alkali hydroxide or alkali silicate, are
chosen for their effective activation capabilities, which promote the formation of high-strength
materials with other superior properties. Nonetheless, these substances are viscous, corrosive,
and hazardous to handle [56]. Moreover, although the principal CO> reductions in alkali-
activated cement are attributed to the use of industrial waste or by-products as precursors, the
production of sodium silicate and sodium hydroxide is energy-intensive, leading to significant

CO» emissions and secondary pollution [57].

Specifically, sodium silicate production involves melting silica and carbonate salt at
approximately 1400°C, followed by dissolution in water in an autoclave at temperatures
between 140-160°C [58]. Sodium hydroxide production relies on the electrolytic
decomposition of NaCl in brine solution [59]. Heath et al. [60] noted that producing 1 kg of
sodium silicate results in 300 g of CO» emissions, while the emissions from sodium hydroxide
production are half of this amount. According to Habert et al. [61], the goal of reducing the
environmental impact of conventional PC by utilising alkali-activated cement systems is
currently unachievable when sodium silicate or hydroxide activators produced by conventional
methods are used. Consequently, the use of these highly alkaline solutions appears to be

suboptimal.

2.3 Near natural salt-sodium sulfate

Natural salts, such as sodium sulfate (Na>SO4) and sodium carbonate (Na>CO3), which can be
obtained in nature or as by-products from different industrial activities, can also activate BFS
[62-64]. Sodium carbonate (Na;COs3) is sourced from mined trona or via the Solvay process
[65]. Also, sodium sulfate (NaxSO4) can be obtained from mined mirabilite, sodium-bearing
brines or by-products during HCI production, or silica pigments [57, 66]. Using neutral salts as
activators represents a significant advantage in reducing the hazards linked to the handling of
highly alkaline solutions, while potentially minimising the environmental impact of the
cements produced with them. Besides, these neutral salts' costs are very competitive compared
to sodium silicate and sodium hydroxide [57]. However, the general perception is that both the
early and later strength of these neutral salts-activated slag systems is limited, compared with
using silicate activators, and the products take a longer time to harden than commercially

required in the construction industry [67].

Studies from the past eight years have proved that sodium carbonate-activated slag binders

show excellent mechanical properties and durability [18, 68-73]. It is important to analyse



whether the strategies used to optimise the sodium carbonate-activated slag can be replicated
in sodium sulfate-activated slag cements. The reaction of sodium carbonate-activated slag
proceeds in a similar way to that of sodium hydroxide-activated slag after the carbonate ions
supplied by the activator are exhausted in the solution. These materials present high
compressive strength and decreased porosity after 4 days of curing, and can be used as a
building material [74]. Furthermore, the long setting time and delayed development of
compressive strength challenges can be solved by using high MgO content of slag and/or
incorporating nano-admixtures such as calcined layered double hydroxides (CLDH), where
pastes set within 24 h [18]. The addition of CLDH quickly removes the CO3? ion and increases
the pH value in the pore solution, thus increasing the degree of BFS reaction. Also, the use of
high MgO content of slag controls the formation of hydrotalcite-type phases, which also
promotes the removal of CO3? ions in the pore solution, accelerating the kinetics of the reaction
[18]. The chloride and carbonation resistance of sodium carbonate-activated slag is optimised
by incorporating CLDHs. Ke et al. [75] reported that 5 % CLDH addition significantly
densifies the microstructure, showing a lower chloride migration coefficient and higher
compressive strength. Besides, the incorporation of CLDH increases the amount of
hydrotalcite-type phases and these phases release OH™ to the pore solution under carbonation,
which slows down the drop in pH value [76], so it increases the CO> uptake in the sodium
carbonate-activated slag without damaging the C-A-S-H gels or lowering its mechanical
strength [68].

On the other hand, sodium sulfate-activated cements have been less studied, and are considered
suitable for nuclear waste cementation [77-79], due to their unique properties including reduced
free water, lower pH value, and less released heat during hydration compared with PC. The
early strength of neutral salts activated slag cement has been overcome by adequate selection
of the slag source, as it is clear that not all slags will react in the same manner when activated
with different alkali activators [18]. Other strategies include adding some fractions of Ca(OH),
[80], OPC clinker [81], or blending with sodium silicate or hydroxide [82] or applying high-
temperature curing [83]. These methods could satisty construction requirements, but they may
again increase the embodied energy consumption and carbon footprint associated with the
production of these cements. Therefore, in order to move forward to produce a "green" alkali-
activated slag system, it is necessary to understand the chemical and properties of the cements
produced with slag from different sources and different activator types and dosages. It is
impossible to make a type of alkali-activated slag cement for all applications, and the versatility

of these materials calls for the adoption of a fit-for-purpose design approach.



2.4 Sodium sulfate-activated slag

Alkali-activated cements produced by using a sodium sulfate activator have not been
extensively explored, because early reports identified that the early and later strength of these
systems were not as high as those obtained when using hydroxide or silicate activators, and in
some cases, extended setting times limited their potential application to pre-casting. For
example, Wang et al. [81] reported that the sodium sulfate-activated slag mortar with a 2M
concentration only developed 20 MPa at 28 days. Rashad et al. [66] found that the setting time
of sodium sulfate-activated slag takes over 50 h when using 3 % (Na;O equivalent) Na;SOs.
Mobasher et al. [63] reported that the induction period of Na;SO4-activated slag using 25 wt.%

activator is 80 h, and the time can rise to 110 h by using 5 wt.% solutions.

The low heat of the reaction released in the sodium sulfate-activated slag is considered
advantageous for application in nuclear waste cementation [77-79], but the setting time for this
material might take several days [63, 84]. The slag fineness and curing temperature used
accelerate the slag reaction in NaxSOjs-activated slag cements [66, 85]. Tan et al. [86] used wet
grinding to reduce the average slag particle size of BFS from 18.12 um to 3.87 um and found
that the reaction kinetics of alkali-activated slag cements is effectively accelerated. Promising
results also demonstrated that the replacement of blast furnace slag with 10 wt.% limestone
can accelerate the reaction kinetics, independently of the chemical composition of the slag [84].
Limestone addition improved the compressive strength due to the refinement of the pore
structure and better space filling. A similar observation was also found in the substitution of 5
wt.% limestone in this system [87]. The filler effect of limestone increases the nucleation of
binding gel phases and accelerates the reaction kinetics without modifying the phase

assemblage of the cements produced [88, 89].

The chemical composition of the slag used also has a significant influence on the reaction
kinetics of sodium sulfate-activated slag cements [57]. It has been reported that slag with higher
ADOs3 content is more reactive [84]. Similar results have been reported for supersulfated
cements whose main secondary reaction product is also ettringite [90]. This is also consistent
with results evaluating 16 industrial slags using the R? (rapid, relevant and reliable) test [91,
92] shows that the slag with higher Al,O3 contents shows higher kinetics of the reaction in the
first 7 days [19]. However, the trend observed in the sodium sulfate-activated slag cements [93]
differs from what has been reported for sodium hydroxide and sodium silicate systems, where
a higher Al,O3 and reduced MgO contents can lead to a lower degree of slag reaction. This has
been attributed to the formation of secondary reaction products such as hydrotalcite-type

phases [21]. The local chemical environments of Al coordination and the nature of the glassy



10

phase are also important factors affecting the reactivity of the slag [84, 94]. More detailed work
is needed to understand to what extent the slag reactivity is affected as a function of the Al

coordination, regardless of other factors (e.g. chemical composition and/or fineness).

The majority of studies in sodium sulfate-activated slag cements have centred on determining
the phase assemblage evolution of a single slag source. It has been reported [63, 66, 84] that
the main reaction product formed in these cements is an aluminium-substituted calcium silicate
hydrate phase, with a tobermorite-type structure, with a low Ca/Si ratio. The main secondary
reaction product, ettringite (3Ca0O-Al,03-3CaS04-32H20), is often reported. It has been
hypothesised that a layer double hydroxide (LDH) phase is also forming the Na,SOs-activated
slag cements, as a low-intensity shoulder at 6iso =~9 ppm is reported when samples are analysed
by A1 MAS NMR [63, 84], although no reflection associated with this phase is identifiable
when analysed by X-ray diffraction. It has been reported that sulfate-intercalated LDHs are
poorly crystalline [95], which might explain these findings.

As a means of increasing slag reactivity and compressive strength development of sodium
sulfate-activated slag cements, the effect of different additives has been evaluated. Wang et al.
[81] reported that the compressive strength of sodium sulfate-activated slag increases
significantly by adding 5-10 wt% Ca (OH).. He et al. [96] observed addition of 6 % reactive
MgO in sodium sulfate-activated slag results in the pH value of the cements to 12, along with
an improvement of compressive strength. Besides, the addition of 6-8 % reactive MgO also
reduces the drying shrinkage of this material due to the increased degree of slag reaction with
more formation of ettringite [96, 97]. Additionally, Yuan et al. [98] used a blended activator
comprising NaxCO3; and Na>SO4 with the 28-compressive strength slightly increasing with
higher contents of Na,COs in the activator.

Sodium sulfate solutions can be effectively used to activate various supplementary
cementitious materials (SCMs). Adding 4 wt. % Na>SO4 (relative to the mass of the cements)
to the fly ash/slag blended system enhances the early-stage reactive kinetics and mechanical
properties. This is associated with a more compact pore structure and reduced drying shrinkage
[98]. In 70 % slag blended cements, 8 wt. % Na>SO4 (relative to the total mass of BFS and
clinker) significantly accelerates the reaction kinetics within the first two days and increases
the degree of slag reaction within 28 days [99]. Similar effects have been observed in sulfate-
activated materials with a high volume of fly ash in both mortar [100] and concrete [101]. In
the 70 % calcined clay/ 30% calcium hydroxide system, the use of a 5 % Na>SO4 activator
significantly promotes the early strength of the paste specimens reaching 13 MPa at 3 days of
curing, linked to the formation of ettringite. Furthermore, it has also been reported [102] that
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sodium sulfate can activate construction demolition wastes, releasing ten times less heat than
Portland cement and achieving comparable strengths of approximately 31 MPa at 28 days and

sustained performance at 180 days of curing.

2.5 The carbonation mechanism of cementitious materials

The general effects of carbonation are associated with decreased pH value in the pore solution
with the decalcification of reaction products, leading to the instabilities of mechanical
properties and variation of transport properties, depending on the analysed cements system and
exposure condition [37, 103, 104]. This section summarises the carbonation mechanism of PC
and alkali-activated slag cements. The different carbonation mechanisms (PC vs AAMs) are
attributed to the difference in phase assemblage, pore solution, pore structure and transport
properties. Moisture is an important transport medium. Carbonation does not happen in either
dry conditions or saturated conditions within the pore structure (RH=100 %). The optimum

carbonation conditions appear to be around 50 % relative humidity [58].

2.5.1 The carbonation of Portland cement

The carbonation of Portland cement systems is well understood, and it has been extensively
researched. In Portland cement, CO; diffuses into the material through pores and reacts with
pore solution forming carbonic acid, followed by the decalcification of the hydration products,

including portlandite, C-S-H gel, and other secondary reaction products [105].

Figure 2-1 presents the thermodynamic modelling simulations showing the phase assemblage
(type and amount of reaction products forming) and pH value of the pore solution in OPC as a
function of reacted CO, [106]. The carbonation proceeds according to the following steps:
Firstly, AFm phases are carbonated into monocarbonate [107]. After the consumption of
portlandite with the formation of CaCOs until 12.5 pH value, the C-A-S-H gel starts to be
decalcified. When the Ca/Si ratio of C-S-H gel decreases to 0.75 and monocarboante is
consumed, the pH value rapidly drops to 11 [106]. With further carbonation, the ettringite starts
to decompose at pH 10. The released aluminium and sulphur tend to form aluminosilicate and

gypsum, respectively [107].
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Figure 2-1. Thermodynamics modelling of phase assemblage (a) and pH value in the pore
solution as a function of reacted CO; in a white OPC with 0.5 of w/b ratio and 90 % degree of
hydration, replotted from [106]

The decomposition of ettringite leads to the formation of calcite, gypsum and Al (OH)4 [108].
Subsequently, the AI(OH)4™ interacts with aluminium and silicon species from the decalcified
C-A-S-H gel, resulting in the formation of aluminosilicate gels [68]. In thermodynamic
modelling of cementitious materials' carbonation, Na-based and K-based zeolites are
commonly employed to represent alkali aluminosilicate gels with varying Al/Si ratios, as the
bulk chemical composition, particularly the Al/Si ratio, significantly influences the Gibbs
energy of formation for these minerals [109-112]. However, it is important to note that zeolites
are rarely observed in the carbonation of PC-based systems. This is attributed to the slow
transition from amorphous to crystalline forms under ambient conditions and the typically low

water content, both of which depend on the material’s service environment [113].

It should also be noted that while carbonation steps may be concurrently identified during
experimental evaluation, the fundamental processes remain consistent with those predicted by
thermodynamic modelling. Shah et al. [114] reported that both portlandite and C-S-H gel
undergo carbonation simultaneously, although thermodynamic principles suggest that
portlandite should be decalcified first.

The properties of the primary calcium-bearing C-S-H gel phase in hardened cements provide
the cementitious properties to concrete, and play a crucial role in determining the progression
of carbonation. The decalcification of C-S-H gel due to carbonation occurs in two distinct

stages, and the rate of decalcification decreases as the Ca/Si ratio increases [115]. The initial
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stage involves the removal of calcium from interlayer spaces and defect sites within the silicate
chain until the Ca/Si ratio reaches 0.67; the subsequent stage entails the consumption of
chemically bound calcium from the principal layers, leading to the formation of silica gel,
including Q* and Q* tetrahedral structures [76, 115]. The overall loss of calcium in the regions
of the inner product C-S-H gel may lead to carbonation shrinkage, as evidenced by TEM-EDX
observations [116]. Chen et al. [117] observed that carbonation shrinkage becomes more
pronounced when the Ca/Si ratio falls below 1.3. Furthermore, Swenson and Sereda [118]
reported that carbonation shrinkage increases with higher CO; concentrations, concurrent with

a decrease in the Ca/Si ratio.

The understanding of phase assemblage during carbonation is crucial but not sufficient to
predict the long-term behaviour of cementitious materials under exposure to elevated CO>
conditions. This limitation arises because chemical transformations can modify the volume of
each phase, impacting both the microstructure and the pore structure of the material.
Specifically, alterations in pore structure due to the reaction of the binder with CO»
significantly affect the transport dynamics of CO; diffusivity and water permeability within the
system. For instance, the formation of microcrystal CaCO3 on the surface of portlandite and
inter-fibrillar voids of the outer C-S-H gel can potentially inhibit the transport of these
molecules [116, 119]. Additionally, the carbonation process of portlandite and C-S-H gel,
among other hydrates, produces water. This water generation can have varying effects: it can
increase the porosity of the binder, potentially causing shrinkage under dry conditions and
facilitating faster CO; transport, or it can enhance the degree of saturation within the pore
structure, thus impeding CO» diffusion. The optimal carbonation rate occurs in conditions of
intermediate moisture, which supports both the solvation of CO» into carbonic acid and the
diffusion of CO> [120]. The variability in water content within the binder’s pore structure
further complicates the modelling of carbonation. Therefore, a comprehensive approach that
incorporates both chemical reactions and transport phenomena is essential for developing a

more accurate predictive long-term carbonation model in cementitious materials.
2.5.2 The carbonation of alkali activated-slag system

The carbonation mechanism of alkali-activated slag differs significantly from that of PC due
to variations in the chemical composition, type, and quantity of reaction products [76, 121,
122], as well as differences in pore structure development influenced by slag composition [21,
23] and the type of activators used [123-125]. Studies [126-128] reported that AAS materials,
activated by sodium hydroxide and sodium silicate, are more susceptible to carbonation than

PC. This increased susceptibility is primarily due to the absence of portlandite and a lower
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Ca/Si ratio in the C-A-S-H gel of AAS compared to the C-S-H gel in PC, which results in faster
decalcification [76, 115]. However, these conclusions often assume the same carbonation
reaction products and adherence to Fick’s law under both elevated and ambient CO>
concentrations [129, 130], assumptions which may not hold true for alkali-activated materials.
Instead, several studies have suggested that accelerated carbonation tests may not accurately
reflect the actual service conditions [42, 68, 131, 132]. A recent study [40] revealed that alkali-
activated concretes produced with slag and/or fly ash exhibit similar carbonation coefficients
to those of modern blended Portland concretes with high levels of supplementary cementitious
materials, under natural carbonation conditions. Therefore, natural carbonation testing is
recommended for a more accurate assessment of the carbonation performance in AAS systems
[133].

2.5.3 The carbonation of sodium sulfate-activated slag

Most importantly, the carbonation mechanism of the Na,SO4-activated slag remains largely
unknown. Studies analysing the carbonation of alkali-activated cement products with sodium
hydroxide [126, 134, 135], silicate [126, 134-137] or carbonate [68, 105] have been reported,
however, to the best of the authors’ knowledge, there are few reports available evaluating the

carbonation of sodium sulfate-activated slag cements.

Modelling results from Bernal S.A. et al. [ 138] evaluating the carbonation of sodium carbonate-
activate slag cements showed that natron is the main sodium carbonate phase at ambient CO»
conditions, whereas nahcolite is dominant at 4 % CO». The bicarbonates prefer to form at high
CO» concentration rather than carbonate, resulting in a greater drop in pH value and more

damage to embedded steel in accelerated carbonation (CO2 concentration >1 %) [138].

Ye and Radlinska [139] stated that structural alterations in calcium-aluminium-silicate-hydrate
(C-A-S-H) gels lead to a more porous microstructure, reducing both cohesion and strength in
cement pastes. However, Bernal et al. [136] identified that the presence of MgO plays a crucial
role in enhancing the carbonation resistance of alkali-activated slag, primarily through the
formation of magnesium-aluminium layered double hydroxide (Mg-Al-LDH). This secondary
product can mitigate acid attack by facilitating the exchange of intercalated anions in the LDH
with carbonates in the pore solution, thereby moderating the pH drop through the release of
OH ions [76]. The addition of calcined layered double hydroxide (CLDH) has proven effective
in increasing the carbonation resistance of various cement systems. This approach has been

successfully applied to different cements system, including fly ash blended cements [140-142],
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sulfoaluminate cements [143], sulfate-activated fly ash-slag-dredged blended cements [144]

and sodium carbonate-activated slag cements [68].

The majority of studies on the carbonation of alkali-activated slag have centred on the effect
of sodium hydroxide and sodium silicate with various dosages and silica modulus. There is
consensus that the high alkali dosage increases the carbonation resistance of alkali-activated
slag since the high pH value in the pore solution can neutralise more carbonate acid [139, 145].
However, the results vary in the effect of silica modulus. Shi et al. [135] reported that increasing
silica modulus results in a decrease of carbonation depth, showing a higher degree of reaction
and refinement of microstructure. On the other hand, Puertas F et al. [126] stated that the
decreased Ca/Si ratio of C-A-S-H due to increased silica modulus reduces the carbonation
resistance and strength. However, little attention has been focused on comparing accelerated
carbonation and atmospheric carbonation of alkali-activated slag using near-neutral activators
such as sodium sulfate and sodium carbonate. Besides, there is little knowledge of the phase
assemblage and the effect of the chemical composition of sodium sulfate-activated slag
cements.

A recent study indicated that the compressive strength decreases by about 30 % after 8 weeks
of accelerated carbonation (induced using 5 % CO;) compared to the uncarbonated Na>SO4-
activated slag mortar, and the decomposition of the main reaction product ettringite led to the
formation of gypsum and calcite [146]. Rashad et al. [147] investigated the impact of slag
fineness and activator concentration on the carbonation resistance of sodium sulfate-activated
cements when exposed to 5% CO;. Their findings indicate that finer slag and higher
concentrations of the activator enhance the material's resistance to carbonation. However, it
should be noted that a CO; concentration over 1 % could falsely predict the service life of the
materials in the alkali-activated slag cement system [ 138], so the results reported in such studies
cannot be considered as a true reflection of the carbonation performance of a Na;SO4-activated

slag cement.

Ye et al. [105] analysed the phase assemblage of carbonated sodium sulfate-activated slag (2
M Na>S0O4) using X-ray diffraction (XRD), after exposing the sample to natural carbonation
conditions of 20°C and 60% humidity for four months. They observed the disappearance of
ettringite, indicating its decomposition during carbonation, while the Mg-Al-LDH was
preserved [105]. Additionally, they noted the formation of calcite and aragonite, the latter of
which could contribute to volumetric instability [105, 145]. Figure 2-2 presents the phase
assemblage of carbonated sodium sulfate-activated slag based on thermodynamic modelling
[105]. However, the model shows the decomposition of the Mg-Al-LDH phase, contrary to
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their experimental findings [105]. This discrepancy is primarily due to the omission of
databases for Mg-Al-SO4-LDH and Mg-Al-COs-LDH in the modelling. It is also suggested
that minerals such as gibbsite and dolomite, which require specific temperatures and pressures
to form, are unlikely to form under these conditions. The inclusion of the Na-based zeolite
database [112] is proposed to better represent the formation of aluminosilicate as carbonation
reaction products. Therefore, a more comprehensive database will be integrated into this PhD
thesis to accurately reflect the true carbonation process in sodium sulfate-activated slag

cements.
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Figure 2-2. Thermodynamic modelling of phase evolution as a function of reacted CO; in

sodium sulfate-activated slag [105]
2.6 Carbonation modelling of cementitious materials

The deterioration of concrete due to carbonation is associated to the intrinsic properties of the
material and the exposure conditions during its service life. In a practical situation, several
factors, such as temperature, CO; concentration, external loading, relative humidity, water-to-
cement (w/c) ratio and chemical composition of raw materials (and consequently the binder)
contribute to the carbonation performance [76, 103, 104, 132, 135]. However, it is challenging

in a laboratory setting to simulate and combine those variables with long-term conditions.
2.6.1 Significance in building a life service model for alkali-activated slag cements

Carbonation of Portland cement (PC) has been simulated by thermodynamics [106] and

multiphysics modelling [148], as it is well-understood what the carbonation mechanism is,
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which enables the use of empirical equations to determine the change of pore structure and
phase assemblages as a function of carbonation progress. However, as modern cements include
high contents of a variety of SCMs, the carbonation mechanisms taking place in such materials
are more complex and not completely understood [121, 149]. In the carbonated regions, usually
identified by using a pH indicator [150], the chemical reaction occurs between dissolved
carbonic acid and reaction products. This process is accompanied by drying due to the relative
humidity gradient between the pore structure and the exposure surface [151]. The water
released during the decomposition of hydrates alters the saturation degree within the pore
structure [103]. In the uncarbonated region, the hydration reaction continues over time,
resulting in a more compacted microstructure compared to the regions more closely exposed
to CO; [135, 152]. Across these two regions, CO» diffusivity and liquid permeability vary
significantly at different CO» exposure depths [153, 154]. This variation is influenced by the
porosity [155, 156], tortuosity [23, 25], degree of saturation [157, 158] and CO> uptake [138,
159].

The reaction mechanism of CO; with clinker-free alkali-activated materials differs from that
of PC due to the absence of portlandite as a reaction product. In such cases, carbonation directly
causes the decalcification of the main binding phase, an aluminium-substituted calcium silicate
hydrate (C-(A)-S-H type gel) and the decomposition of secondary reaction products [76, 160,
161]. The differences in reaction mechanism, reaction products forming, and the interaction of
such products with CO> make carbonation in alkali-activated materials challenging to
understand. By experimentation alone, it is challenging to isolate each of the potential reactions
and phenomena taking place during carbonation, and therefore modelling tools are required to

better understand the factors governing the carbonation process in those materials.

For developing novel low-carbon cement, the carbonation performance is one of the most
important durability indicators that need to be assessed, considering the increased levels of CO»
in the atmosphere and the catastrophic effect that this can have on the longevity of the material.
Although accelerated carbonation is adopted for evaluating carbonation resistance in short
periods of time, it has been questioned if using an elevated CO; concentration to induce
carbonation will be suitable to simulate what could be expected to occur in real service
conditions of alkali-activated materials [42, 132]. Nature carbonation is a slow process that
unfolds over decades [41, 162]. To assess the carbonation resistance of new mix designs
utilising various SCMs, accelerated carbonation tests with elevated CO, concentrations
(ranging from 1% to 20%) are employed to shorten the testing period. It is assuming that the
carbonation reaction in cementitious materials is mainly a diffusion-controlled mechanism, and

therefore the carbonation depth can be considered to be proportional to the square root of time
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[130], x = k+/t, where x is the carbonation depth determined by phenolphthalein, k is the rate
coefficient and t is the time. For two carbonation exposure conditions, it is often assumed that
the ratio of k equals the square root of CO> concentration, based on Fick’s law [163]. This
simplified approach only uses CO> concentrations and carbonation depth as input to estimate
the corresponding natural carbonation depth based on results from accelerated carbonation and
shows a good agreement with experimental results in PC [164]. However, this approach
overlooks the chemical changes occurring during the carbonation reaction and assumes that
CO. diffusion is a steady-state process, implying that the pore structure is not changing over
time [130]. Those two factors are generally true for 28 days of cured-PC, however, when adding
SCMs in blended cements and clinker-free alkali-activated materials, published studies report
that elevated CO; concentrations can no longer predict the natural carbonation performance in
high-volume blended cement [132, 163, 165-167] or alkali-activated materials [42, 168-170].
With the widespread adoption of novel SCMs in sustainable cements, and interest in
determining how carbonation might influence the longevity of such materials, there is an urgent
need to develop a comprehensive modelling framework, that can account for the chemical
reaction taking place due to the continued hydration reaction, as well as CO» exposure, with

changes in internal saturation and pore structure throughout the service life of the materials.
2.6.2 Controlled factors in the reactive-transport model

In a cementitious material reactive-transport model, the reaction rate and the degree of reaction
(DoR), are critical inputs. It governs the evolution of the pore network, which in turn influences
transport properties. Numerous reaction models have been proposed, each employing different
assumptions to describe the rate-controlling mechanisms [171, 172]. The modified Parrot and
Kiloh (MPK) method has been successfully applied in the modelling hydration of Portland
cements [173], but it is uncertain whether input parameters adopted in such a model are
physicochemically reasonable to be applied in other cement systems. In the sodium
hydroxide/silicate-activated slag system, the Jander equation was used to calculate the degree
of slag reaction in a few days of reaction [174]. It has been emphasised importance of
considering particle surface curvature by using the Ginstling-Brounshtein equation [175]. This
equation was then adopted to model heat release from slag dissolution in the first 7 days
activated by sodium silicate solution [176]. However, modelling DoR at an extended curing
age 1s needed for service life service predictions. Additionally, sodium sulfate-activated slag
cements have attracted attention due to health and safety benefits, lower CO, footprint and
lower prices compared to conventional activators [177]. These materials react slowly in the
first 28 days but then show increased strength development and reduced porosity after 56 days

of reaction [63, 68, 84]. There is no reaction kinetics model for sodium sulfate-activated slag
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cements, and this will be addressed in the current study as an example of the applicability of

the developed framework as a tool for simulating the carbonation life service of this material.

In 1990, it was proposed that storing a numerical image of an entire porous sample's structure
in a computer would allow for the numerical resolution of appropriate transport equations [ 178].
Regrettably, this method has not obtained substantial attention in cements research, despite the
significant advancements in computational technologies in the 21 century. The experimental
measurement of transport properties such as diffusivity and permeability are constrained by
two major factors: (a) the drying process significantly alters the microstructure [179-181]; b)
diffusion and permeability tests require weeks to reach steady-state conditions, during which
the raw materials continue to react and alter the microstructure [182-184]. Although increased
pressure has been applied to expedite testing [185], this approach may risk damaging the pore
structure and causing water leakage from interfaces [ 181]. This then explains that the simulated
water permeability by using the Lattice Boltzmann method in 3D uCT images [186] and the
pore size distribution model shows 2-3 orders of magnitude lower than experimentally
determined values [187, 188]. A similar observation is found in image-based diffusivity
modelling [189-191]. Workflow for using tomography images in finite element method (FEM)-
based simulation is provided in a recent study [192]. In this study, diffusivity and permeability
are simulated based on uCT images using a random walker and finite volume method as model

input in sodium sulfate-activated slag cements, respectively.

2.6.3 Current achievement in reactive-transport models in carbonation of cementitious

materials

A state-of-the-art review of numerical modelling methods for hardened cements can be found
in recent review papers [193, 194]. The subsequent section will discuss the current
advancements in reactive-transport models specifically applied to simulate the carbonation of

cementitious materials.

As discussed in Section 2.5, carbonation is a physiochemical process. Chemically, the
modification of phase assemblage and pore solution chemistry results from both time-evolved
raw materials reaction within uncarbonated regions, as well as from CO; interactions with
reaction products formed in the carbonated regions. Collectively, these chemical reactions
influence the pore structure of the hardened cements, affecting parameters such as saturation
degree, pore size distribution, and tortuosity, which in turn impact transport properties like CO»
diffusivity and pore solution permeability. This suggests that solely using a thermodynamic

model to elucidate the carbonation mechanism of the cement system, or applying a diffusion
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model to describe the CO: transport profile and penetration depth, may not suffice for

accurately predicting the service life of the cements analysed.

Significant advancements in building reactive-transport models for the carbonation behaviour
of cementitious materials have been made over the past decade. Table 2-1 summarises the
published reactive-transport models simulating carbonation in these materials. It is noted that
a) the coupling of thermodynamic and diffusion models has garnered some attention in
constructing reactive-transport models; b) while computationally intensive, the finite element
method (FEM) is considered for use in the diffusion model to achieve precise calculations.
However, these models as shown in Table 2-1 are predominantly based on Portland cement
chemistry, assuming a static degree of clinker reaction over time. More complex 3D models
have typically only considered main reaction products like C-S-H gel, portlandite, and calcite,
which is generally valid for PC cured for 28 days. Nonetheless, moisture transport due to
atmospheric relative humidity changes and water release during carbonation reactions, which

affect saturation conditions and transport properties, should also be considered.

Although natural carbonation provides more valuable information for evaluating the
carbonation performance of cementitious materials, the carbonation test at ambient conditions
(~0.04 % CO2) is a slow process and takes decades to collect sufficient results for longevity
prediction. For the rapid widespread adoption of novel low-carbon cements, it is then
imperative to develop a suitable modelling tool for predicting their service life particularly
when exposed to detrimental conditions, such as CO; present in the atmosphere. As a
physicochemical process, the carbonation process can be simulated by coupling chemical
reactions between CO; and cement paste, and mass transport. The chemical reaction can be
simulated using thermodynamic modelling with the help of geochemical software such as
GEMs (Gibbs Energy Minimization Software) [195]. Modelling phase assemblage and
carbonation process of alkali-activated slag cements using this platform has been successfully
achieved and results correlate well with experimental observations [76, 121, 122], with the
support of additional databases [109, 111, 112], depending on analysed cement systems. The
mass transport of carbonate ions in the pore structure of unsaturated cementitious materials is
based on the extended Nernst-Planck equation [196]. The dissolution of CO; from gas to the
aqueous state is normally ignored in the simplified mathematical models; Henry’s law [197]
could be a potential option to describe this process. Pioneer works have been conducted by
coupling these two methods in a blended cement system by assuming the isotropic porosity of
the cementitious material [198, 199]. That seminal work provides a roadmap for developing a

multiphysics framework for predicting the life service of cementitious materials.
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With the ongoing shift towards low-carbon cement technologies, which includes the use of
local supplementary cementitious materials (SCMs) or clinker-free alkali-activated materials,
the degree of cement reaction is reduced [200, 201], indicating that assumptions based on
mature hardened cements focusing solely on carbonation are no longer valid. Most critically,
the carbonation mechanisms of these newly developed low-carbon cements remain largely
unexplored. Therefore, this study will incorporate previously overlooked parameters in the
existing reactive-transport models, establish research trajectories, and develop a novel service
life 3D model for the carbonation of sodium sulfate-activated materials. This framework is

expected to be applicable to other SCM-related systems and alkali-activated materials.



Table 2-1. Summary of different reactive-transport models in carbonation of cementitious materials
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Modelling . . Cement
Considered parameters Exposure condition Scale Refs
method systems
Simulator
ReactMiCP: Chemical composition of raw materials and mix design;
numerical phase assemblage; moisture transport; ionic diffusion; 3 % CO», 25°C and D Portland [202,
iteration and constant porosity values in uncarbonated and carbonated 50 % RH for 28 days cement pastes  203]
thermodynamic regions; permeability(saturation); diffusivity(saturation)
modelling
Simulator
DynaﬂowTM: ) . . ) )
o Chemical composition of raw materials and mix design;
Finite element S ‘ COs-saturated water for Portland
phase assemblage; ionic diffusion; constant porosity 1D [204]
model and . o . 30 days cement pastes
. values in defined four zones; diffusivity (porosity)
thermodynamic

modelling
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Finite element

Gaseous CO; concentration and dissolution; moisture

500, 000 Pa (5bar) CO»;

Portland

transport; constant porosity; diffusivity (CO> partial 25°C; 65% RH for28 1D [153]
method . . cement pastes
pressure) and permeability(CO; partial pressure) days
Dissolution of gaseous CO»; carbonation of portlandite Sheltered outdoor
Pseudo-analytic ' o Portland
and C-S-H with precipitation of CaCOs; constant exposure for 40.5 1D [205]
approach . . cement pastes
porosity; carbonation front months
Dissolution of gaseous COz; reactivity rate of clicker
o L Atmospheric, 10 % and 1D
Finite element and C-S-H gel, precipitation rate of CaCO3 and ' Portland
' ' ' 75 % COz carbonation  and [206]
method decalcification rate of C-S-H gel; aggregate spatial cement mortar
o for 300 days 3D
distribution
Thermodynamic '
' ' ' Atmospheric
modelling and Dissolution of gaseous CO»; phase assemblage; - '
) ) ) o ) conditions, 0.4 porosity [207,
numerical Porosity(t, CO); saturation(CO»); diffusivity (saturation, 1D CsS pastes
. . . . and 0.3 saturation in the 208]
modelling porosity); permeability (saturation)

package

pore for 2 years
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Portland
N ol Dissolution of gaseous CO»; reaction rate of portlandite, 0.038% and 0.15 % cement pastes;
umerica
leulat C-S-H and CaCOs; Porosity; porosity (COz), diffusivity  COz; 60 % and 90 % 1D 20 % fly [209]
calculation
(saturation, porosity); permeability (saturation) RH; 25 °C; 100 years ash/slag
blended pastes
o Reaction rate portlandite, C-S-H gel and CaCOg; ionic
Finite element o . . _ COz-saturated water; Portland
diffusion; porosity (COz); permeability (porosity); 1D [210]
method o ‘ 20 °C; 30 days cement paste
Diffusivity (porosity)
Thermodynamic Sulphate-
modelling and Phase assemblage; constant porosity; constant 0.038 % COg; 12°C; D resistant 11]
numerical diffusivity and saturaiton 70 % RH; 50 years Portland
calculation cement pastes
Lattice
Boltzmann Phase assemblage only consider clinker, C-S-H gel, 2D
. L . COz-saturated Portland
method and Portlandite and calcite; diffusivity (time, porosity); and [212]
) o water;120 hours, cement pastes
thermodynamic porosity(time) 3D

modelling
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Thermodynamic
modelling and Phase assemblage; ionic diffusion; particle size CO2 contained solution D Portland 213]
numerical distribution (time) (0.1 mol/kg); 2 years cement pastes
calculation
Thermodynamic
S . CO; saturated water;
modelling and Phase assemblage; ionic diffusion; porosity (COz); Portland [198,
o ‘ 85 °C; 0.1 MPa; 42 1D
finite element diffusiovity (porosity) cement pastes  199]

method

days
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2.7 Tomographic approach for understanding properties of cementitious
materials

X-ray computed tomography (CT) enables the visualization of three-dimensional internal
structures in materials, ranging from meters down to tens of nanometres in scale [214, 215].
By penetrating an object, X-rays capture a series of two-dimensional (2D) radiographs from
multiple projections [215, 216]. These 2D projection data are then transformed into three-
dimensional images through computed reconstruction algorithms [216, 217]. Various
reconstruction methods are employed, including filtered back projection (FBP) [218], iterative
reconstruction (IR) [219], and the more recent deep learning reconstruction (DLR) [220]. FBP
has been widely utilised for over 40 years due to its lower computational demands and
numerical stability [221]. While this thesis does not delve into the differences between
reconstruction algorithms, a thorough review of contemporary methods can be found in a recent
study [222]. The computational reconstruction processes yield a 3D greyscale representation
of the object's internal structure, which can be quantitatively analysed, colour-rendered, and

virtually sliced in any orientation to suit various research objectives.

Hardened cements are multi-phase porous materials whose pore size varies from mm to nm
scale [223-225]. The long-term performance of the cementitious materials is determined by the
ionic transport of species via advection and/or diffusion through the pore structure [196, 198,
226], which in turn affects the rate of degradation mechanisms such as carbonation [103, 227],
sulfate attack [48, 228], or chloride-induced corrosion [229, 230]. Assessing the durability of
anovel AASC is important for its widespread uptake in different applications. This is strongly

dependent on its microstructure features including the pore network [25].

Techniques currently used to investigate porosity in cementitious systems include nitrogen
adsorption/desorption (NAD) [231], mercury intrusion porosimetry (MIP) [232], 'H NMR
relaxometry [233], small-angle X-ray/neutron scattering (SAX/SANS) [234] and micro-CT
(micron-scale computed tomography) [235]. X-ray micro-CT is the reconstruction of a 3D
image of the object on the basis of many projections (radiographs) collected as the specimen is
rotated, usually through 180° or 360° [215]. This allows the 3D visualisation of the pore
structure, a capability absent in bulk measurement techniques like MIP, NAD, SAXS/SANS
and '"H NMR relaxometry, as they provide only averaged measurements across the entire
sample and require drying the sample prior to testing. In this way, the three-dimensional (3D)
network from micropores to macropores can be characterised non-destructively. From this, the
connectivity, tortuosity, and porosity can be quantified [23, 25, 236]. However, there is a trade-

off between spatial resolution and specimen size.
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The application of microtomography (LCT) in the study of cementitious materials has garnered
some attention in recent decades. pCT analysis in cementitious materials has been discussed in
review papers. [235, 237]. Previously, uCT has been conducted on AASCs with a voxel size
of around 1.5 um [238] and in Portland cement as fine as 0.5 um [239]. These voxel sizes are
characteristic of uCT and mean that identification and quantification of the nanometre-size
pores is not possible by uCT. Pixel size is calculated by dividing the field of view (FOV) by
the matrix size, while spatial resolution refers to the system's ability to distinguish between
closely spaced structures, typically assessed in terms of spatial or contrast resolution [240]. In
addition to pixel size and matrix size, spatial resolution is heavily influenced by various
technical factors of the CT system, such as detector technology [241], X-ray characteristics
[242] and reconstruction algorithms [222]. Nevertheless, the pore size larger than 10 um [243]
can be observed, which are the most relevant types of pore in terms of ionic movement and
hence durability of cementitious materials [244]. In addition, nano-sized pores predominantly
appear in the calcium silicate hydrate (C-S-H) or aluminium-substituted calcium silicate
hydrate (C-A-S-H), which although responsible for the strength properties of the cement, might
be less critical in defining the durability of these materials, depending on the main mechanism
of attack [245]. Therefore, the resolution achievable by uCT is deemed sufficient to
characterise the pore structure and provide meaningful insights into the transport properties of

cementitious systems.

Carbonation causes changes in the phase assemblage and pore structure of cementitious
materials, but there is very limited understanding of how phase assemblage alterations modify
the pore structure, or vice versa. Although scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy provides elemental distribution information and enables
visualisation of the phase assemblage (including porosity), it is limited to two dimensions [246]
and is destructive, meaning that it is difficult to conduct repeat analysis of the same point(s) on
a specimen. Phase contrast tomography (PCT) [247] has been used to provide more contrast
between the constituents, while nanotomography has been used to achieve greater spatial
resolutions [248, 249].

There are, however, very few techniques able to collect 3D structural and mineralogy data
simultaneously, and most of them are rarely applied to the study of cementitious materials. One
such technique is X-ray diffraction computed tomography (XRD-CT) [250] which provides
spatially resolved XRD patterns. There have been a few studies using XRD-CT to understand
the phase changes that occur in cement and concrete [251, 252]. Seminal studies have focused
on evaluating the hydration of ordinary Portland cement [253, 254] and blended Portland
cements [255], mainly to identify the distribution of portlandite or ettringite and C-S-H gel in
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the material. However, to date, the technique has not been used to study alkali-activated

cements, or for delineating the effects of carbonation in such systems.

In this study, the effects of CO» exposure on the microstructure of sodium sulfate-activated
slag cements produced with three types of blast furnace slag are investigated. In order to
simultaneously elucidate the changes in phase assemblage and changes in pore structure
resulting from carbonation, synchrotron XRD-CT imaging and higher resolution synchrotron
UCT results are presented and discussed. This is the first study to visualise the reaction products
forming in sodium sulfate-activated slag cements and to determine how they change as a
consequence of accelerated carbonation. Changes in pore structure, diffusion tortuosity and
formation factor of the assessed material are also examined by using three commercial
European blast furnace slag precursors. More broadly, this study also demonstrates the
potential of combining XRD-CT and pCT to study complex multi-component composite
materials such as alkali-activated cements, providing unique novel insight into their

microstructural features as a function of mix design and chemical interaction with COx.

2.8 General remark and conclusions

Depending on the chemical composition of the slag and the dosage of sodium sulfate,
carbonation in alkali-activated slag might induce significant changes in the physical and
chemical properties of reaction products, phase assemblage, matrix pore structure, water
fraction, and pH of the pore solution [126, 155, 256]. The effect of the slag chemistry on
NaxSOs-activated slag cements microstructure remains relatively unexplored, with few studies
examining the carbonation mechanisms of these materials. Therefore, their potential resilience

under in-service conditions is largely unknown.

Generally, CO» ingress leads to decalcification of C-(A)-S-H gel and a reduction in pH within
the pore solution in alkali-activated slag systems, particularly those activated with sodium
hydroxide or silicate solutions, resulting in a coarser microstructure and diminished mechanical
properties [126]. Nevertheless, secondary phases such as Mg-Al-LDH, M-S-H gel, and
ettringite may buffer the pH under carbonation [76, 257]. This thesis will address four primary
research questions to leverage the near-neutral pH characteristic of sodium sulfate with
activation of blast furnaces slags: (a) the long-term phase assemblage, microstructure, chemical
composition of C-(A)-S-H gel and Mg-Al-LDH phase, mechanical properties, and stability in
sodium sulfate-activated slag cements as a function of time and slag chemistry; (b) the
interaction of CO> with sodium sulfate-activated slag cements affecting phase assemblage

evolution, microstructural changes, carbonation rate, and mechanical properties under 0.04%
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(natural) and 1% (accelerated) carbonation conditions at controlled temperatures and humidity,
as a function of time and slag composition; (c) 3D phase spatial distribution and pore structure
evolution as a function of CO» uptake and slag composition; (d) the development of a novel
3D reactive-transport model by integrating thermodynamic modelling, CO» transport, and
moisture transport models based on reacted CO., slag composition, exposure time, and relative
humidity. This model aims to predict outcomes from the first three research topics and, upon
validation with experimental results, will provide a realistic 3D multiphysics framework. This
framework is crucial for understanding carbonation mechanisms and performance under more
complex exposure conditions and can be extended to other low-carbon cement systems, such
as wet and drying cycles, varying slag compositions, mix designs, gradually increasing
atmospheric CO; levels, or supercritical CO, conditions with thermal transport in geothermal

systems.



30

Chapter 3.

MATERIALS AND METHODS

3.1 Materials characterisation

The oxide composition of the three slags used in this study, determined by X-ray fluorescence
(XRF) using a fused bead preparation method in a Rigaku ZSX Primus II, is shown in Table
3-1. The selection of those three slags is based on different Mg/Al ratios, which are 0.8, 0.7
and 0.5 for S1, S2 and S3, respectively In this study, LOI (Loss on ignition) was determined
by thermogravimetric analysis with coupled mass spectra (TG-MS) under nitrogen gas flow
until 700 °C to avoid the mass gain due to oxidation of sulphur; detailed setting is referred to
in section 3.3.2. LOI can be used to assess the pre-hydration and/or weathering of slags, which
affects the reactivity and performance of hardened cementitious materials [258].
Thermogravimetry coupled with mass spectrometry for three anhydrous slags is shown in
Figure 3-1. The mass loss between 30 °C and 400 °C corresponds to free water and chemically
bound water, as indicated by the mass spectra of H O (m/z = 18). This observation is related
to the pre-hydration of blast furnace slag [259]. The mass loss of CO, (m/z = 44) between
500 °C and 700 °C is attributed to minor weathering of the slag, forming CaCOs3 during storage,
which is also evident in the XRD patterns of the three raw slags shown in Figure 6. Above
700 °C, the mass spectra of SO> (m/z = 64) indicate the formation of sulfates consistent with
oxidation of sulfides typically present in blast furnace slag [260]. Nevertheless, the extent of
pre-hydration and slag weathering, as reflected in the loss on ignition (Lol) in Table 1, is

negligible and comparable across all three slags.
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Table 3-1. The chemical oxide composition of the raw slags

Oxides (wt.%)
Precursors

Ca0O SiOz Ale3 MgO SO3 Fe203 TiOz NazO KzO Others LOI

Slag 1 (S1) 42.7 358 9.6 72 20 0.7 0.7 0.3 0.5 0.5 0.7
Slag 2 (S2) 403 356 115 80 24 0.3 0.6 0.3 0.5 0.5 1.1
Slag 3 (S3) 422 344 12.0 56 29 0.5 1.1 0.3 0.6 0.4 1.1
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Figure 3-1. Differential derivative thermogravimetry curve of three anhydrous slags used (A)
S1, (E) S2 and (I) S3. Mass spectra of (B, F and J) H2O, (C, G and K) CO; and (D, H and L)
SO; are presented for S1, S2 and S3, respectively. m/z = mass/charge ratio for each ion

The particle size distribution of three slags was measured with a Malvern Mastersizer 2000
laser diffractometer, using isopropanol as dispersion liquid. Nitrogen adsorption-desorption
measurements were conducted at 77 K using a Micromeritics Tristar 3000 to ascertain the
Brunauer-Emmett-Teller (BET) surface area. Prior to the measurements, the three slag samples
were stored in a desiccator. The samples were subsequently cooled with liquid nitrogen, and

the N> adsorption volume at specific pressures was quantified during the analysis. The particle
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size distribution of the three anhydrous slags is shown in Figure 3-2. Table 3-2 shows the Do,

Dso, D9o and BET-specific surface area of three precursors slags.
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Figure 3-2. Particle size distribution curves for the unreacted blast furnace slags studied

Table 3-2. Laser diffraction and BET-specific surface area of the underacted slags. Error bars

correspond to the standard deviation of three measurements

Dio (um) Dso(um)  Doo(pm) BET specific surface area (m?%/g)
S1 3.30+0.2 12.5+0.2 32.3+0.3 1.48+0.17
S2 2.2+0.1  13.4+04 41.8+0.5 1.38+0.11
S3 34+0.1  11.7£0.1 27.2+0.2 1.53+0.18

3.2 Mix design and sample preparations

Alkali-activator anhydrous sodium sulfate (Acros Organics, Na2SO4>99 %) was used. Sodium
sulfate powder was dissolved in deionised water at 40°C and cooled down to room temperature
(20 °C) prior to use. The selection of 40 °C is based on the sodium sulfate solubility curve as a

function of temperature [261]. Below 32.4 °C, the decahydrate form (also known as mirabilite
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or Glauber's salt) is more stable and has a higher solubility than the anhydrous form of sodium
sulfate. At 32.4 °C, a eutectic point is reached where the solubilities of mirabilite and anhydrous
sodium sulfate are equal. Above this temperature, the anhydrous form becomes more soluble
than mirabilite. Therefore, selecting 40 °C ensures the complete dissolution of any potentially
formed sodium sulfate decahydrate in the solution. The Na,SOs-activated slags were prepared
with an activator dose of 6 g Na>SO4 per 100 g precursors and a water-to-solids (slag + sodium
sulfate) ratio of 0.4.

To generate homogeneous mixtures of the Na,SOs-activated slag pastes, a high-shear mixer
Heidolph was used to mix the paste samples for 10 minutes. A mixing speed of 200 rpm is used
for the first 3 minutes, increased to 400 rpm for the next 3 minutes, and further increased to
800 rpm for the final 3 minutes. Between speed changes, the mixer was stopped for 30 seconds
to remove the paste adhered to the container wall and placed back into the middle of the
container for homogeneous mixing. The produced pastes were cast in 15 ml centrifuge tubes
and then sealed cured in a water bath at 20 °C until the age of testing. For synchrotron XRD-
CT and pCT measurements in Chapter 6, the same batch of paste samples was then cast in
homemade 2 mm moulds (inner diameter: 2 mm and height: 4 mm) and then sealed for curing
at 20 °C for 28 days.

NaxSOs-activated slag mortars were produced using the Hobart mixer, using standardised sand
with a sand/slag mass ratio = 3:1 following the BS EN: 191-1:2005 [262]. To produce a
homogeneous mortar mixture, the sand and slag were first added into the mixer and blended at
low speed (140 = 5 rpm) for 3 minutes. Then, the Na>SO4 solution was added without stopping
the mixer keeping mixing for an additional 2 minutes at low speed. This was followed by 5
minutes of high-speed (285 + 10 rpm) mixing. All the specimens were cast in 50 mm x 50 mm
x 50 mm cubic moulds, sealed in plastic bags and cured in a fog room at a constant 20 °C and

high relative humidity (> 95 %) avoiding carbonation during curing.
3.3 Determining reactivity of blast furnace slags used

The ASTM C1897-20 reactivity test was adopted to assess the reactivity of three blast furnace
slags (S1, S2 and S3) used in this study [91]. The cumulative heat of the reaction was monitored
using a TAM Air Calorimeter over 16 days at 40 °C; detailed experimental setups are referred
to next section 3.4.1. All the raw materials, i.e., the mixture of slag, calcium hydroxide, calcite
and water, were stored overnight at 40 °C, following the procedures recommended in the
literature [91, 92, 263]. Figure 3-3 shows the cumulative heat of three slags used in this study
based on the R test. At the early-stage reaction (first 50 hours), slag S3 with the higher ALO;
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content (lower Mg/Al ratio) produced more heat compared to the other two slags, which is
consistent with the previous R test of 16 industrial slag that slag with higher Al,Oj3 content is
more reactive in the first 25 hours [19]. However, cumulative heat indicates higher reactivity
S1, i.e., slag with the highest Mg/Al ratio from ~50 to 400 hours of reaction, compared to slag
S2 and S3. All three slags had cumulative heat in the range of 550-600 J/g of SCM consistent
with the previous reports [263].
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Figure 3-3. The cumulative heat of three blast furnace slags used in this study based on R?

test

3.4 Testing methods
3.4.1 Reaction kinetics study using isothermal calorimetry

Figure 3-4 depicts the isothermal calorimetry setup using the TAM Air Calorimeter employed
in this study. Each calorimetric channel is designed with a twin configuration, comprising one
side for the sample and the other for the reference. Within each channel, two heat flow sensors
are positioned under the sample and reference, respectively. This dual configuration enables
direct comparison of the heat flow from the sample, resulting from chemical reactions, with

that from the inert reference [264]. The temperature gradient across the sensor generates a
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voltage signal proportional to the heat flow [264]. Isothermal calorimetry experiments in this
thesis were conducted on fresh pastes at 20 £ 0.02 °C for studying the reason kinetics and at
40 + 0.02 °C for the R? test. The pastes were prepared by using a vortex mixer for 5 minutes.
9 g of paste was weighed into an ampoule and immediately placed in the calorimeter to record
heat flow up over 16 days. Reference samples containing quartz and distilled water (9 g in total)
were used, and all heat flow and cumulative heat measurements were normalised by the total
mass of the paste.

Figure 3-4. Photograph of the TAM Air Calorimeter used in this PhD thesis

3.4.2 Phase assemblage characterisation

After specific curing durations, cylinder-shaped specimens (15 mm diameter and 95 mm height)
were cut using an ISOMET low-speed saw into 2 mm slices. The cut slices were then ground
and immediately characterised without any solvent exchange treatment to arrest the reaction.
Hydration stopping was not performed in this study to minimise modifications to reaction
products, as ettringite is one of the main secondary reaction products in these cementitious
matrices, and this phase is known to be sensitive upon solvent exchange treatment [265, 266].

Structural characterisation of these samples was conducted via:
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Powder X-ray diffraction (XRD) was conducted using a Bruker D8 with Cu-Ka radiation and
a nickel filter, as shown in Figure 3-5. When X-rays interact with the crystalline structures
within the sample, they are diffracted in specific directions according to Bragg's Law [267],
which correlates the wavelength of the X-rays and the lattice spacing of the crystal to the
diffraction angle. Data acquisition was conducted in a continuous scan model from 8° to 60°
26 with a step size of 0.03° and a counting time of 3 s/step. X’ pert Highscore plus V5.1 was
used for phase identification based on the PDF-4+ 2023 ICDD database. The American
Mineralogist Crystal Structure Database was also used to check the formation of bloedite,
which was not found in the ICDD database.

Figure 3-5. Photograph of the XRD Bruker D8 with Cu-Ka radiation used in this thesis

Thermogravimetry coupled with mass spectrometry (TG-MS), using a Netzsch STA 449 F5
coupled with a Netzsch QMS 403D mass spectrometry unit shown in Figure 3-6, was used in
this thesis. TG-MS enables the continuous measurement of the sample's mass as a function of
temperature in the TG. The gaseous products evolved during the heating process are ionised,
and the resulting ions are separated by mass-to-charge ratio (m/z) in the MS, providing detailed
information about the composition of the evolved gases [268]. In each case, 30 mg of sample
was tested from 35 to 1000 °C at a heating rate of 10 °C/min under nitrogen flowing at 60
mL/min. The selection of 60 mL/min of nitrogen flow is referred to a previous study to
eliminate oxygen gas and then the mass gain due to oxidation of sulphur [269]. A 10-minute
isotherm at 30 °C and 1000 °C under nitrogen flow was performed before and after the heating

ramp.
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Figure 3-6. Photograph of the STA equipment, coupled with mass spectrometry, used in this

thesis

Solid-state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were
collected using Bruker Avance III HD spectrometer a 400 MHz wide bore magnet (magnetic
field 9.4 T), shown in Figure 3-7. NMR spectroscopy exploits the magnetic properties of certain
atomic nuclei. Under a strong magnetic field, these nuclei resonate at characteristic frequencies
upon exposure to a radiofrequency pulse [270]. The resulting NMR signal provides detailed
information about the local chemical environment of the nuclei. By rapidly spinning the sample
at an angle of 54.74° (the magic angle) relative to the magnetic field, magic Angle Spinning
(MAS) minimises anisotropic interactions, yielding narrower and clearer NMR signals [270].
MAS NMR provides detailed information about the atomic-level structure of the studied
materials. In this thesis, solid-state 2’A1 MAS NMR spectra were collected at an operating
frequency of 104.3 MHz, using a zirconia rotor and spun at 12 kHz in a 2.5 mm solid-state
MAS probe, and employed a 90° pulse of duration 0.23 ps, a relaxation delay of 0.5 s and a
minimum of 16000 scans. 2’Al chemical shifts were referenced to external samples of Yttrium
Aluminium Garnet (YAG) with the hexa-coordinated site referenced to 0.7 ppm. Signals were

normalised by area under the curve before plotting [271].
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Figure 3-7. Photograph of the solid-state magic angle spinning nuclear magnetic resonance

spectrometer used in this thesis

Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX), using a
Zeiss EVO MAL1S scanning electron microscope at a working distance of 8.5 mm and
accelerating voltage of 20 KeV, as shown in Figure 3-8. SEM is an imaging technique that a
focused beam of high-energy electron to scan the surface of a sample. When electrons interact
with the atoms in a sample, they produce signals that can be detected and used to generate high-
resolution images [272]. Backscattered Electron (BSE) imaging, a mode of SEM, is commonly
used to study the microstructure of cementitious materials [273]. The backscattered electrons,
which are primary beam electrons reflected back out of the specimen, are detected [272]. The
intensity of BSE is dependent on the atomic number of the elements; heavier elements with
higher atomic numbers scatter more electrons back towards the detector, resulting in brighter
regions in the BSE images [272]. When the electron beam interacts with the sample, it
generates characteristic X-rays, which are detected by the EDX detector that measures their
energy and intensity [274]. This information helps to identify and quantify the elements within
the sample [274]. In this thesis, about 2 mm cut disc along the transverse section from the
cylinders demoulded from centrifuged tubes were epoxy impregnated, polished and carbon

coated for both backscattered electron imaging and EDX analysis. The specimen was preparing
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a similar procedure described in [246]. At each curing age assessed, at least 35 images were
taken at 2000 x magnification for image analysis. A global thresholding method was used to
segment the unreacted slags and pores [275]; the in-house Macros script was then used to do
the batch calculation, achieving automated calculation of the two-dimensional volume fraction
of unreacted slag and porosity in Fiji [276]. The degree of slag reaction (DoR) was calculated
using equation 3.1; the volume fraction of slag before reacting was calculated using equation
3.2 based on the mix design and the density of Na>SO4 solution is referred to as molality of the
activator at 20 °C [277].

Outag (%6) = | 222000 100 9% (3.1)
Mslag
Pslag

VSlag(O) = Mslag , MNa2504 solution (32)

Pslag PNa2504 solution

Figure 3-8. Photograph of the scanning electron microscope and energy dispersive X-ray

spectrometer used in this thesis

When infrared (IR) radiation interacts with a sample, the absorption of specific wavelengths
corresponds to the vibrational modes of the molecules within the sample [278]. The resulting
IR spectrum serves as a fingerprint of the molecular structure [278]. Attenuated Total
Reflectance (ATR) is a sampling technique used in IR spectroscopy; the sample is placed in
contact with a crystal made of an IR-transparent material, such as the diamond used in this
study [279]. IR beams are directed into the ATR crystal at an angle greater than the critical
angle, causing total internal reflection within the crystal [279]. This reflection generates an

evanescent wave that extends a few micrometres beyond the crystal surface. The sample
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absorbs the evanescent wave's energy at specific wavelengths, corresponding to its molecular
vibrations, which can then be related to different reaction products in cementitious materials
[280]. In this thesis, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) was conducted using a Thermo Scientific Nicolet Is10 Spectrometer equipped with a
Thermo Scientific Smart Diamond ATR sampling, as shown in Figure 3-9. A consistent
pressure of the swivel tower was applied for all the powder samples using the diamond crystal
with a refractive index of 2.4, and a 45° of the incident refractive infrared beam. Spectra in the
wavenumber range between 400 to 4000 cm™ with 2 cm™! resolution were collected for all
samples. Before each scan, a background scan was taken and corrected in the spectrum of the
analysed powder samples, a total of 32 scans per sample were collected. Considering the
heterogeneity of the carbonated samples, each sample was tested 3 times for the same batch.
The Thermo Scientific software was used for conducting the baseline corrections as well as the
detection of the peak positions.

Figure 3-9. Photograph of the attenuated total reflectance Fourier transform infrared

spectrometer used in this thesis
3.4.3 Compressive strength

Figure 3-10 presents the steps for determining the compressive strength of sodium sulfate-
activated slag cements. 25 x 25 x 25 mm? paste cubes were used for compressive strength
measurement at 7, 14, 28, 56, 365 and 600 days. The specimens were kept sealed at 20 °C for
a period of 6 days and demoulded after the sealed curing period. This is because some of the
cubic paste specimens (depending on the slag reactivity) took a longer duration to harden after

sealed curing. The Instron 3382 was used to test the compressive strength with a loading speed
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of 500 N/s, an initial touched load of 1 N and a sensitivity of 40 %. Triplicate specimens were

measured per curing condition at each time.

Figure 3-10. Photographs showing the steps for determination of compressive strength of

NaxSOs-activated slag using 25 x 25 mm cubes. (a) Use the Hobart mixer to mix Na>SOs-
activated slag paste for 10 minutes. (b) Cast the paste into steel moulds; the parafilm and
cling film were used to achieve seal curing. (¢) A batch of mould produces 10 cubes with 25

x 25 mm. (d) The Instron 3382 was used to measure the compressive strength
3.4.4 Carbonation depth measurement

After exposing paste cylinders and mortar cubes to natural and accelerated carbonation, the
carbonation depth was determined using 1 wt % phenolphthalein indicator solution prepared
in 100% isopropanol on a fresh split surface. Detailed information about the carbonation

exposure protocols and analysis of carbonated samples are given in Chapter 5.
3.5 Thermodynamic modelling

The open-source GEM-Selektor v.3 [195, 281] was used to conduct thermodynamic modelling.
Gibbs Energy Minimization (GEMs) is a thermodynamic modelling algorithm that can provide
the molar amount of ions and molecules, their activities and the chemical potential of the
system [282]. The thermodynamic modelling programme was used to predict the equilibrium
phases in sodium sulfate-activated slag based on the composition used in this experimental
study. The Cemdatal8 was used as the primary database [108]. An extended Debye-Hickel
equation was used to calculate the activity coefficients of aqueous species shown in equations
3.3 and 3.4. This equation has been proven to work successfully in alkali-activated materials
[76, 110, 283, 284].
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Where 'y is the activity coefficient, 'z/ is the charge of the i™ aqueous species. ‘A’ (kg’*mol’
95y and ‘B’ (kg®>mol®?) are the temperature and pressure-dependent electrostatic parameters.
It was assumed that the NaOH is dominant in the aqueous phases, so the average ion size ‘a’ is
3.31 A and the parameter for common short-range interactions of charges species ‘b’ is 0.098
kg/mol. The 'x;,, ' is the molar quantity of water and 'X,,’ is the total molar amount of aqueous
phase. ‘I’ is the total ionic strength of the aqueous solution, which was calculated using

equation 4.

==Y czf (3.4)

Where ‘c;’ is the concentration of the ith ionic species and 'z;’ is its charge.

The solid solution models for sodium-substituted calcium aluminate silicate hydrate gels
(CNASH ss) and hydroxylated hydrotalcite (MgAl-OH-LDH ss) were used, and
thermodynamics properties of these end members can be found in detail in [121, 285]. Due to
the lack of data in Cemdata 18, the thermodynamic data for SO+ intercalated MgAl-LDH, a
MgAl-s-LDH phase is used based on experimental results reported in [284]. The chemical
composition of the end member for these three solid phases is presented in Table 3-3.
Furthermore, the zeolites 2020 database was added to the model to represent the alkali
aluminosilicate gel (N-A-S-H) formed in alkali-activated materials with different Al/Si ratios.
The thermodynamic properties of these zeolites can be found in [112, 286]. The mordenite
zeolites are excluded due to their slow formation kinetics under ambient temperature. The
degree of slag reaction is selected by increasing the reaction degree from 10 % to 80 % with a
step of 5 % to simulate the phase evolution. All simulations were conducted at 20 °C under
standard atmospheric pressure. An additional database was also added to accurately predict the
phase assemblage resembling the experimental results obtained in this study, and recent studies,
including SO4> and COs* intercalated double-layer hydroxide (LDH), various magnesium
sulfate and sodium carbonate [284, 287]. The selection of this database is primarily because
their work is based on experimental results [284], and the Mg/Al ratio of the synthesised Mg-
AlI-SO4-LDH closely matches the Mg-Al-LDH phase formed in currently studied systems (1.5-
1.9), as determined by SEM-EDX in the inner reaction product regions shown in Chapter 4
Figure 4-14.
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Table 3-3. Chemical composition of end member in CNASH_ss solid solution and MgAl-

OH-LDH_ss solid solution. Their end members are consistent with thermodynamic data in

the Cemdatal8 database [108]

C-N-A-S-H ss
) Bulk Bulk
End member Chemical formula ) .
Ca/Si  Al/Si
With interlayer Na* and Ca**
SCNA (Ca0)1.25(5102)1(A1203)0.125(Na20)0.25(H20)1 375 1.25  0.25
With only interlayer Ca?*
5CA (Ca0)1.25(S102)1(A1203)0.125(H20)1.625 1.25 0.25
T2C (Ca0)1.5(S102)1(H20)2.5 1.50 0
T5C (Ca0)1.25(5102)1.25(H20)2.5 1.00 0
With only interlayer Na*
INFCN (Ca0)1(S102)1.5(Na20)0.3125(H20)1.1875 0.67 0
INFCNA (Ca0)1(S102)1.1875(A1203)0.15625(Na20)0.34375(H20) 13125 0.84  0.26
Without interlayer Na* and Ca**
INFCA (Ca0)1(S102)1.1875(A1203)0.15625(H20)1.65625 0.84 0.26
TobH (Ca0)1(S102)1.15(H20)2.5 0.67 0
MgAl-OH-LDH Ss
End member Chemical formula Bulk Mg/Al
M4A-OH-LDH MgsAl(OH)14:3H20 2.0
M6A-OH-LDH MgsAl>(OH)15-:3H,0 3.0
MSA-OH-LHD M ggA]z(OH)zz -3H,0 4.0
MgAl-s-LDH ss
End member Chemical formula Bulk ME/AI
M4A-s-LDH Mg 85A12.05(OH)12.09(SO4)0.88-3.14H,0 1.88
M6A-s-LDH M§5.79A12,13(OH)16.08(SO4)0.94'5.04H20 2.72

In Chapter 5, the simulation of accelerated carbonation conditions involved a stepwise addition
of COx. In each step, reacted 0.3 g of pure CO; gas (density 1.98 kg/m?) was added alongside
18.6 g of air (density 1.22 kg/m?), resulting in an equivalent of 1 vol% CO,. Using 0.3 g CO»

per step was identified as sufficient for accurately predicting the phase evolution changes

associated with the carbonation of alkali-activated slag cements [76]. In the simulations, air

was introduced to consider the oxidation of samples during carbonation exposure. Cemdata 18
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[108] and zeolite 2020 [112, 286] with additional Mg-Al-LDH phases [284] from experimental
results, as presented in Table 3-3, were used in Chapter 5. For a given type and concentration
of activator, changes in the slag chemical composition will lead to different reaction kinetics
and degree of reaction (DoR). In Chapter 5, a 40 % slag reaction was assumed, which has been
reported as the DoR at 28 days of curing of sodium sulfate-activated slag cements [161]. The
simulations reported in Chapter 5 focus on the phase evolution as a function of reacted CO (g)

using three different slags.
3.6 Synchrotron pCT and XRD-CT measurement

The uCT and XRD-CT experiments were conducted at The European Synchrotron (ESRF) on
Beamline ID15A [288]. Figure 3-11 shows the synchrotron experiment uCT and XRD-CT
setup for sodium sulfate-activated slag cements, studied in this thesis. A monochromatic 50
keV X-ray beam was used for the scan. After precise positioning and alignment, the specimen
was rotated through 360° during data acquisition. A total of 7201 projections were captured
with an exposure time of 0.04 seconds per projection, resulting in an overall scan time of 7201
projection*0.04 seconds/projection = 288 seconds (approximately 5 minutes) per sample. A
CMOS detector (PCO-edgeHS 5.5, 2560 x 2160 px) with a 10X optic magnification was used
to obtain the pixel size of 0.7 um. The nabu pipeline [289] was used to perform filter-back

projections and reconstruct the volume of the sample.

For the XRD-CT, a monochromatic X-ray beam with an incident energy of 50 keV (wavelength
L = 0.2480 A) with a Dectris Pilatus3 X CdTe 2M area detector at a distance of 2m from the
sample was used to collect diffractograms. The measured d-space ranged from 3.7 A to 27.3
A. A silver behenate standard was used for the detector geometry corrections. Compound
refractive lenses were used to focus the beam to a ~10 x 10 pm? spot size on the sample. To
obtain spatially resolved phase information, XRD patterns were collected at 300 different
angular orientations, with an angular step size of 1.2° and a step size of 10 um in both the
horizontal and vertical directions. Each vertical stack, with a height of 10 pum, required
approximately 15 minutes for the line scan, and a total of 31 line scans were performed for
each sample. The 2D diffractograms were azimuthally integrated using the PyFAI module
[290]. Subsequently, the integrated diffractions were tomographically reconstructed with the
filter back projections using in-house Matlab scripts, to obtain 3D spatial distributions of
diffractograms. All diffractograms were converted to equivalent 26 based on Cu-Ka radiation
(L =1.5406 A) for comparison with results collected from the lab-based XRD.
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Figure 3-11. Photograph illustrating the synchrotron specimen setup of sodium sulfate-
activated slag pastes for synchrotron experiments conducted in ID15 A, at the European

synchrotron
3.7 Data analysis in pCT and XRD-CT datasets
3.7.1 Workflow for processing synchrotron XRD-CT results

Figure 3-12 shows the workflow adopted for mapping the spatial distribution of ettringite using
in-house Matlab and Python scripts [288, 291]. The XRD-CT technique involves the sequential
collection of diffraction data as the specimen is translated and rotated while being irradiated by
apencil beam. For each rotation angle, a two-dimensional diffraction pattern is recorded. These
patterns are subjected to azimuthal integration, transforming them into one-dimensional
diffraction profiles (intensity vs. 20), as shown in Fig. 3-12B. The integration across all rotation
angles results in a global sinogram for the entire dataset (Fig. 3-12C). To map the spatial
distribution of a specific phase (e.g., ettringite), a sinogram corresponding to that phase is
selected by integrating the diffraction data within a defined 20 range, characteristic of the
phase. Finally, the tomogram is reconstructed by applying a Radon transform to the sinogram,
producing a spatially resolved map of the phase distribution, with intensity corresponding to

phase concentration (Fig. 3-12E).
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The 20 range corresponding to d-spacings from 17.63 to 3.73 A (equivalent to an angle range
from 5°-23.82° 26 when recalculated to the wavelength of Cu-Ka radiation) was selected to
generate the sinogram of the ettringite intensity and spatial distribution of ettringite in each
slice. Every 10-pixel (0.1 mm) thick layer was cropped from the outside to the core of the
specimen shown in Figure 3-13 in XRD-CT and pCT data using in-house Python code. The

XRD-CT results at each layer were normalised for comparison [271].

Slice of reconstructed . - | XRD pattern of a » Ettringite distribution
tomography Sinogram of ettringite reconstructed slice in selected slice

gt g b =

10 15
Equivalent 26 (degrees)

100
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E/C-A-S-H

E — Ettringite
C-A-S-H — Calcium aluminium silicate hydrate Iﬂ
LDH - Hydrotalcite-type phase

Region of Interest
Low angle diffraction
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Figure 3-12. Schematic of the workflow used for data analysis showing (A) Slice of
reconstructed uCT; (B) Sinogram of ettringite; (C) XRD pattern of a reconstructed slice; (D)
Lab-based Cu-Ka XRD pattern of Na;SO4-activated slag; (E) Ettringite distribution in

selected slice
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Figure 3-13. Illustration showing the cropped layer of carbonated material assumed in a

cylindrical sulfate-activated slag cement for analysis of the XRD-CT results
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3.7.2 Workflow adopted for processing of the nCT results
3.7.2.1 Volume of interest

The volume of interest (VOI) for reconstructed tomography, as a proportion of the full data set,
was selected large enough to reduce the computation time without introducing statistical errors
[25]. In this study, 500 x 500 x 500 voxels (cubes with 350 um length) were cropped from the
entire data set as the VOI. Previous studies suggest that the VOI should be larger than 100 um?,
or at least 3 times larger than the largest feature in Portland cement paste [292]. Thus, the

cropped VOI is deemed sufficient for quantification analysis.
3.7.2.2 Segmentation in uCT datasets and validation

Segmentation involves selecting certain threshold values to distinguish the pore space,
unreacted slag, and reaction products. Figure 3-14A shows the histogram of the cropped region
from puCT tomographs, where it is clearly seen that the three main types of features are
intermixed. The most widely used segmentation methods are local and global grayscale
thresholding [293, 294]. Those methods depend on histogram evaluation and ignore the spatial
distribution of pixels [295]. Also, these methods rely on the accuracy and robustness of the
image quality [296]. Due to the formation of Ca-bearing type-gel phases expected in the
cements evaluated with fine pores, the low X-ray attenuation coefficient of the reaction
products leads to intermixing with the pores generated by the consumption of the precursors
[25]. Therefore, machine learning-based Trainable WeKa Segmentation (TWS) in Fiji was
used in this study, and this algorithm classifies each phase based on its feature shape rather
than just on the greyscale values [297]. This method has been successfully applied in the
segmentation of images of cementitious materials [236]. Three phases (slag, reaction products
and pores) were manually identified by sketching the respective regions in 40 randomly
selected data slices. A representative example of one segmented slice is presented in Figure 3-
14B. The segmented results were compared with the original images. Then, the sketching step
is repeated until satisfactory results are obtained by checking the value for the out-of-bags error,
which is the percentage of misclassification of predicted pixels by the random forest classifier
[298]. The lowest out-of-bag error is the one suited for the classification. The satisfied classifier
is then applied to the cropped VOI. Figure 3-15 presents the 3-dimensional rendering of the
reconstructed tomography of sodium sulfate-activated slag cements using S2 and segmented

phases with corresponding volume fractions.



48

A

1.0x107
8.0%10°
o Slag
_af 6.0%10° Reaction
by product
-
©
S 4.0x10%
o
£
=] o
Z 2.0x10% Pore-gg
0.0

T T T T T T
0 10000 20000 30000 40000 50000 60000

Grayscale Slag = red; Reaction products = green; Pore = purple
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In order to validate the accuracy of segmentation in uCT datasets, electron microscopy image
analysis was used to cross-check the volume fraction of the slag and then the DoR of slag in
sodium sulfate-activated slag cements, based on equations 3.1 and 3.2. Figure 3-16 shows
examples of SEM images for sodium sulfate-activated slag using three slags studied. DoR
determined by SEM image analysis is applied to validate the segmentation of pCT images. At
each curing age of the sample, at least 40 images were taken at 2000 x magnification for image
analysis. The global thresholding method was used to segment the unreacted slags and pores,
which has been proven to successfully segment phases in SEM images [275]. Table 3-3
presents the range of threshold values for pore, reaction products and unreacted slag,

respectively.

Table 3-3. The threshold value range of sodium sulfate-activated slag after 28 days of curing

Pore Reaction products Slag
S1 0-124 125-186 187-255
S2 0-106 107-156 157-255
S3 0-111 112-193 194-255

Figure 3-16. SEM images of sodium sulfate-activated slag using slag S1(A), S2(B) and S3
(C), after 28 days of curing
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Different techniques and methods can be adopted for determining the DoR of slag in
cementitious materials, such as selective dissolution [299], electron microscopy image analysis
[300] and 2°Si nuclear magnetic resonance (NMR) [301]. It has been suggested that BSE image
analysis and 2°Si MAS NMR can provide a reasonable precision of DoR of slags [300, 302].
To the best knowledge, there are no reported results in image analysis either using BSE and
uCT of sodium sulfate-activated slag cements. Comparable DoR was observed (Figure 3-17)
within one ¢ standard deviation, using image analysis in 2D (SEM) and 3D image (uCT) in
this study, independently of the slag used. The values reported here are also comparable to the
DoR based on the deconvolution of 2°Si MAS NMR using a similar mix design [161], which
reveals the accuracy of segmentation and ground knowledge of this material. The cements
produced with the S1-slag with the higher Mg/Al ratio present a higher degree of slag reaction,
consistent with other studies where it has been reported that a high Mg/Al ratio favours the
formation of a higher amount of products C-A-S-H type gel and secondary reaction products
ettringite and LDH phases [63, 84].
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Figure 3-17. Calculated degree of slag reaction (DoR) comparison using SEM and uCT of

sodium sulfate-activated slag cements using slag S1, S2 and S3 after 28 days of seal curing

3.7.2.3 Characterisation of the pore network

The 3D pore size distribution determination of the evaluated cement pastes was conducted
using Label Analysis in Avizo. To avoid noise and reduce statistical errors in pCT
measurements, the segmented pore larger than 3 times voxels, which is estimated to the spatial
resolution, was considered. Voxel size is calculated by dividing the field of view (FOV) by the
matrix size, while resolution refers to the system's ability to distinguish between closely spaced

structures, typically assessed in terms of spatial or contrast resolution [240]. In addition to pixel
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size and matrix size, resolution is heavily influenced by various technical factors of the CT
system, such as detector technology [241], X-ray characteristics [242] and reconstruction
algorithms [222]. The spatial resolution ranges from 2.5 to 10 times the voxel size, depending
on the noise level. The 4" generation synchrotron source at ESRF provides a high flux of X-
rays and coherence, enabling the generation of high-resolution images. Therefore, a spatial
resolution of 3 times the voxel size is sufficient for analysis and segmentation. In addition, the
segmented slag and degree of slag reaction are validated using SEM analysis, as shown in Fig.
3-17. All point-adjacent pores (only 1 pixel) were separated using the Separate Object
algorithm. The pore size was calculated as a function of the equivalent sphere diameter. Similar
approaches have been used to characterise the pore size distribution of other cement systems
[236, 303].

Porosity was calculated as a percentage of the segmented pores in the volume of interest (VOI),
using the Volume Fraction algorithm in Avizo. The error bar for the porosity value is calculated
based on the probability map collected from the segmented pore using trainable WeKa
segmentation. The range from the lower to the upper bar is based on the ¢ value of a Gaussian
distribution. The probability maps of porosity for cements based on all three slags before and
after carbonation are shown in Figure 3-18. The probability map of porosity for each 0.1 mm
layer from the exposure surface to the core of the specimen, as depicted in Figure 3-13, is

presented in Figure 3-19.
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Figure 3-19. Probability distributions of porosity values resulting from segmentation, in
cropped layers of sodium sulfate-activated slag cements using slag S2 after 2 cycles of

carbonation

3D pore network information is important as a means to infer the likely performance of
cementitious materials. The ionic transport only happens in the connected capillary pores of
cementitious materials [25, 244], so the ability of deleterious substances to enter the material
and influence its durability, is controlled by the interconnected pore structure. The statistical
analysis of the 3D pore network was conducted based on the images of the segmented pore
phase (binary). As the connected pores mainly influence the durability of cementitious
materials, only face-adjacent pores were considered for pore connectivity. This was done by
using the axis connectivity algorithm within Avizo in the type of 6-connectivity, so voxels
sharing a vertex or edge were not defined to be connected. Then, this cluster of pores is used

to characterise diffusion tortuosity and formation factor.
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3.7.3 Determination of diffusion tortuosity and formation factor

Diffusion tortuosity is an essential parameter for predicting mass transport in porous media
[304]. The diffusion tortuosity is defined as the mean free distance divided by the Euclidean
distance from the start to the endpoint [305]. Then, this parameter is calculated by dividing the
effective diffusion coefficient by the bulk diffusion coefficient through free space [306]. This
value was determined using the pytrax Python module [307]. Similar to diffusive flow, this
algorithm intends to simulate Brownian motion, and the tortuosity mathematically relates
diffusivity in the pore network to diffusivity in free space [308]. Each walker has an equal and
unbiased probability of movement in any direction allowed by the geometry of the pores (i.e.
not moving through voxels defined as being solid), following a Gaussian distribution. Tests
were conducted for 10° time steps and 20,000 random walkers for each sample. These
parameters were based on previous studies in alkali-activated slag cements that showed no

significant change in the diffusion tortuosity with minimised uncertainty [23, 25].

The simulation of the formation factor was conducted in the Avizo package Formation Factor
Effective Simulation in XLab. Ohm’s law defines the transportation of electrical charges within
a fully saturated pore solution (electrolyte) under applied constant electrical potential
difference in a segmented 3D pore structure. The formation factor was calculated based on
Archie’s law as a ratio of the resistivity of cement paste pc (€2 m) to the resistivity of the water
pwater (€2 m) [309, 310].

Fr = ﬁ (Equation 3.5)
It was assumed that the pore space was fully saturated so that all the segmented pore structure
was considered in the simulation. The conductivity of the electrolyte (pore solution) is based
on thermodynamic modelling in pore solution chemistry of sodium sulfate-activated slag
cements, as a function of slag composition. It is expected that different slag compositions lead
to different pore solutions with corresponding resistivity values. Detailed thermodynamic

modelling has been discussed in section 3.3.5.

The input potential is 1 V, and the output potential is defined as 0 V. The electrical conductivity
is independent of boundary conditions, and the formation factor is intrinsic to the segmented
porous network [311]. This modelling approach calculated the electrical conductivity of the
porous media, and the electrical resistivity is reciprocal of the conductivity value. The
formation factor simulation was conducted along the X, Y and Z axes separately, so the

standard deviation was based on the formation factor along those 3 axes.
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3.7.3.1 Calculation of pore solution resistivity using thermodynamic modelling

The pore solution resistivity was calculated based on the ionic composition of the pore solution
at a given DoR in Figure 3-17 and slag composition as shown in Table 3-1. The resistivity of

the pore solution is then calculated using equation 3.6 and 3.7:
ps = (Xizicid)™! (equation 3.6)

Where the ps [S/m] is the resistivity of the pore solution, z; and c; are the valence and molar
concentration for each ionic species. A is the equivalent conductivity of each ionic species,

which can be calculated using equation 3:

0

p—_
[ .70.5
1+G;1

(equation 3.7)

where 47 is the equivalent conductivity of the ionic species at infinite dilution, Gi (mol/L)is
the empirical coefficient for each and Im (mol/L) is the molar ionic strength of the solution.
Properties of these ionic species at 25 °C are obtained from [198]. Pore solution resistivity of
sodium sulfate-activated slag cements using slag S1, S2 and S3 after 28 days of curing is shown
in Figure 3-20. The calculated results are comparable to experimental results for alkali-
activated slag cements [24] and modelling results for blended slag cements with 40 % Portland

cement replacement [198].
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Figure 3-20. Pore solution resistivity of sodium sulfate-activated slag cements using slag S1,
S2 and S3 after 28 days of curing

3.8 Troubleshooting in XRD-CT measurement

Figure 3-21A shows the ideal scenario for XRD-CT results presenting powder-like diffraction
rings, as the particle size of crystals is smaller than the beam size. However, the main issue
with the synchrotron XRD-CT of analysed samples in this study is unreacted crystalline
particles, whose particle size is comparable to or larger than the beam size, as shown in Figure
3-21B. These unreacted crystalline particles are impurities in the slag [19] and do not contribute
to overall chemical reactions, such as calcite and quartz. However, their presence and Bragg
diffraction then lead to a few high-intensity spots in the diffractograms. A similar observation
was also reported in the previous XRD-CT measurement of Portland cement (PC) paste and
mortar samples that the larger crystallite size of clinker phases, such as alite, and natural
aggregates causes diffraction spots in the detector [253]. In the current study, the quartz
diffraction spot is one order of magnitude higher than the threshold of the detector, using 50
keV X-rays. The detector will then automatically shut down as a means of self-protection. This
then causes failure of experiments such that even the XRD pattern before the main peak of

quartz (the most troublesome point) cannot be collected (Cu Ka equivalent 20 angle of 26.65°).

In order to collect the results before the main peak of quartz, the detector was moved further
away from the sample so that troublesome diffraction spots were excluded from the detector,
as shown in Figure 3-22A. However, the detector has a square shape, so troublesome reflections

still appear in the corners of the detector. A lead mask was then used to block out troublesome
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reflections, leaving a 142 mm diameter hole, as shown in Figure 3-22B. The XRD-CT was then
successfully run for S2-based samples, due to the lower amount of quartz in slag S2 compared
to slag S1 and S3. Note that in all slags, the amount of quartz present, which caused these
severe issues in the XRD-CT experiments, was barely detectable by conventional laboratory
XRD.

Future work should therefore bear in mind the size of unreacted crystalline phases in the
samples. To produce smooth powder-like diffraction rings with high-quality XRD-CT results,
it is important to control the size of crystallite size one order magnitude smaller than the beam
size [253]. It is not problematic for analysing the reaction products in cementitious materials,
such as aluminium-substituted calcium silicate hydrate, ettringite and hydrotalcite, as those
reaction products are intermixed below the micro-scale [312]. This technique is more sensitive

to raw or unreacted crystalline materials compared to reaction products.

@ Ideal smooth powder-like Single-crystal-like patterns with
a few large diffraction spot

diffraction rings

Figure 3-21. (A) The ideal scenario showing smooth powder-like diffraction rings; (B) The

current scenario showing single-crystal-like diffraction spots



58

@ Troublesome | S

diffraction spot
e >

sample 1200 mm  detector

sample 2000 mm detector

Figure 3-22. (A) Method 1: Moving the detector further away so that higher reflection angles
were not included in the detector. (B) Method 2: Use a lead mask to block out troublesome

reflection at higher reflection angle
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Chapter 4

PHASE EVOLUTION AND
PERFORMANCE OF SODIUM
SULFATE-ACTIVATED SLAG
CEMENTS PASTE

Note: This chapter is primarily based on the paper “Phase evolution and performance of sodium
sulfate-activated slag cement pastes” by Z. Yue, Y. Dhandapani, S. A. Amankwah; S. A.
Bernal, CEMENT (2024): 100117.

4.1 Introduction

This chapter evaluated the reaction kinetics, phase assemblage, and microstructure evolution
of Na,SOg4-activated slag cements produced with three commercial slags. This was achieved
by following a multi-technique approach using different materials characterisation analytical
techniques for analysing paste samples for up to 1 year of curing. Additionally,
thermodynamics modelling was used to validate the experimental results and elucidate the

reaction mechanisms leading to the differences identified in the materials evaluated.

Results revealed that the main reaction products forming in these cements are ettringite and
calcium aluminosilicate hydrates, alongside a poorly crystalline SO4> intercalated Mg-Al-
layered double hydroxide (LDH) phase. The Al,Os3 slag content alone does not correlate with
the cement performance. While pastes made with a higher AIbO3 content slag exhibit faster
reaction kinetics, those made with a slag with a higher Mg/Al ratio developed superior
compressive strength and reduced porosity over extended curing periods. Thermodynamic
modelling simulations indicate that sulfate consumption occurs via ettringite and LDH phase
formation, influencing the slag reaction degree, pH value, and porosity reduction in these
cements. This research highlights the critical role of slag composition in controlling

microstructure and, consequently, cement performance.



60

4.2. Experimental methodology

Raw materials characterisation, mix design, sample preparation and materials characterisation

are reported in Chapter 3.
4.3 Results and Discussion
4.3.1 Reaction Kinetics determined by isothermal calorimetry

Figure 4-1 presents the heat flow and cumulative heat of NaxSOjs-activated slag pastes produced
with the three different slags studied. The shape of the curve is consistent with what has been
reported for other alkali-activated slag systems, such as sodium silicate and sodium carbonate
[18, 136, 174]. A pre-induction period is observed in the first few hours, followed by an
extended induction period. Depending on the type of activator, the induction period could last
a few hours or days [18, 21, 84]. The high-intensity acceleration and deceleration periods are
then observed, which are related to the formation of reaction products [136]. A significant
difference was identified in the kinetics of reaction between slag S1, and the other two slags
evaluated. Although the glassy fraction of the slag has a significant effect on the slag reactivity
[94], the three types of slag used in this study are highly amorphous, based on the XRD patterns
of three raw slags shown in Figure 4-2. The difference in the reaction kinetics is likely due to
the differences in the chemical composition of the slag, and slight differences in particle size

distribution and specific surface area, depicted in Figure 3-2 and Table 3-2 in Chapter 3.

The S2 and S3-based pastes have similar induction periods (about 150 h) despite slight
compositional differences. A longer induction period was observed in S1-based paste (about
300 h). Previous studies on NaOH-activated slag, super sulfate slag cement and Na>SOs-
activated slag cement have reported that the higher amount of AlbO3 content in the slag
accelerates the reaction kinetics [21, 84, 90]. This observation agrees well with the R test for
three slags used in this study (Fig. 3-3) that higher AlbO3 content is more reactive with

improved reaction kinetics in the first 50 hours of reaction.

The intensity of the acceleration peak in S3 is similar to that of S2, however, a smaller heat
peak is observed in S2 during the induction period suggesting some preferential dissolution of
the slag, showing accelerated reaction kinetics and a minor increase in cumulative heat before
first 180 hours of reaction. However, after 400 hours of reaction, the cumulative heat is

comparable for both S2 and S3-based pastes.



61

Additionally, it is observed that the tail of the deceleration period (Figure 4-1A) seems more
pronounced for the S1-based binder. This is the slag that showed slightly higher chemical
reactivity according to R test results (Fig. 3-3, chapter 3) and also presents the highest Mg/Al
of the slags used in the study. Given the negligible differences in the specific surface area of
the slags evaluated (Table 3-2, chapter 3), it is reasonable to suggest that the composition of
the slag is influencing the reaction kinetics of these cements, as it has been observed in other
studies [84]. The cumulative reaction heat (Fig 4-1B) is an indication of the degree of slag
reaction [263]. Despite the extended induction period observed in Sl-based pastes, the

cumulative heat is comparable to that of S2 and S3-based pastes after 400 hours of reaction.
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Figure 4-1. Isothermal calorimetry results of Na,SOs-activated slag as a function of slag

source. Heat flow and cumulative heat curves correspond to A and B, respectively
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4.3.2 Phase assemblage determined by X-ray diffraction

Figures 4-2 (A-C) show the X-ray diffraction patterns of the NaxSOs-activated S1, S2 and S3
cement pastes, respectively. Traces of calcite (powder diffraction file (PDF) #01-083-0578),
gehlenite (PDF#01-079-1726), akermanite (PDF#98-008-0391) and quartz (PDF#01-081-0069)
are identified in the anhydrous slags (S1 and S3). Independent of the slag chemistry, the main
crystalline reaction products identified in this study are ettringite (E)
(CasAl2(SO4)3(OH)12:26H20, PDF# 00-013-0350) and a tobermorite-type C-(A)-S-H (PDF#
00-019-0052). These results are consistent with previous studies [63, 66, 84, 161]. A hydrated
sodium magnesium sulfate mineral bloedite (NaxMg(SO4)2-4H>O) was observed in S1-based

pastes.

The reflections of ettringite, especially its main plane (100) at about 9.14° 20°, were more
intense in the S3-based paste than S1 and S2, arguably related to higher aluminium content in
the slag S3. A similar observation was also reported for other sodium sulfate-activated slag
cements and super sulfate slag cement systems [84, 90]. The XRD patterns show that the
intensity of the main ettringite peak decreases at longer curing times in all three slags. In the
Portland cement system, the continuously released AI(OH)s causes the dissolution of the
ettringite with the formation of monosulfate [313]. Thermodynamic modelling of Na>SOs-
activated slag had shown that higher Al could favour the conversion of ettringite to AFm phases
[284]. However, a peak associated with monosulfate between 10-15 260° was not observed in
the current study. This may be due to the small quantities and less crystalline nature of this

phase, which if present, is highly intermixed [314].

Mg-Al LDH-type phases were not observed in the diffractograms of the three slags evaluated,
independently of the curing duration. The main peak of Mg-AI-LDH phases (intercalated with
COs%, OH" or SO4%) is in the (003) plane at about 11.40° 20° [95]. The absence of this phase
in XRD results is either related to the low MgO content within the slag hindering the formation
of such phases, [18] or the poorly crystalline structure of the Mg-Al-SO4-LDH phase [95].
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Figure 4-2. X-ray diffraction patterns of Na,SO4-activated slag by using slag S1, S2 and S3
with time. Notes: Phase marked are E-ettringite, C-A-S-H-calcium aluminate silicate hydrate,
B-bloedite (American Mineralogist Crystal Structure Database), c-calcite, A-akermanite, G-
gehlenite and Q-SiO»

4.3.3 27A1 MAS NMR spectroscopy

Apart from the main Al-bearing reaction products ettringite and C-(A)-S-H type gels,
secondary Al-bearing reaction products that might be forming in the assessed binders, since
AFm and/or Mg-Al-SO4-LDH-type phase were not identified by XRD. Therefore, 2’Al MAS
NMR spectroscopy was applied to potentially identify poorly crystalline Al-bearing phases that
might be forming in these cements. The spectra of the unreacted slag (Fig. 4-3) exhibited an
asymmetric and broad resonance of 58-59 ppm associated with Al'V sites, consistent with the

highly disordered nature of blast furnace slags [315].

Figure 4-3 presents the 2’Al MAS NMR spectra of Na>SOs-activated slag produced with slag
S1, S2 and S3. The AIY! region is assigned to range between diso= 0 and 20 ppm [316] of all
spectra. The resonance centred at diso = 13 ppm is attributed to ettringite [317]. This resonance
is sharper in S3 containing the highest Al content (12.01 wt.%, Table 3-1, Chapter 3) compared

to other slags used. The intensity of the ettringite peak increases for all three slags with time
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evolved from 28 d to 180 d. However, the band intensity decreases at 365 d. This observation
in single pulse >’ Al MAS NMR is consistent with the XRD results that show a reduction in the
ettringite peak intensity at later ages. Therefore, both the XRD pattern and 2’Al MAS NMR

results indicate a decreased amount of ettringite in these cements at extended curing age.

Unlike XRD results, the Mg-bearing phase Mg-Al-LDH was observed in this system via 2’Al
MAS NMR spectra. The low-intensity shoulder centred at diso= ~ 9 ppm is attributed to the
hydrotalcite-type phase containing AlY!sites [318, 319]. However, both the XRD pattern (Fig.
4-2) and ’Al MAS NMR (Fig. 4-3) cannot indicate the type of anionic groups intercalated
within the interlayer of the LDH phase such as carbonate, hydroxide or sulfate that might
present in sodium sulfate activated slag cements. For the three slags, the band intensity of the
LDH-type phase (diso= ~ 9 ppm) increases following a sequence of S2 > S1 > S3 at all the
curing ages evaluated. This is consistent with the MgO content in the slag (8.0 > 7.2 > 5.6
wt.%). Thus, a higher MgO content within the slag seems to be yielding to Mg-Al-LDH phases

forming in Na,;SO4-activated slag cements.

In addition, the intensity of the band attributed to the ettringite decreases at extended curing
ages, which indicates that another SOs-bearing phase could be forming from ettringite.
Monosulfate exhibits a single resonance between 10 -12 ppm, depending on the field strength
of the NMR experiment [320]. By comparing the 28 d results with those of later curing ages,
such as 180 d and 365 d, the resonance in this range becomes broader, which could indicate
the formation of minor amounts of monosulfate in all sulfate-activated slag systems, however,

this cannot be confirmed using this technique.

A third resonance was also identified at diso =4 ppm, which is hydrated cements and is often
attributed to the third aluminate hydrate (TAH) [321]. This phase was thought to be an
amorphous nanoscale aluminate hydrate phase precipitated at the surface of the C-(N)-A-S-H
type gels. However, it has been demonstrated by Mohamed et al. [322] that this resonance is
most likely silicate-bridging [AIO2(OH)4]°" sites in C-(A)-S-H type gels and therefore the TAH
does not exist. Negligible changes in the intensity of this site were identified for all three slags

at different curing times.
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Figure 4-3. Solid state 2?A1 MAS NMR results of Na,SOs-activated slag produced with slag

S1, S2 and S3 as a function of the curing time
4.3.4 Thermogravimetric analysis

Thermogravimetry curves of Na>xSO4-activated slag cements produced using S1, S2 and S3 are
shown in Figure 4-4, and a summary of the total mass loss up to 1000 °C is presented in Table
1. All the paste samples exhibited a higher total mass loss at a longer curing time (Table 4-1),
consistent with the increase in the reaction products forming with time due to the continued
slag reaction. At 28 d of curing, the mass loss of S3 is higher than that of S1 and S2-based
pastes samples, consistent with the faster reaction kinetics at early age identified for the S3-
based pastes (Fig. 4-1) and higher amount of ettringite formed in samples produced with this
material (Fig. 4-2 and 4-3). On the other hand, the S1 with the highest Mg/Al ratio shows a
higher mass loss than other hardened pastes at 365 days of curing, meaning that a higher degree

of reaction has been achieved at extended curing times.
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Figure 4-4. Thermogravimetry curves of Na;SOs-activated slag cements produced with (A)
slag S1, (B) slag S2 and (C) slag S3, as function of curing time

Table 4-1. Total mass loss at 1000 °C determined by thermogravimetry of Na>SOj4-activated
slag cements (+1%)

Slag type
Curing time (days)
S1 S2 S3
28 14.8 14.7 17.6
365 24.3 22.2 22.0
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Differential thermogravimetry (DTG) curves of Na,SOs-activated slag cements for S1, S2 and
S3-based cements with corresponding gas mass spectra of H2O (m/z=18), CO> (m/z=44) and
SO, (m/z=64) are presented in Figure 4-5. The mass loss below 200 °C is related to dehydration
of the C-(A)-S-H type gel [323] and the decomposition of the ettringite, which is normally
observed at about 114 °C [324]. All three slags-paste samples showed pronounced ettringite
peaks (around 114 °C) at 28 days of curing, whereas there is a decrease in the ettringite peak
at 365 d of curing, as seen from the decreased ionic current of H>O (g) (m/z=18) shown on
Figure 4-5. This further confirms the reduction in the amount of ettringite at the later age of
curing as observed in XRD (Fig. 4-2) and ?’Al MAS NMR (Fig. 4-3). The release of SO
observed between 700 °C and 1000 °C is attributed to the sulfur decomposition, as H>S from
the unreacted slag is reducing under N> environment [258, 269] and also confirmed by TG-MS
of three anhydrous slags used in this study (Fig. 3-1, Chapter 3). The ionic current of SO> was
higher in the 28-day samples compared to the later age, meaning the lower degree of slag

reaction at an early age.

A low-intensity mass loss peak between 300 °C and 600 °C accompanied by the release of H,O
can be observed for all three slags studied (Fig 4-5A, E and I). This may indicate the formation
of the Mg-Al-LDH phases [95]. Mg-Al-LDH phases have been reported to show two mass loss
ranges at 30-320 °C and 320-600 °C [95, 284]. The first weight loss is related to water loss,
corresponding to the physically bound water and interlayer water; the second peak is related to
the main layer water and water-associated intercalated anions [95]. However, it is impossible
to confirm the type of intercalated anions in the Mg-Al-LDH phases form in these systems
based on the techniques used in this study. It is reasonable to consider the poorly crystalline

sulfate-LDHs might form, based on the sodium sulfate activator in this study [84].
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Figure 4-5. Differential derivative thermogravimetry curve of Na;SOs-activated slag cement
using (A) S1, (E) S2 and (I) S3, as a function of curing time. Mass spectra of (B, F and J)
H>0, (C, G and K) CO> and (D, H and L) SO are presented for S1, S2 and S3, respectively.
m/z = mass/charge ratio for each ion

4.3.5 Microstructure analysis of Na2SO4-activated slag

Figure 4-6 shows backscattered electron images of Na>xSO4-activated slag pastes for S1, S2 and

S3 cured for 28, 56 and 365 days. The bright grey particles in the micrographs correspond to

unreacted slag; the grey regions between slag particles are the reaction products i.e., mainly
composed of C-(A)-S-H type gel and ettringite as indicated by XRD (Fig. 4-2). The dark

regions correspond to pores in the cementitious matrix [325]. For all three slag-based pastes,

the microstructures became denser and more homogeneous as the reaction progressed from 28

days to 365 days, due to an increased degree of slag reaction.
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Figure 4-6. BSE images of Na>xSOs-activated slag pastes at 2000 magnification using slags S1
(A, D, G),S2 (B, E, H) and S3 (C, F. I) cured for 28, 56 and 365 days, respectively

Figure 4-7 shows the calculated degree of slag reaction (DoR) and porosity of the studied
sodium sulfate-activated slag cements, determined via image analysis. S1-based cement pastes
attained the highest degree of slag reaction with the lowest porosity, consistent with the
thermogravimetry results (Table 4-1). This finding is strengthened based on the R? test (Fig. 3-
3, chapter 3) of three slags used in this study, which showed that the S1 slag has the highest
reactivity over 400 hours of reaction. Similar observations have been reported for Na>xCOs-
activated slag cements [18], NaOH and Na>SiOs-activated slag cements when using slags with
an increased Mg/Al ratio [20, 136]. Although the S3 slag-based pastes show the highest
reaction kinetics in the first 14 days (Fig 4-1), it presents minor changes in the DoR and porosity
from 28 to 56 days (Fig. 4-7A and 4-7B).

The results suggest that the initial chemical reactivity is not a determining factor of the longer-
term DoR that can be achieved in sodium sulfate-activated slag cements. S1-based pastes with

the higher Mg/Al ratio of the slags used show lower porosity at all the evaluated ages, compared
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to S2 and S3-based paste samples. Independent of the slag composition, Na,SOs-activated slag
cements can reach ~20-28 % of porosity at 28 days, ~20 % at 56 days and 15 % at 365 days.

The S1-based pastes show the highest DoR from 28 to 365 days among the three slags used in
this study (Fig 4-7A). Independently of the slag composition, Na,SOs-activated slag cements
achieve 30 % DoR at 28 days and continuously increase with age reaching at least ~55 % DoR
after 1 year of curing. The range of DoR for Na,SOs-activated slag cements calculated in this
study using BSE image analysis agrees with the report [161] which indicated that a 30 % DoR
can be achieved when using a higher activator dosage (10 g Na>SOg4 per 100 g of slag) that was
used in this study at about 50 days of curing. The Na>SOs-activated slag cements normally
show lower DoR at early age (56 days) compared to using NaOH, Na;SiO3; and Na>COs
activators [122, 161]. Nevertheless, after 56 days of curing, the DoR of slag material between
30-50 % is comparable to the blended slag cements with 30-50 % of clinker substitution [200].

Although techniques used to determine the porosity, such as SEM, MIP (mercury intrusion
porosimetry) and micro-computed tomography (uCT) detect different pore size distribution
with a certain overlapping range, statistically the porosity determined by segmentation of BSE
images, by using at least 35 images per age, generally agrees with the porosity measured by
MIP in Na,SOgs-activated slag cements using similar mix design and slag compositions,
reaching 20-25 % of porosity after 28 days of curing [84]. A ~15 % of porosity observed after
365 days of curing is comparable to that reported for alkali-activated slag cements using
conventional activators (NaOH and NaSiO3) determined by MIP, image analysis of BSE
images and uCT images [20, 23, 25]. The porosity values identified in Na>SOs-activated slag
cement pastes, especially ~20 % at 56 days and 15 % at 365 days, are comparable to or even
lower than metakaolin blended cements [326], fly ash blended cements [327] and slag blended

cements [328], produced with 30-70 % of clinker replacement.
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Figure 4-7. The degree of slag reaction (%) (A) and porosity (%) (B) of NaxSOs-activated
slag cements using S1, S2 and S3 for 28, 56 and 365 days of curing based on image analysis
of BSE images

Figure 4-8 shows the correlation between the degree of reaction and the porosity developed in
the sodium sulfate-activated slag cements evaluated. Consistent with the OPC-based cements
system, an increased degree of slag reaction led to a reduction of porosity in sodium sulfate-
activated slag cements from 28 to 365 days, irrespective of the slag used.
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Figure 4-8. Relationship between porosity and degree of slag reaction in sodium sulfate

activated slag cement pastes
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Figure 4-9 presents backscattered electron imaging (BSE) and EDX elemental mapping of the
NaxSOs-activated slag produced using S1 slag for 28 days of curing. A locally precipitated
phase was observed in the region of outer reaction products. EDX mapping shows that this
phase has pronounced S and Na concentrations, and depleted Ca and Si signals. Minor
concentrations of Mg and Al were observed in this region. This corresponds to a sodium
sulfate-rich mineral present in the sample, most likely bloedite as it is the only sodium-sulfate
bearing phase observed in the XRD results (Fig. 4-2), or to a form of NaxSO4 precipitate from
the pore solution. It is worth noting that neither thenardite (Na2SO4) nor mirabilite (Na2SO4
*10H,0) were observed by XRD (Fig. 4-2)

Although the formation of ettringite has been confirmed by the different techniques applied in
this study, it is still unclear how this phase spatially distributes in the microstructure of the
hardened pastes evaluated. Figure 4-10 clearly shows ettringite present in the S1-cement paste
in the microstructure. The locally concentrated ettringite crystals form a pocket-shaped cluster.
A possible explanation for the ettringite pocket can be the precipitation of ettringite in the large
pores and voids due to higher supersaturation of the ettringite phase as alumina from the slag
becomes available in the presence of Na>SOs, which contributes to the progressive refinement

of microstructure.

Figure 4-9. Backscattered electron image of NaxSOjs-activated slag produced using S1 for 28

d of curing. The elemental map shows the same region as the backscattered electron image
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Figure 4-10. The precipitation of ettringite in Na,SOs-activated slag using S1 cured for 28

days at 1000 magnification (A); (B) 4000 magnifications with elemental mapping of the same
region for Ca, Al, Si and S

Figure 4-11 shows the ternary diagram of CaO-Al>O3-Si02 in NaxSOs-activated slag cements
reporting the EDX results of the cements produced with the slags used after 28 and 365 days
of curing. Superimposing the EDX points collected in this study shows that the C-(A)-S-H gel
forming in the sodium sulfate-activated slag cements has additional calcium, aluminium or
silicon, compared to theoretical C-(A)-S-H gel models [50, 52]. It has been reported that outer
reaction products in alkali-activated slag cement systems are a mixture of C-A-S-H gel and

other secondary reaction products [63].
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Figure 4-11. The ternary CaO-Si02-Al>03 diagram of the Na;SOg-activated slag cements
using the three slags in this study after 28 and 365 days; the EDX points (at least 90 points
per sample per age) were taken in the region of outer reaction products. The chemical

composition of blast furnace slag across the world refers to [58]

Independent of the slag composition, the Ca/Si ratio and Ca/(Al+Si) ratio of C-(A)-S-H gel in
the outer region are listed in Table 4-2. It can be seen that the Ca/Si and Al/Si atomic ratio of
C-(A)-S-H gel barely change from 28 to 365 days, where the Ca/Si is in the range of 1.1-1.3
and the Al/Si ratio is around 0.3. The relatively high deviation (>0.05) is due to the intermixing
of C-(A)-S-H gel and ettringite in the outer reaction products regions. Ca/Si ratios quantified
here ratio are similar to those reported for Na,COs-activated slag cements [18, 74] and
hydroxide-activated slag cements produced with slags with comparable compositions to the
ones used in this study [301]. Al substitution in the C-S-H gels seems to be similar to that
identified in NapCOs-activated slag cements [18, 74], but higher than what has been reported
for NaOH-activated slag cements [20]. A high Al substitution tends to form a more foil-like
morphology of C-(A)-S-H gel with lower permeability compared to C-S-H gel, when
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Ca/(Si+Al) ratio < 1.3 and Al/Si ratio >0.15 [312, 329]. This result potentially suggests the
promising durability of this material due to the compacted morphology of the C-(A)-S-H gel.

Table 4-2. Ca/Si and Ca/(Al+Si) average atomic ratios of C-A-S-H gel for Na;SO4-activated
slag cements using 3 slags at 28 and 365 days. Error corresponds to the standard deviation of

100 measurements per sample per age

S128d S1365d S228d S2365d S328d S3365d

Ca/Si 1.30+0.08 1.27+0.07 1.25+0.07 1.32+0.08 1.26+0.10 1.13+0.06
Ca/(Al+S1) 1.00+£0.06 0.91+0.08 0.92+0.07 1.00+0.07 0.94+0.07 0.86+0.08
Al/Si 0.31+0.05 0.35+0.08 0.33+0.04 0.31+0.04 0.32+0.03 0.29+0.04

Figure 4-12 shows the BSE-EDX mapping of a slag grain at 10, 000 magnification. The
selection of regions corresponding to the inner reaction products is based on its grayscale and
EDX mapping. The darker regions surrounding the unreacted slag are mainly the mixture of
C-(A)-S-H gel and Mg-Al-LDH phase, this colouration is due to lower atomic number [330]
and reduced density [331]. The dark rim around unreacted slags was also reported in the
previous study in alkali-activated slag cements, composing C-A-S-H gel and LDH phases as
characterised by nanoindentation [332] and TEM-EDX [53]. Elemental maps confirm the
regions rich in Mg and Al with reduced signals from Ca and Si that may correspond to Mg-Al-
LDH formation around slag particles.
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Figure 4-12. Backscattered electron image of Na;SOg-activated slag produced using S3 after
365 days of curing at 10, 000 magnification. The elemental map shows the same region as the

backscattered electron image

Figure 4-13 shows the EDX line scan crossing the unreacted slag, covering the outer reaction
products, and inner reaction products (grey rim area) around unreacted slag. Two Mg and Al
peaks with pronounced reduction of Ca and Si signals in the rim area confirm the formation of
the Mg-Al-LDH phase. A plateau of the S signal in this region suggests that the interlayer of
the LDH phase is the SO4* anion group, which agrees with the hypothesis from a previous
study that the interlayer of the Mg-Al-LDH phase is the SO4> group [84].
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Figure 4-13. Line scan of Na;SO4-activated slag cements using S3 for 365 days of curing at
10, 000 magnification. (A) one line was selected for EDX line scan analysis; the filled circle
means the starting point and the arrow is the endpoint. The plot of normalized Ca, Si, Al, Mg,
and S elemental distribution for three lines (B, C and D), normalised to a scale between 0 and

1. The grey area indicates the inner reaction products

Figure 4-14 shows the scatter of Mg/Si against Al/Si atomic ratios from EDX analysis of inner
reaction product regions at 365 days of curing for the three slags used. The equations shown in
the figure are based on the regression analysis of EDX data points. As Mg-Al-LDH phases
mainly precipitate in the regions of inner reaction products for slag-based cements [18, 53, 300,
331], EDX analysis of this region provides information about the Mg/Al ratio of LDH phases
in the different mixes. Results reveal that S1-based cement with high Mg/Al in the anhydrous
slag presents a higher Mg/Al ratio of LDH phases compared to S3-based cements despite
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presenting a similar Ca content. The lowest Mg/Al ratio of the Mg-Al-LDH phase is observed
in S2-based pastes. This suggests that in addition to the Mg and Al content in raw slag, the
formation of the Mg-Al-LDH phase is significantly influenced by the chemical composition of
the pore solution, as suggested in [333]. Different dissolution rates of Ca, Si, Mg and Al under
different activation conditions (pH value) are likely affecting the chemical composition of Mg-
AI-LDH phases.
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Figure 4-14. Mg/Si vs Al/Si atomic ratio for EDX point analysis of inner reaction products in
the SEM for NaxSOs-activated slag cements using S1 (A), S2 (B) and S3 (C) cured for 365
days. The equation is based on the regression analysis of the EDX points. The solid points are
the EDX points and the red dash lines are fitted lines

4.3.6 Thermodynamic modelling

Figure 4-15 shows the simulated volume change of the phase assemblages as a function of
reacted slag from 10 % to 80 % in NaxSOs-activated slag cements considering the oxide
compositions of slag S1, S2 and S3. The predicted phases agree with previous thermodynamic

modelling simulations reported for Na>SO4-activated slag cements elsewhere [122, 257, 284].
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In line with the experimental observations reported in this study, the thermodynamic modelling
predicts the formation of C-(A)-S-H, ettringite and SOs-intercalated Mg-Al-LDH phases
(MgAIl-OH-s-LDH) as the major reaction products for the three types of slags used in this study.
The formation of this type of LDH phase has also been confirmed by its thermodynamic
preference for NaxSOs-activated slag cements in other studies [257, 284]. Although bloedite
was observed in the XRD pattern (Fig. 4-2), this mineral was not predicted in the

thermodynamic modelling due to a lack of thermodynamic data in the existing database.

The Ca/(Al+Si) ratio simulated based on thermodynamic modelling generally agrees with EDX
results within the standard deviation (Table 4-2). For all three slag-based cements, the porosity
values decrease with an increased DoR indicating the potential for porosity reduction as the
reaction progresses in these systems, consistent with the relationship between the degree of
reaction and porosity as quantified by SEM image analysis (Fig 4-8). The simulated porosity
values are larger than those determined from the BSE image analysis. This is mainly because
total porosity determined by thermodynamic modelling considers the full range of pore size
distribution and the chemical shrinkage due to the formation of the reaction product [334],

which cannot be captured by BSE.

The reduction of ettringite was predicted at a higher degree of slag reaction, consistent with the
XRD (Fig 4-2), >’Al MAS NMR (Fig. 4-3) and TG-MS (Fig. 4-4) results in this study. The
model predicted monosulfoaluminate (CasAl2(SO4)(OH)1226H20) formation, as this phase is
more stable than ettringite at ambient temperature based on solubility measurements [335].
However, no experimental evidence of this phase was found in the present study. The
modelling simulations only predicted the formation of monosulfoaluminate at a higher DoR

(~70 %) of the slag than those achieved in the pastes experimentally evaluated.

On the other hand, strétlingite (CaxAl(Si, Al)202(OH)10°2.25H,0) was predicted in slag-
cements with a higher amount of Al content (e.g. S2 and S3). The formation of hydrotalcite-
type phases consumes the Al in pore solution and this leads to the stabilisation of the stritlingite
phase [110]. This AFm-type phase has been identified in a minor amount in NaOH and
NaxSiOs-activated slag cements by experiments and thermodynamic modelling [76, 336].
However, the formation of this phase cannot be confirmed in the current study due to its small
quantities and poorly crystalline structure, which is difficult to identify in the XRD [335]. Also,
two Al and Al1Y!sites at around 61 ppm and 11.3 ppm of stritlingite in 2’Al MAS NMR
overlap with the bands attributed to C-(A)-S-H type gel, ettringite and monosulfoaluminate,
respectively [337, 338]. This phase has also been predicted in previous studies reporting

thermodynamic modelling simulations for Na,SO4-activated slag cements with a comparable
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slag composition to the one used in this study [122, 257]. Thus, although stritlingite is
thermodynamically favoured to form, more detailed studies especially for long-age Na,SO4-

activated slag cements are needed to validate the modelling results.

A minor amount of the zeolite phase SOH(OH) (NagAlsS16024(OH)2°2H>0) was predicted to
form in S2 and S3-based slags with higher Al content than S1. However, the crystalline zeolite
phases are unlikely to form in ambient curing conditions. The zeolites phase to represent the
sodium aluminosilicate hydrate (N-A-S-H) type gel that might form in alkali-activated cements,
due to their similar Al/Siratio [76, 110]. Previous studies found that less extent of crosslinking
of C-(A)-S-H type gel is observed using sodium carbonate activator compared to more
polymerised N-A-S-H type gel in the presence of soluble silicates solution [124]. This indicates
that it is likely that the structure of the C-(A)-S-H type gels forming sodium sulfate-activated
slag cements, with Q? and Q?(1Al) tetrahedral coordination [84, 257], is comparable to those

identified in sodium carbonate-activated systems.
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Figure 4-15. The calculated volume change of phase assemblage, porosity and the molar ratio
of Ca/(Si+Al) of C-A-S-H gel as a function of reacted slag from 10 % to 80 % in Na;SOs-
activated slag cements using (A) S1, (B) S2 and (C) S3. The black dashed line represents the
change of porosity, and the red dashed line represents the change of Ca/(Al+Si) of C-A-S-H
gel. The light blue dashed line indicates DoR experimentally calculated for the three slags
used at 28, 56 and 365 days, respectively

Figures 4-16 show simulated ionic concentration in the pore solution of Na>xSOs-activated slag
cements using S1, S2 and S3, as a function of the degree of slag reaction. The Si concentration
as an important ion to stabilise the formation of C-(A)-S-H type gel shows an opposite trend to
the Ca concentration as more C-(A)-S-H type gel forms. The Na, mainly originating from the
activator, decreases with increased reaction which could be due to its sorption in the C-(A)-S-
H type gel [339, 340]. The initial decrease of S concentration is associated with the
precipitation of ettringite, while S concentration increases when the decomposition of the
ettringite happens, leading to the drop in pH value. A similar observation has been reported in
thermodynamic modelling simulations of NaOH-activated slag cements [341]. As the pH value
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in the pore solution mainly affects the reactivity of the slag in the alkali-activated slag system
[336], the availability of S in the system is depleted causing an increased pH value, due to the
precipitation sulfur-bearing phases, such as the LDH phase and ettringite. This plays a key role
in maintaining/increasing the pH value in the pore solution as more slag is reacting and
consequently favours the dissolution of slag to progress. A similar reaction mechanism has
been proposed for NaxCOs-activated slag cements, where the gradual consumption of the anion
contributed by the activator as the reaction progresses leads to an increase of the pH value of
the pore solution and the system tends to react like NaOH-activated slag cements thereafter
[18]. Over 13 of the simulated pH values observed in the thermodynamic modelling agree with
the experimental observation that after two days of reaction, the pH value of the pore solution
reached ~13.2 in sodium sulfate-activated slag cements [342].
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Figure 4-16. The ion concentration of Al, Ca, Na, Si, S, OH and pH value in the pore solution
of Na>SOs-activated slag cements as a function of reacted slag using (A) S1, (B) S2 and (C)
S3. The concentration of hydroxide ion is the free concentration based on the pH value in the
pore solution [336]. The light blue dashed line indicates DoR using three slags at 28, 56 and

365 days, respectively

4.3.7 Compressive strength

Figure 4-17 shows the compressive strength development for Na,SOj4-activated evaluated up

to 600 days. All three slag pastes showed increased compressive strength with age due to a
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continuous increase in DoR of slag that leads to a reduction in porosity as discussed in previous
sections (Fig. 4-7). All three activated slag pastes developed a strength between 13-17 MPa
after 7d of seal curing. For S1 and S2, a significant strength increase from 7 to 56 days was
observed, reaching values of up to 45-50 MPa at 56d of curing. S1-based cements show
negligible strength gain between 56 and 90 days and reach the highest strength of ~68 MPa at
365 days, while the S2 presents a marginally slower strength development compared to S1

achieving about 60 MPa at extended curing ages.

S3-based samples reached ~17 MPa at 7d and developed the lowest strength gain from 14 days
to 365 days. Reactivity results from the R® test also showed similar lower heat release at a later
period for S3. One of the reasons could be the TiO> content (1.1 %) in S3, which may lead to
reduced strength development in slag systems. The amount of TiO; has been shown to have a
detrimental effect on the reactivity of blast furnace slag [343, 344] and compressive strength
development [345]. The TiO2 amount for the slags used here is between 0.5-1%. Previous
studies have reported that TiO; of 2.5 could cause over 50 % compressive strength loss at 2
days and over 40 % loss at 28 days in 75 % substitution of blended slag cement compared to
without TiO> content of the slag [345]. Nevertheless, the effect of TiO> content, if any, does
not seem significant at longer curing age. S3-based pastes exhibited a higher porosity (Fig. 4-

7) compared to the other specimens evaluated, consistent with their lower strength.

There are only very limited studies that discuss factors influencing the strength development
of near-neutral salts-activated slag cements. A previous study reveals that the slag with higher
ALOs content (11.5 vs 7.7 wt.%) showed higher reactivity with corresponding higher strength,
but the monitoring of the strength development was only carried out for 28d in super sulphated
slag cement [90]. Another study also confirmed that the slag with higher Al,O3 content presents
a higher initial slag dissolution rate, however, the degree of slag reaction can also influenced
by the pore structure formed at a later stage [90, 346]. Thus, the faster dissolution of slag with
higher Al content (lower Mg/Al ratio) led to the increased amount of ettringite surrounding the
slag surface, and this may be correlated with the highest strength of S3 at 7d, but dense
microstructure formed may limit the space available at the later age for precipitation, thereby

causing slower strength development [90, 346].

On the other hand, slag with a higher Mg/Al ratio contributes to strength development rapidly
after 28 days of curing, which agrees with previous findings in NaxCOs-activated slag cements
[18, 68], NaOH and Na,SiOs-activated slag cements [20]. A slag with a higher Mg/Al ratio has

a slower dissolution, leading to gradual precipitations of ettringite and C-(A)-S-H in the free
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pore space that contributes to pore refinement and strength development as observed in the
experimental finding in this study and elsewhere [90, 346].

After 600 days of hydration, the compressive strength of sodium sulfate-activated slag cements
stabilises around 65 MPa, regardless of slag composition. Due to the lack of published data on
the long-term compressive strength of near-neutral salt slag cements, it is likely that the Mg
and Al content predominantly influences reaction kinetics (Fig. 4-1). After a degree of reaction
(DoR) of 60% is achieved in all three paste samples (Fig. 4-7), the similar Ca/Si ratio of the
anhydrous slag (Table 3-1), as the primary source for C-(A)-S-H gel precipitation, appears to
play a more critical role in determining long-term mechanical properties. Future studies should
focus on investigating the long-term mechanical properties and microstructural evolution of
sodium sulfate-activated slag cements to gain a comprehensive understanding of their long-
term performance.
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Figure 4-17. The compressive strength development of Na;SOs-activated slag binders using

S1, S2 and S3 as a function of time
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4.4 Conclusions

The slag source has a significant effect on the phase assemblage evolution and properties
developed in sodium sulfate-activated slag cements. A slag with a higher Al,O3; seems more
reactive when using Na,;SO4 solution, as an activator, in the first 14 days. Independent of the
slag properties, the main crystalline reaction products identified in Na>xSOjs-activated slag
pastes are C-(A)-S-H-type gels and ettringite. The amount of ettringite decreases at extended
curing ages, which was confirmed by XRD, 2’Al MAS NMR and TG-MS analysis, and further
validated by thermodynamic modelling simulation. The formation of a poorly crystalline Mg-
Al-SO4-LDH phase was confirmed by 2?A1 MAS NMR and BSE-EDX analysis.

The Ca/(Al+Si) ratio of C-(A)-S-H type gels forming in sodium sulfate-activated slag cement
is ~1, which is comparable to that reported for NaxCO3 and NaOH-activated slag cements. This
indicates that sodium sulfate-activated slag cements have the potential to develop comparable
performance to other alkali-activated slag cements. The Mg/Al ratio of the LDH phase
identified in these cements is between 1.5 and 1.8 depending on the slag composition. A higher
ratio is observed when using slag with a higher Mg/Al ratio, which is also consistent with a
higher degree of slag reaction achieved by such slag under the activation conditions evaluated
in this study. Thermodynamic modelling simulations revealed that the consumption of sulfates
in the pore solution via the formation of ettringite and LDH phase leads to an increased degree
of slag reaction, pH value and reduced porosity of the cements. This implies the kinetics of the

reaction potentially can be accelerated adding rapid consumption of sulfates in the pore solution.

Independent of the slag composition, the microstructure of Na>SOs-activated slag cements
densifies at extended curing ages, and the degree of reaction of the slag reached can be of up
to 50-60 % with a rough porosity of 15% after 365 days of curing, which is comparable to that
reported for slag blended cements systems. The compressive strength of NaxSOs-activated slag
cements varies depending on the chemical composition of the slag used for their production.
Pastes based on the slag with the highest Mg/Al ratio showed excellent strength development
after 28 days of curing. This reveals that the mix design for each slag source should be tailored

to optimise mechanical properties.

While the slag with the highest Al content exhibited the fastest reaction kinetics in the first 14
days, this did not result in greater compressive strength, reduced porosity, or a higher degree
of slag reaction at later stages, compared with other slag used in this study. Conversely, the
slag with higher Mg and lower Al contents, than other slags in this study, developed the highest

compressive strength, with the corresponding highest chemical reactivity as confirmed by the
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R? test over 400 hours of measurement. This observation raises questions about whether the
slag's reaction kinetics characterised by isothermal calorimetry, can be used as an indicative of
the mechanical and durability performance of sodium sulfate-activated slag cements.
Calorimetry results alone should not be used for mixed design optimisation to formulate these
materials.

The findings in this study confirm the long-term stability of sodium sulfate-activated slag
cements phase assemblage, continuous slag reaction at advanced curing ages leading to
densification of the pastes and increased mechanical performance. Given the global diversity
of slag compositions, desirable properties can be achieved when producing alkali sulfate-

activated slag cement by tailoring its mix design.
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Chapter 5.

STRUCTURAL ALTERATIONS IN
ALKALI-SULFATE-ACTIVATED SLAG
CEMENTS PASTES INDUCED BY
NATURAL AND ACCELERATED
CARBONATION

Noted: This chapter is primarily based on the paper “Structural alterations in alkali-sulfate-
activated slag cement pastes induced by natural and accelerated carbonation” by Z. Yue, Y.

Dhandapani; S. A. Bernal, submitted to the journal Cement and Concrete Research (accepted).
5.1 Introduction

The present chapter centres on evaluating the carbonation performance of sodium sulfate-
activated slag cement pasted assessing the effect of CO; concentration exposure (0.04% vs.
1%), in specimens exposed to controlled environmental conditions. Changes in phase
assemblages were evaluated by X-ray diffraction (XRD), Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) spectroscopy and Scanning Electron Microscopy (SEM).
Experimental results were then complemented by thermodynamic modelling simulations for a
better understanding of the carbonation mechanism of the evaluated binders. Carbonation

depths and changes in the compressive strength due to carbonation were also determined.

Results indicated that the main carbonation reaction products forming are different CaCOs
polymorphs, independent of the slag composition or carbonation conditions adopted. This is a
consequence of the Ca-bearing phases' decalcification. In specimens exposed to 0.04% CO», a
negligible carbonation front was observed, along with a continued phase assemblage evolution
and compressive strength gain after 500 days of exposure. This was more noticeable in pastes
produced with slags with a higher Mg/Al ratio. Conversely, exposure to 1 % CO: led to
complete carbonation after 28 days, and a significant compressive strength reduction.

Accelerated carbonation does not lead to the development of comparable microstructures to
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those observed in naturally carbonated pastes. Therefore, results derived from the accelerated
tests are considered unsuitable for predicting the long-term carbonation performance of

NaxSOs-activated slag cements.
5.2 Experimental methodology

Raw materials characterisation, mix design, sample preparation and materials characterisation
were reported in Chapter 3. Similar samples to those evaluated in Chapter 4 were exposed to
carbonation.

5.2.1 Carbonation exposure

After a sealed curing period of 28 days, slag paste specimens with dimensions of 25 mm in
diameter and 95 mm in height, along with mortar specimens measuring 50 x 50 mm, were
subjected to carbonation exposure under two distinct conditions. The first condition involved
natural carbonation in a JTS environmental chamber, where the CO» concentration was set to
0.04% to mirror the average CO; levels commonly found in atmospheric air. The second
condition employed accelerated carbonation in a TFB Carbonator C5 chamber, with a CO»
concentration of 1%, as specified by the EN 13295:2004 standard [347]. This standard
represents the most widely recognised methodology for assessing the carbonation of alkali-
activated materials.

Both the JTS and TFB environmental chambers were controlled to maintain a temperature of
20 + 2°C and a relative humidity of 55 + 5%, based on the guidelines outlined in BSI 1881-
210:2013 [348]. This stringent control of environmental conditions was designed to ensure that

variations in CO; concentration were the sole variable during the carbonation testing process.

To mitigate the effect of moisture and CO; ingress, both the top and bottom surfaces of the
paste cylinders were sealed with aluminium foil. While pre-conditioning of samples is adopted
in most carbonation testing standards, such a procedure was intentionally omitted in this study.
This decision is grounded in findings from prior research [349], which suggests that pre-
conditioning steps might adversely affect the microstructure of paste samples. Specifically,
these steps have been linked to the premature formation of carbonation products, thereby
potentially skewing the carbonation assessment results. This approach allows for a more direct
evaluation of the carbonation process, focusing on the inherent behaviour of the material under

study without the potential confounding effects introduced by pre-conditioning.
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5.2.2 Analysis of paste specimens

The carbonated cylinders were cut into 5 mm discs along the transverse section using a Sectom
with 3200 rpm of the rotation speed and 0.02 mm/s of feed speed after 7, 14, 21 and 28 days
of 1 % COz exposure; and 60, 250, 365 and 500 days of 0.04% CO: exposure. The cutting
process was conducted with distilled water continuously sprayed to the diamond blade to
remove the dust, avoiding the contamination of the test surface. The cut discs were then sprayed
with a 1 % phenolphthalein indicator prepared by dissolving 1 gram of solid indicator in 100
mL of isopropanol solution. A Jiusion 2K HD digital microscope was used to take images of
the transverse section of the specimens before and after spraying with the indicator. The
average carbonation depth values reported correspond to the average of 20 measurements per

sample.

After the carbonation depth was determined, a Cordless mini rotary tool was used to drill holes
in the carbonated, partially carbonated and uncarbonated parts of the fresh-cut specimen.
Figure 5-1 shows an example of the typical positions of the drilled holes in the tested
specimens. The diameter of the drill was ~4 mm, and the lowest 3000 rpm spin rate of the drill
was used. The rotary tool was stopped every 5 minutes until the drill reached ambient
temperature to avoid localised high temperatures during the drilling. The collected samples
were then ground using a mortar and pestle and immediately analysed by X-ray diffraction
(XRD) and attenuated total reflectance Fourier transform infrared (ATR-FTIR).

Figure 5-1. Photographs showing the position of drilled holes (red circles) in the transverse
section of Na;SOs-activated slag cement after exposure to 1% CO; for 14 days (Fig. 5-1A)
and 0.04% CO; for 365 days (Fig. 5-1B). The surface, middle and centre represent the fully

carbonated, partially carbonated and uncarbonated regions
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5.3 Results and discussion

5.3.1 Phase assemblage alterations induced by CO: exposure

Figure 5-2 presents the XRD pattern of sodium sulfate-activated slag cements exposed to 1%
CO» for 14 days. Independently of the slag used, the main crystalline reaction products
identified in the NaxSOs-activated slag cements were an aluminium-substituted calcium silicate
hydrate (C-(A)-S-H) gel (powder diffraction file (PDF) # 00-020-0452) and ettringite
(PDF#00-013-0350). Upon accelerated or natural carbonation, calcite (PDF#01-083-1762),
aragonite (PDF# 01-075-9987) or vaterite (PDF#00-060-0483) were identified as the main
carbonation reaction products. The formation of different calcium carbonate polymorphs is
consistent with the carbonation of the Ca-rich phases identified in other alkali-activated slag
cements [136, 137]. The type and amount of CaCO3 polymorphs vary depending on the slag

type slag and CO; concentration.

Upon exposure to 1% CO: (Fig. 5-2), the reflections associated with ettringite are no longer
observed in the diffractograms of the surface regions, particularly its main peak at 9.138°(20)
corresponding to the (200) plane has completely disappeared. Instead, the formation of gypsum
(CaS04:2H,0) (PDF#00-001-0385) was identified independently of the slag used. This is
consistent with what has been reported [350] about the decomposition of ettringite under
accelerated carbonation conditions, where the formation of calcium carbonate polymorphs
(vaterite and aragonite), gypsum and alumina gel are typically observed. Additionally, no
carbonation reaction products were observed in the centre (dark lines in Fig. 5-2) in the three
slags-based cements evaluated, which verifies that no carbonation occurred in this region,
consistent with the phenolphthalein testing results (Fig. 5-10). In the middle regions (red lines
in Fig. 5-2), different CaCO3 polymorphs and gypsum were observed in S2 and S3-based pastes,
whereas comparable diffraction patterns were observed in samples obtained from the middle

and centre regions in the S1-based pastes.
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Figure 5-2. XRD patterns of Na,SO4-activated slag cements produced with slag (A) S1,
(B)S2, (C) S3, exposed to accelerated carbonation for 14 days. Noted: C-A-S-H: aluminium-
substituted calcium silicate hydrate; E-ettringite; G-gypsum; Q-Quartz (PDF#01-081-0069);

C-calcite; A-aragonite and V-vaterite

In contrast, exposing the specimens to natural carbonation for 365 days did not lead to the
complete decomposition of ettringite in the surface region (Fig. 5-3). The type of CaCOs
polymorphs formed under natural carbonation is similar to those observed under accelerated
carbonation conditions. However, instead of gypsum, bassanite (CaSO4-0.5H>O) (PDF#00-
014-0453) was identified as the main sulfate-rich carbonation product associated with the
decomposition of ettringite. This is consistent with the results reported in [257], where
bassanite and aragonite were the main carbonation products observed in powdered Na>SOs-
activated slag cements. The severe carbonation at 1 % COx is leading to a rapid decalcification
of C-A-S-H gel and ettringite, which might be causing an increased saturation in the pore
structure, as a consequence of the water released as part of the carbonation reaction [76, 103].
This might lead to differences in the degree of saturation in the carbonated regions of the
samples exposed to the two CO> concentrations evaluated. Bassanite has been reported as the
sulfate-bearing phase along with CaCOs particles upon carbonation at a moderated RH (40-
80%), while gypsum formed at high RH (80-100 %) [351]. This is consistent with
thermodynamic modelling simulations predicting the formation of carbonated saturated
specimens [257].
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Figure 5-3. XRD pattern of NaxSOs-activated slag cements produced with slag (A) S1, (B)
S2 and (C) S3, exposed to natural carbonation for 365 days. Noted: C-A-S-H: aluminium-
substituted calcium silicate hydrate; E-ettringite; G-gypsum; B-bassanite; Q-Quartz
(PDF#01-081-0069); C-calcite; A-aragonite and V-vaterite

For the three slag-based cements exposed to different CO» concentrations, the formation of
aragonite intermixed with a minor amount of vaterite and calcite, was identified independent
of the level of carbonation, CO> concentration or slag type used in this study. Vaterite formation
was mainly observed in the S2-based cements exposed to 0.04 % or 1 % COx. The precipitation
of different CaCO3 polymorphs is influenced by the pH and saturation levels of Ca?* and CO3*
in the pore solution [12], as well as the relative humidity or degree of saturation reached within
the pore structure at different depths [130, 352]. Auroy et al. [132] reported that in addition to
the gypsum, the carbonation of the pure ettringite mainly leads to aragonite formation.
Similarly, Steiner et al. [158] identified aragonite with a minor amount of vaterite during the
carbonation of the ettringite under both 57 % and 91 % RH at 1 vol % CO; and 20 °C. The
results in this study further indicate that the carbonation of ettringite, and therefore the molar
ratio of SO4*/COs> within the pore solution of the system, influences the type of CaCOs
polymorphs formed, as suggested by [353], governing the phase assemblages of carbonated
sodium sulfate-activated slag specimens.
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5.3.2 Calcium carbonate polymorphs and changes in the C-A-S-H phase

Figure 5-4 shows the infrared spectra of NaxSOs-activated slag cements exposed to accelerated
carbonation for 14 days and natural carbonation for 365 days. The band between 1590 and
1300 cm™ is assigned to the asymmetric O-C-O stretching mode (v3), which is related to the
overlapping stretching vibration band of CaCOs polymorphs, including calcite (1430 cm™),
vaterite (1490 cm™ and 1440 cm™) and aragonite (1490 cm™) [135, 354, 355] and amorphous
CaCOs (1475 cm™ and 1418 cm™) [355].

As observed in the XRD results (Fig.5-2), 14 days of accelerated carbonation induce a higher
extent of carbonation than exposure for 365 days (Fig. 5-3) to natural carbonation, with the
formation of three types of CaCOs3; polymorphs, mainly on the specimen’s surface and mid-
region. The formation of the amorphous CaCO3 phase normally shows split peaks with two
maxima at ~1410 cm™ and ~1480 cm™ [356], while the crystalline carbonate phases typically
show a shaper band at this region. The split peaks corresponding to the amorphous carbonate
phase were observed in the mid and centre regions of 365 d natural carbonated samples for all
three slags (Fig 5-4B, 4D and 4F) used in this study, which suggests a lower extent of
carbonation in these regions compared to the surface regions. The amorphous CaCOs is not a
stable phase and tends to transform to aragonite in the presence of Mg ions [355]. This
observation also agrees with early-stage carbonation of blended cements (30 % and 60 % slag
replacement) that amorphous CaCOs3 was found with spilt v3 bands [357]. Long-term exposure
to carbonation leads to a shaper band of the carbonate v3; bands with the formation of crystalline
CaCOs phases, and it is pronounced in the surface region for the three slag-based samples
consistent with the XRD results (Fig 5-2 and 5-3).

The type of CaCOs polymorphs can be identified by carbonate groups in the out-of-plane
deformation band (v2) between ~850 and 880 cm™ [354] [165] and the in-plane band (va)
between ~700 and 750 cm™'[355]. Both calcite and vaterite show similar v, bond vibrations at
~877 ecm™! [356], whereas aragonite exhibits a band at ~854 cm™'. The carbonate group v4 bond
at ~750 cm™! is related to vaterite, and ~713 cm’! is aragonite [355]. Results reveal that calcite
and aragonite are the main carbonation products irrespective of the slag used or CO:
concentration of exposure in the surface regions, consistent with the observed in the XRD
results (Fig. 5-2 and 5-3).

After 14 days of accelerated carbonation, a high intensity was observed in the regions assigned
to the CaCOs phases (1590 - 1300 cm™) in mid and surface regions for all three slag-based
pastes (Fig. 5-4A, 4C and 4E). On the other hand, under natural carbonation exposure, a higher



98

extent of carbonation was only observed in surface regions (Fig. 5-4B, 4D and 4F), compared
to the mid and centre regions. This observation is consistent with the XRD results (Fig. 5-3).
Thus, it suggests that the elevated CO> concentration (1 %) leads to a much higher extent of
carbonation than the specimen placed under the ambient condition for all three slag-based

pastes.

The C-(A)-S-H gel formed in the NaxSOs-activated slag cements presents an asymmetric
stretching vibration of Si-O-T bands at ~959 cm™ [358]. The T means either the tetrahedral
silicate or aluminium, in Q* and Q? (1Al) sites, confirmed by Si MAS NMR when analysing
Na>SOs-activated slag cements [63, 84]. Small peaks at ~668 cm™ and ~448 cm™ are associated
with symmetrical stretching vibration of Si-O-T bands [359]. The increased wavenumber of
the C-(A)-S-H gel at asymmetric stretching vibration (~959 cm™') suggests the higher degree
of polymerisation in silicates with a low concentration of calcium, attributed to C-(A)-S-H gel
decalcification [126]. After 14 days of accelerated carbonation, significant wavenumber shifts
in peaks corresponding to C-(A)-S-H were detected in the surface compared to the mid and
centre regions for all three slags used, and the greater extent of decalcification in the surface
area is related to the fully carbonated area, which will be further discussed in the following
section. On the other hand, 365 days of natural carbonation only cause a modest shift in the
wavenumber corresponding to the C-(A)-S-H in surface regions for all three slags, indicating
limited carbonation of this phase. A similar observation was found in a blended slag cement
system comparing the carbonation results using 2 % CO; accelerated condition and ambient
exposure [165]. These observations raise questions about whether the carbonation mechanism
is similar in exposing the material to these two CO2 concentrations (1 % vs 0.04 %) and whether
the experimental results are comparable or directly transferable for long-term prediction of
carbonation performance in NaxSOs-activated slag cements. It is known that varying degrees
of polymerisation with corresponding changes in the morphology of C-A-S-H gel, may in turn
affect the pore structure of cements, accelerating the CO> diffusivity [63, 115, 329].
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Figure 5-4. Fourier transform infrared spectra of Na,SOs-activated slag cements exposed to
accelerated carbonation (AC) conditions for 14 days using slag (A) S1, (C) S2 and (E) S3;
and exposed to natural carbonation (NC) conditions for 365 days using slag (B) S1, (D) S2

and (F) S3. The NC and AC mean natural and accelerated carbonations, respectively. The C,

V and A indicate three types of CaCOs polymorphs: calcite, vaterite and aragonite
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5.3.3 Microstructural changes

Figure 5-5 shows backscattered electron (BSE) images at the interfacial regions of the
carbonation front identified from pH indicator measurement after 14 days of accelerated
carbonation and 500 days of natural carbonation. The brightness of phases in BSE images is a
function of atomic number. Phases with higher atomic numbers have more electrons, so higher
possibility of interacting with incident electrons with brighter images [360, 361]. The bright
grey particles in the micrographs correspond to unreacted slag; the less bright grey regions
between the remnant slag particles correspond to the previously identified reaction products
i.e., C-A-S-H gel, CaCOs3 polymorphs and ettringite, which has been confirmed in the XRD
(Fig. 5-2 and 5-3) and ATR-FTIR (Fig. 5-4). The darker black regions correspond to pores of

different sizes within the cementitious matrix.

The regions affected by carbonation can be identified based on the difference in greyscale
observed on the BSE images (Fig. 5-5). The uncarbonated region (lighter grey matrix) shows
a more compact and denser microstructure than the carbonated regions. This indicates that a
more porous microstructure was formed in the carbonated regions being more visible under
accelerated conditions compared to ambient conditions (Fig. 5-5). A similar observation has
been reported in blended Portland slag and other alkali-activated slag cements [68, 114, 135].

Under accelerated carbonation microcracks along with an increase in porosity are observed and
likely associated with the formation of CaCOj3 polymorphs and low-density reaction products
causing localised strains within the microstructure, often referred to as carbonation shrinkage
[117], or loss of moisture at exposure RH causing capillary pressure and correspondingly
leading to volume changes [362]. On the contrary, the specimen exposed to atmospheric CO»
conditions shows (Figures 5-5D, 5-5E and 5-5F) no microcracks. This behaviour highlights the
difference in carbonation mechanisms using different CO> concentrations. As the exposure
temperature and RH are similar under natural or accelerated carbonation, an intact
microstructure in natural carbonation after 500 days indicates that the elevated CO»
concentration is the main reason leading to the microcracking. Studies related to carbonation
shrinkage of alkali-activated slag cements are very limited [139, 363], and there is no published

research focusing on carbonation-induced shrinkage of Na>SOj4-activated slag cements.

The microcracking is likely induced by drying and carbonation shrinkage occurring
simultaneously. Under accelerated carbonation conditions rapid decalcification of C-A-S-H gel
and secondary reaction products takes place, leading to internal RH changes due to the

simultaneous consumption of carbonic acid and formation of water [103]. The local moisture
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gradient between the pore structure and the environmental chamber can also lead to the
desiccation of the paste sample and the consequent formation of cracks [118, 363]. The

carbonation shrinkage is induced by the decalcification of the C-(A)-S-H gel and ettringite.

Natural
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Figure 5-5. BSE images of Na,SOs-activated slag cements at 200 magnifications in the
regions of carbonation front, determined by using 1 % phenolphthalein, after 14 days of
accelerated carbonation (A, B, C) and 500 days of natural carbonation (D, E, F), as a function

of the slag used

In BSE-EDX maps of Na>SOgs-activated slag cements exposed to accelerated carbonation
(Figure 5-6) for 14 days or natural carbonation (Figure 5-7) for 500 days is observed that
although the CO> concentration leads to a different microstructure development, sulfur is
significantly depleted in the fully and partially carbonated region. This is due to the
decomposition of the main sulfur-bearing phase ettringite, as confirmed by XRD (Fig. 5-2 and
5-3), while Na is concentrated mainly in the carbonated region. This indicates that potential
ionic migration might happen between Na* and S*" due to the decomposition of C-(A)-S-H gel
and ettringite during carbonation. Similar observations were also reported in the carbonation
of Portland cements pastes [114], 30 % fly ash blended mortars [364] and calcined clay blended
cements [365].

Diffusion within the pore solution is primarily governed by the gradient of ionic concentrations,
exhibiting an inverse relationship with the intensity of solid elements detected via EDX
analysis [196, 341]. Considering Na>SOs is serving as an activator, it is anticipated that the
sodium (Na) and sulfur (S) concentrations from any residual unreacted activator would be
evenly distributed throughout the sample. Sulfur, when incorporated into ettringite, is mainly
present as an anionic sulfate group [63, 84]. A discernible decline in the EDX detected sulfur
signal within carbonated regions indicates that sulfate is released because of ettringite
decomposition. Moreover, the relatively smaller crystal sizes of sulfur-bearing carbonation
products (gypsum and bassanite) as identified by XRD (Fig. 5-3) compared to those of
ettringite, are likely favouring a more homogeneous distribution of sulfate-containing phases
within carbonated areas [366, 367]. In contrast, ettringite typically forms clusters that appear

with greater brightness in SEM images.

Beyond the conversion of ettringite into gypsum or bassanite, previous studies have
underscored gypsum's high solubility in contributing to the diffusion of sulfate [VI] ions from
carbonated to non-carbonated zones [203, 364]. Within sodium sulfate-activated slag cements,
this gypsum or bassanite formation promotes the movement of sulfate ions, driven by the sulfur
concentration gradient. Such a migration pattern has similarly been observed in the carbonation
processes of blended cements that include sulfur-rich phases like ettringite and

monosulfoaluminate [364, 368].
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The higher sodium signal detected in the carbonated region via EDX mapping suggests
differences in sodium concentration between carbonated and uncarbonated regions. This
discrepancy may stem from moisture transport, known as wick action, wherein ions migrate
from the core of uncarbonated regions to the surface [369]. Then, the decrease in relative
humidity within the pore structure may lead to the precipitation of pore solution near the
exposed surface. Similar phenomena of alkali leaching have been observed in the carbonation
of blended cement systems through various techniques and thermodynamic modelling [114,
364, 368].

As mirabilite (Na2SO4-10H20) and thenardite (Na2SO4) were not identified by XRD (Fig 5-2
and 5-3), the high sodium in solid phases (Fig. 5-6 and 5-7) is likely sorbed for charge-
balancing in the decalcified C-(A)-S-H gel. It has been reported for alkali-activated slag
cements that Na' is expected to be present in the C-(N)-A-S-H gel, both intercalated within
interlayer and sorbed on the surface sites and the high alkali content tends to stabilise the C-
(N)-A-S-H gel when the Ca/Si ratio is below 1 [339, 340]. Therefore, irrespective of the CO»
concentration, the ionic transport of sulfur and sodium is similar in both natural and accelerated
carbonation with different intensities, consistent with the corresponding change of pore

solution and phase assemblage between carbonated and uncarbonated regions.
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Figure 5-6. (A) Backscattered electron image and elemental maps of a Na,SO4-activated slag
using slag S2 in the boundary between carbonated and uncarbonated regions after 14 days of
accelerated carbonation exposure. The yellow arrows indicate the carbonation front,
determined by phenolphthalein measurement and CO- diffused direction; a higher intensity of
orange means more corresponding elements precited. (B) The combined maps of S (green)

and Na (red) are overlapped on the top of BSE images
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Figure 5-7. (A) BSE images and elemental maps of a Na>SOs-activated slag produced with
slag S2, showing the boundary between carbonated and uncarbonated regions after 500 days
of natural carbonation. The yellow arrows indicate the CO> diffused direction; a higher
intensity of orange means more corresponding elements are identified. (B) BSE image with

superposition of the S (green) and Na (red) elemental maps

Figure 5-8 shows the ternary diagram of CaO-Al>O3-Si0O2 in NaxSOs-activated slag cements
for all three slags of this study in carbonated and uncarbonated regions after 14 days of
accelerated carbonation (Fig. 5-8A) and 500 days of nature carbonation (Fig. 5-8B). The data

collected through EDX shows a large scatter for accelerated carbonation (Fig. 5-8A) compared
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to natural carbonation (Fig. 5-8B), which is related to a higher degree of carbonation. The
composition of the carbonated points is significantly different from that of the uncarbonated
region clusters. This is consistent with decalcified C-(A)-S-H gel with reduced Ca/Si ratio and
the formation of an aluminosilicate type gel upon carbonation [68, 76]. The scatter of points
collected in the carbonated regions towards higher calcium contents is related to the formation
of CaCOs polymorphs and gypsum or bassanite, as confirmed earlier from XRD results (Fig.
5-2 and 5-3). It is not possible to directly distinguish the intermixing of CaCOs; and
aluminosilicate gels in the BSE images due to limitations in resolution. Groves et al. [116]
found that the overall morphology of the C-S-H gel tends to be retained upon carbonation, and
also identified that vaterite is intermixing with decalcified C-S-H gel at outer reaction products
regions at the nanoscale characterising by TEM-EDX. This might explain the similar Al
content in both carbonated and uncarbonated regions, with the intermixing of CaCOs
polymorphs and decalcified C-(A)-S-H gel.
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Figure 5-8. The ternary CaO-SiO;2-Al203 system in Na;SOs-activated slag cements using
three slags after (A) 14 days of accelerated carbonation and (B) 500 days of nature
carbonation.; the EDX points (at least 80 points per sample) were taken in both uncarbonated
and carbonated regions. The chemical composition of the blast furnace slag is based on XRF

results of three anhydrous slags

5.3.4 Carbonation depth of paste specimens

Figure 5-9 shows photographs of the specimen cross-sections before and after spraying 1 %
phenolphthalein indicator on three slag-based pastes after accelerated carbonation for different
exposure duration. The dark green area, which has not been exposed to oxygen and/or CO,,

presents a bright fuchsia colour after spraying the phenolphthalein indicator, associated with
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the uncarbonated region of the paste. Green colouration originates from sulfur within the slag
and oxidation causes the formation of polysulfides that vanish green colour [370]. In the
accelerated carboned samples, the beige regions were most likely due to the oxidation of sulfur
[136], which closely matched the carbonated regions as they were colourless after spraying
phenolphthalein, indicating the pH value in this region was lower than 8.5 [103]. For all three
slag-cements assessed, the oxidation front matches the carbonation front in accelerated
carbonation conditions, and both the oxidation front and carbonation depth increase at higher
exposure time (Fig. 5-9). S1-based paste showed less carbonation depth in the first 14 days
under 1 % CO> exposure, and all three slags were fully carbonated by 28 days of accelerated

10 mm
L

carbonation.
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Figure 5-9. Photographs of transverse sections of Na>SOs-activated slag cements produced
with S1, S2 and S3 slags before (left) and after (right) spraying with the 1 % phenolphthalein
indicator, after 7 days (A), 14 days (B). 21 days (C) and 28 days (D) of accelerated
carbonation
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Figure 5-10 shows that the carbonation depth is not necessarily consistent with oxidation depth
in natural CO2 exposure, contrary to the observations under 1 % accelerated carbonation
condition. A gradual increase in the oxidation front was observed over time, especially in S2
and S3-based pastes. The oxidation front was higher in S2>S3>S1, indicating a reduced
diffusivity of O2/CO; in the S1 paste compared with the other cement pastes evaluated. Unlike
the observed in samples exposed to accelerated carbonation, under natural exposure conditions,
a homogeneous and clear oxidation front retained a higher pH and fuchsia colour after spraying
the phenolphthalein indicator, confirming the lack of carbonation in that region. After 500 days
of natural carbonation (0.04 % CO:) under the same temperature and RH only ~1.5 mm
carbonation depth was observed (Fig. 5-11). This further confirms differences in the

carbonation mechanisms when samples are exposed to 1 % and 0.04 % CO; concentrations.

Figure 5-10. Photographs of transverse sections of Na>xSO4-activated slag cements produced
with S1, S2 and S3 slags, before (left) and after (right) spraying with the 1 % phenolphthalein
indicator, after 60 days (A,), 250 days (B), 365 days (C) and 500 days (D) of nature

carbonation
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Under accelerated carbonation conditions the S1 slag with a higher Mg/Al ratio showed the
lowest carbonation depth compared to S2 and S3 (Fig. 5-11), consistent with the observed
oxidation depth under natural carbonation exposure (Fig. 5-10). This is likely associated with
potentially lower diffusivity or the potential formation of a higher amount of layered double
hydroxides in the S1 slag paste system compared to S2 and S3. Although this was not identified
by XRD (Fig. 5-2), its formation has been observed by NMR spectroscopy in other studies [18,
63, 84] in near-neutral salt slag cements. Previous studies demonstrated that this phase

increases the CO» capacity of the alkali-activated slag cements [68].
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Figure 5-11. The evolution of carbonation depth for the Na,SOs-activated slag cements
exposed to accelerated carbonation condition (1%) from 7 to 28 days as a function of the slag
type used; the carbonation depth was determined by a phenolphthalein indicator using three

mortar specimen per sample per age
5.3.5 Carbonation coefficient of pastes

Figure 5-12A shows the measured carbonation depth using the phenolphthalein colour
indicator as a function of the square root of the exposed time (days) to determine of carbonation
rate coefficient, based on Equation 5.1 [163]. This equation assumes that the carbonation
progress in these samples is a diffusion-controlled mechanism that can be described by the
square root of exposure time [163]. Irrespective of the slag composition, ~2 mm/Vdays of
accelerated carbonation coefficient was observed in Na>xSOs-activated slag pastes, and this

result is comparable to the carbonation coefficient of alkali-activated slag mortar and concrete
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using conventional activators (sodium hydroxide and sodium silicate) exposed to 1 % CO2[40].
A significant difference was observed in the carbonation rate coefficient (slope of the fitted
line) between natural and accelerated carbonation for all three slag-based cement, based on the

regression analysis of the scatter points.
x =kt (Equation 5.1)

x is the carbonation depth [mm]; ¢ is the exposure time [days] and k is the carbonation rate
coefficient.

Accelerated carbonation is typically applied to determine carbonation resistance within a short
testing period, from several years under ambient conditions to a few weeks. However, natural
carbonation provides more realistic information that reflects the in-service life. To correlate the
results from accelerated carbonation with the prediction of the carbonation depth under the

ambient condition, the relation was derived by Fick’s law shown in Equation 5.2 [163].

kacc _ +/Cacc .
Tnat — Vomet (Equation 5.2)

c is the CO2 concentration [g/m?]. Subscript acc and nat mean the accelerated and natural

carbonation, respectively.

Considering in this study the only variable is the CO> concentration, theoretically the
accelerated carbonation (1% CO») rate should be 5 times faster than the natural carbonation
(0.04%). However, considering the carbonation coefficients calculated for the pastes produced
with the three slags used in this study and reported in Figure 5-12A, it was calculated (Fig. 5-
12B) that the average accelerated carbonation coefficient is 32.78 times the average natural
carbonation coefficient. This suggests that inducing accelerated carbonation using 1 % CO>
concentration significantly overestimates the carbonation rate of these cements, compared with
what is observed at ambient conditions, leading to an underestimation of the potential service

life of these materials.

Besides, it should be noted that the square root-of-time law assumes the CO; diffusivity is a
constant value for samples exposed to different CO; concentrations as a function of time [163].
However, this study has found that the two carbonation conditions lead to a different amount
of carbonated products which might cause a gradient in the degree of saturation and degree of

slag reaction at different depths of the specimen, consistent with what has been reported in
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other studies [148, 161, 198, 257]. Those factors change the pore network of the material,
causing a dynamic value of the CO» diffusivity as a function of reacted CO,, degree of

saturation and curing time at each layer from exposure surface to the core of the specimen [148,
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Figure 5-12. (A) The effect of CO> concentration (AC: 1 % vs NC: 0.04 %) on the
carbonation rate for S1, S2, and S3-based sodium sulfate-activated slag pastes. AC and NC
mean accelerated and natural carbonation, respectively. The slope of the curve represents the
carbonation rate; (B) correlation of the carbonation rate obtained under accelerated
carbonation condition (ccoz, acc= 1 %) vs carbonation rate obtained under natural condition
(ccoz, nat=0.04 %)

5.3.6 Thermodynamic modelling of Na:SO4-activated slag exposed to CO2

Figure 5-13 shows the phase evolution of sodium sulfate-activated slag predicted under
accelerated carbonation (1% v/v). With the increased addition of CO; and air into the system
to mimic 1 % COz condition, the C-(N)-A-S-H, ettringite and Mg-Al-SO4-LDH were predicted
to decompose leading to the formation of calcite, gypsum and Mg-Al-CO3-LDH phase, which
is consistent with the carbonation modelling of the similar system reported elsewhere [257].
This result indicates a decrease in both paste sample volume and pH value with an increase in
CO» uptake, attributed to the decomposition of reaction products. This is the major cause for

the dimensional instability of the cement matrix consistent with the formation of microcracking
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as observed by BSE (Fig. 5-5). Similar findings have also been reported in the carbonation of
calcium sulfoaluminate blended slag cement, known to be an ettringite-rich cementitious
matrix [371]. The formation of calcite and gypsum agrees with experimental observations
obtained using XRD (Fig. 5-2). Except, for calcite, aragonite and vaterite have also been
identified using XRD (Fig. 5-2) and ATR-FTIR (Fig. 5-4) in this study, in good agreement
with results reported in the literature for this material and other alkali-activated slag cements
system [68, 76, 136, 257]. However, in thermodynamic modelling, the standard Gibbs free
energy of the formation of calcite is lower than aragonite and vaterite [76, 372], and GEMs
predict the equilibrium state of the pore solution with formed phases [373], so thermodynamic
modelling tends to predict the calcite among CaCOs3 polymorphs preferentially. Therefore, the
experimental observation of other CaCO3 polymorphs that form in the intermediate state is due
to the kinetics involved in the formation of CaCOs3; polymorphs (metastable state) rather than

the phase composition reaching an equilibrium state rapidly upon carbonation.

The NAT phase (Na;Al>S13010-2H20) and silica gel were merged to represent the formation of
aluminosilicate gel with varying compositions. The progressive carbonation leads to an
increased amount of this aluminosilicate gel. Although these zeolites have different crystalline
structures from aluminosilicate gels, the bulk chemical composition is similar, especially the
Al/Si ratio. This value then determines the standard Gibbs free energy of formation [374].
Despite crystalline zeolites cannot form under ambient temperature and pressure due to the
limited kinetics [375], the thermodynamic database of crystalline zeolites and disordered
aluminosilicate phases are similar [109, 374]. It is considered reasonable to use zeolites to
represent the disordered aluminosilicate gels during carbonation. Modelling results in this
study (Fig. 5-14) align with experimental studies that carbonation of Na>SOjs-activated slag
cements causing increased resonance in the Q3 and Q* sites using Si MAS NMR are related
to the formation of aluminosilicate gel [257]. A similar observation has also been found in the

NaxCOs-activated slag cements [68].

As the degree of carbonation increases with higher amounts of CO» reactions, the pH value and
Ca/(Al+Si) ratio decrease, as shown in Figure 5-13. Two stages in the decalcification process
of C-(N)-A-S-H are reported in the alkali-activated slag cements, including the loss of
interlayer charge balanced Na“ and Ca?*, and loss of structural Ca** [76, 115, 257]. These
observations are consistent with the carbonation of Na,SOs-activated slag cements for the three
slags used in this study. Although the equivalent DoR was kept constant for these simulations,
the S1-based sample (Fig. 5-13A) still shows a relatively higher initial pH value and Ca/(Al+Si)
ratio. It further confirms the experimental observation that the slag with a higher Mg/Al ratio

shows higher carbonation resistance. The total CO; reacted for complete carbonation of C-(N)-
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A-S-H and ettringite were found to be 13 g per 100 g of slag in S1 which is also higher than 12

gand 11.8 gin S2 and S3, respectively.
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Figure 5-13. The predicted phase assemblage of Na;SOgs-activated slag pastes (40 % degree
of slag reaction) under stepwise accelerated carbonation (1 %). Diagrams correspond to
simulations of Na;SOs-activated slag cements using the slag (A) S1, (B) S2 and (C) S3 slag,
respectively. The red dashed line represents the pH value of the pore solution; the black

dashed line represents the Ca/(Al+Si) ratio of C-(N)-A-S-H gel



114

5.3.7 Compressive strength development and carbonation depth of Na:SQgs-activated

slag mortar

The specimen exposed to 0.04 % CO> concentration (Fig. 5-14) showed a significantly higher
compressive strength compared to those sealed cured, with an increase of ~28 MPa from 28 to
180 days under natural carbonation exposure. Although 180 days of accelerated carbonation
caused complete carbonation, the specimens presented 30 MPa of compressive strength,
demonstrating robust load-bearing capabilities of these materials, consistent with what has
been observed in sodium carbonate-activated slag cements [376]. Considering the RH was
similar between accelerated or natural carbonation, the difference between the two exposure
conditions can be attributed to chemical alteration in the microstructure induced by differences

in CO; concentrations.

Carbonation depth in mortar increased rapidly between 60 to 140 days and the specimens were
fully carbonated after 100 days of accelerated carbonation. However, only ~2 mm carbonation
depth was observed after 180 days of natural carbonation. Loss of strength is ~ 25 % relative
to 28 days of curing, after complete carbonation in accelerated conditions. Rashad [146] also
found that 5 % CO> leads to a ~25 % decrease in compressive strength after 56 days of exposure
to Na,SOs-activated slag mortar. These observations in mortar specimens further confirm the
complex chemical alterations under different CO> concentrations leading to the formation of
varying carbonation reaction products as discussed earlier (Fig. 5-2 and 5-3). The results may
imply that the 1 % CO: concentration is too aggressive for these cements, and it may

significantly underestimate its carbonation performance.

As highlighted in section 5.3.3, the severe microcracking observed in the accelerated
carbonation might be due to shrinkage. It has been reported that the dry shrinkage of the alkali-
activated mortar is two times lower than the corresponding paste samples [377], and 28 days
of sealed curing can further minimise the drying shrinkage reaching comparable performance
as Portland cement in alkali-activated slag and fly ash concrete [378]. It is reasonable to assume
that the effect of dry shrinkage in NaxSOjs-activated slag mortar could have been minimal. No
physical signs of cracking were observed on the surfaces of the mortar specimens. Carbonation-
related pore coarsening and shrinkage are the dominant factors that cause instability of the
cement pastes, resulting in degraded mechanical properties and porous microstructure at

accelerated conditions.

Given the slow rates of carbonation observed under natural exposure conditions, reductions in

compressive strength due to elevated CO: concentrations might only become apparent after
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extended periods of natural exposure. However, the sustained increase in compressive strength
under natural carbonation conditions and the limited carbonation depth suggest a continuous
increase in the degree of slag reaction over time. This ongoing reaction under natural
carbonation may ensure sufficient alkalinity in the pore solution to further activate the slag,
progressively refining the pore structure and thereby enhancing resistance to CO- ingress [379].
Additionally, the reduced water content under ambient conditions is potentially another
contributing factor to the higher compressive strength observed, compared to the nearly

saturated sealed-cured specimens[380].

The reduced compressive strength induced by carbonation in sodium silicate-activated slag
cements [41, 135] is not observed in Na>SOs-activated slag cements. Consistent with what has
been reported for Na,COs-activated slag cements in [68] where 0.04 % CO: concentration led
to decreased overall intrudable porosity from precipitation of CaCO3 polymorphs blocking the
percolating pores [68], which is similar to the carbonation of Portland cement [103] and
supersulfated cement [381]. Therefore, the result of this study reveals that the Na;SO4-activated
slag cements can present extended service performance without compromising its structure
integrity, potentially due to some extent to carbon absorbance. This characteristic might not
adequately be captured by current standardised accelerated carbonation testing developed for
Portland or blended Portland cements.
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Figure 5-14. Change in compressive strength and carbonation depth of Na;SOgs-activated slag
cement mortar using slag S2 under different CO2 concentrations. All the specimens were

sealed curing for 28 days before carbonation exposure

5.4 Conclusion

This Chapter presents the structural alterations in Na;SOs-activated slag cements as a function
of the CO» exposure concentration. Under accelerated carbonation (1 % CO2) decomposition
of ettringite is the major alteration identified in the cements assessed, resulting in the formation
of aragonite and gypsum as dominated carbonation reaction products, intermixed with calcite
and vaterite. Conversely, after 1 year of natural carbonation, ettringite was still observed in the
exposed surface of the specimen. The partial decomposition of ettringite led to the formation
of bassanite instead. Decalcification of the main reaction products a C-(A)-S-H gel leads to the

formation of a more crosslinked aluminosilicate structure under accelerated carbonation
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conditions, whereas natural carbonation barely affects the structure of C-(A)-S-H gel.
Carbonation seems to induce ionic transport as high concentrations of sodium precipitate in the

carbonated region, whereas sulfur is concentrated in the uncarbonated region.

Accelerated carbonation induces severe microcracking in Na>SOs-activated slag cements
consistent with the rapid decomposition of reaction products and potential shrinkage. The
decalcification of C-(A)-S-H gel happened rapidly, leading to a reduction of the Ca/Si ratio as
determined by BSE-EDX analysis, and confirmed by thermodynamic modelling simulations.
On the other hand, microcracking was not observed in specimens exposed to ambient

conditions at controlled temperature and RH after 500 days of exposure.

NaxSOs-activated slag pastes were fully carbonated after 28 days under accelerated carbonation
(1% COz), while only ~1.5 mm carbonation depth was noted under ambient conditions (0.04%
CO») after 500 days, irrespective of the slag used in this investigation. The carbonation rate
under a 1% CO; concentration is significantly higher compared to that determined under
natural carbonation exposure, indicating that the conventional equation based on Fick’s law,
typically applied to Portland or blended Portland cements, does not enable to predict the

carbonation potential of Na;SO4-activated slag cements accurately.

The compressive strength of Na>SO4-activated mortar continues to rise beyond 180 days of
natural carbonation exposure, with a minor carbonation depth of approximately 2 mm, reaching
up to ~68 MPa. Even with complete carbonation after 100 days of accelerated exposure, the
mortar specimens maintained a compressive strength of about ~30 MPa. This outcome suggests
that, unlike other alkali-activated slag cements, sodium sulfate-activated slag materials retain
their load-bearing capacity post-carbonation, exhibiting compressive strengths and carbonation

resistance akin to blended Portland cements.
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Chapter 6

3D CRYSTALLINE PHASE AND PORE
STRUCTURE EVOLUTION UPON CO:
EXPOSURE IN SODIUM SULFATE-
ACTIVATED CEMENTS PASTES

Note: This chapter is primarily based on the paper “3D crystalline phase and pore structure
evolution upon CO» exposure in sodium sulfate-activated cement pastes” by Z. Yue, Z. Su, P.
P. Paul, A.T.M. Marsh, A.Macente, M. D. Michiel, J. L. Provis, P. J. Withers, S. A. Bernal,

submitted to the journal Cement and Concrete Research (accepted).
6.1. Introduction

In this Chapter, the effects of CO> exposure on the microstructure of sodium sulfate-activated
slag cements produced with three types of blast furnace slag are investigated. To elucidate the
simultaneous changes in phase assemblage and pore structure resulting from carbonation in a
non-destructive manner, 3D microscale imaging techniques were employed. Specifically,
synchrotron X-ray diffraction computed tomography (XRD-CT) was coupled with X-ray
computed tomography (uCT) to analyse the pore structure and spatial arrangement of
crystalline phases in Portland clinker-free sodium sulfate-activated blast furnace slag cement

pastes, both before and after carbonation.

This is the first study using these techniques to visualise the reaction products forming in
sodium sulfate-activated slag cements and to determine how they change as a consequence of
accelerated carbonation. Changes in pore structure, diffusion tortuosity and formation factor of
the assessed material are also examined by using three commercial European blast furnace slag
precursors. Results reveal a discernible reduction in ettringite volumes and, notably, provide
the first definitive spatial evidence of Mg-Al-SOs-layered double hydroxide (LDH) phase
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formation within the sodium sulfate-activated slag cement system, highlighting its critical role
in CO» sequestration. The process of accelerated carbonation was observed to increase porosity
while reducing the tortuosity across the studied alkali-activated slag pastes, yielding a pore
network that rivals conventional blended Portland cements in terms of lower porosity and
enhanced tortuosity. Remarkably, the paste produced using slag with the highest Mg/Al ratio
(0.8) demonstrated superior carbonation resistance. Additionally, a correlation was established
between simulated tortuosity and 3D porosity in accordance with Archie’s law. This represents
a significant step forward enabling a rapid and reliable estimation of carbonation resistance and

CO2 binding capacity of alkali-activated slag cements.

More broadly, this study also demonstrates the potential of combining XRD-CT and puCT to
study complex multi-component composite materials such as alkali-activated cements,
providing unique novel insight into their microstructural features as a function of mix design

and chemical interaction with COs.
6.2 Experimental methodology

The sodium sulfate-activated slag pastes were prepared using an activator dose of 6 g sodium
sulfate powder per 100 g of slag and a water-to-solids (slag + sodium sulfate) mass ratio of
0.40, as detailed in Chapter 3.2. To achieve homogeneous mixtures, a high-shear mixer
(Heidolph) was employed to mix the pastes for 10 minutes. The mixing speed was set at 200
rpm for the initial 3 minutes, increased to 400 rpm for the subsequent 3 minutes, and further
increased to 800 rpm for the final 3 minutes. During speed transitions, the mixer was paused
for 30 seconds to scrape off any paste adhering to the container walls, ensuring it was returned
to the centre of the container to maintain uniform mixing. The pastes were then cast into

custom-made 2 mm moulds and sealed for curing at 20°C for 28 days.

After the curing period, the specimens were demoulded and subjected to synchrotron uCT and
XRD-CT testing both before and after carbonation. Detailed synchrotron experimental setting

and image processing workflow are referred to in sections 3.6 and 3.7.
6.2.1 Onsite CO2 exposure

Each specimen was mounted on a rotation stage and scanned by uCT and XRD-CT (described
in Section 3.3.6) in the pristine state. Subsequently, the specimen was placed into a desiccator
under vacuum. Figure 6-1 shows on-site carbonation in sodium sulfate-activated slag pastes to

achieve a 5 % CO; atmosphere at ambient pressure.



120

A5 % CO2/95% N (v/v) gas mix was then injected until atmospheric pressure was reached.
One cycle of CO» exposure corresponded to 18 minutes of exposure. After completing the first
cycle of CO» exposure (cycle 1), the mounted specimen was placed back on the stage. Similar
steps were repeated for cycle 2 of carbonation (i.e., an additional 18 min of CO> exposure).
The CO; concentration used is quite high for evaluating the carbonation of alkali-activated slag
cements for predicting performance under environmental conditions [42], mainly because
exposure beyond 1% CO: induces changes in the type of sodium and calcium carbonates
forming. However, this study aimed to validate the applicability of the XRD-CT technique to
determine different microstructural features induced by accelerated carbonation of these
materials, and therefore this CO> concentration was selected to induce severe and rapid changes

in the paste within the experimental synchrotron beamtime constraints.

Continuously collect
the released CO,

The valve keeps
closed to maintain
the CO, environment.

- 5% CO,/95% N, (v/v)
Specimen mounted
on the goniometer Connect to the vacuum pump

Figure 6-1. On-site carbonation setup for synchrotron uCT and XRD-CT testing
6.3 Results and discussion
6.3.1 Effect of secondary reaction products on carbonation performance
The reaction products of sodium sulfate slag cements are well-known, but their exact

relationship with the evolving porosity under carbonation is still not fully understood. The

XRD-CT measurements were limited to angles less than 26° Cu-Ka equivalent 26, where the
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main diffraction peaks of ettringite and Mg-Al layered double hydroxide (LDH) type phases
are identifiable in alkali-activated cements [84]. These are the main crystalline secondary
reaction products forming in sodium sulfate-activated slag cements, and consequently, this
section will mainly focus on analysing the effect of carbonation exposure on changes in their
crystallinity. Figures 6-2 a, b and c present the equivalent XRD patterns (recalculated to give
angles equivalent to Cu-Ka radiation) shown layer-by-layer (i.e. data integrated over the
volume at each specific depth) from the surface to the core of a specimen, before and after
exposure to carbonation in the S2-based pastes. The main crystalline product identified is
ettringite (powder diffraction file (PDF)# 01-072-0646). As CO> tends to diffuse from the
surface to the core, creating a concentration gradient, the bound amount of CO> decreases as
the distance from the surface increases.
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Figure 6-2. Cu-Ka equivalent XRD patterns of each layer (depths as marked) from the
surface to the core of the specimen, for (a) uncarbonated; (b) after cycle one (18 mins); and
(c) after cycle two (36 mins) of carbonation of sodium sulfate activated S2-slag cements. (d)
Cumulation of the XRD patterns for entire specimens before and after carbonation. C-(A)-S-
H: aluminium-substituted calcium silicate hydrate; E: ettringite; LDH: Mg-Al-COs-LDH; G:

gypsum; V: vaterite

As carbonation proceeds from the specimen surface to its core, the amount of ettringite
(proportional to the integrated area of the peak at 26 = 9.138°) diffracted gradually decreases.
A subtle decrease was also observed in the gypsum (PDF#00-001-0385) and vaterite (PDF#00-
024-0030) phases, consistent with the progress of carbonation of ettringite in the carbonated
cements [131]. Figure 6-2d shows the XRD patterns of the entire scanned specimen before and
after carbonation. The primary reaction product, tobermorite-type C-(A)-S-H (PDF# 00-019-
0052), is evident. During carbonation, the C-(A)-S-H gel exhibits increased crystallinity, as
indicated by the shift of the peak position towards a higher diffraction angle, corresponding to
areduced d-spacing. This reduction in d-spacing may be attributed to the removal of interlayer
calcium [115], leading to the formation of a more crystalline C-(A)-S-H gel [161], and/or the
collapse of gel pores during the drying process, which facilitates polymerisation of -Si-O-Si
bonds between C-S-H sheets [382], resulting in a decreased internal surface area of the C-S-H
[383]. Figure 6-3 illustrates the spatial distribution of C-(A)-S-H gel before and after

carbonation. As carbonation progresses, the C-(A)-S-H gel progressively disappears from the



124

exterior towards the interior of the specimen, likely due to the decalcification of this primary
binding phase [131, 161]. However, the behaviour of C-(A)-S-H gel at the nanostructure scale
and their crystallinity under CO> conditions in sodium sulfate-activated slag pastes remains
largely unknown.

Figure 6-4 shows the 2D (left) and 3D (right) spatial distribution of the ettringite from the
surface of the sample to the centre after two cycles of carbonation. In general, this phase is no
longer detected in the samples exposed to increasing cycles of carbonation. Locally, a lower
amount of ettringite at the sample edges is observed, where there is more CO> compared to the
core of the specimen. This indicates that ettringite is one of the phases governing the
accelerated carbonation of sodium sulfate-activated slag cements. This observation is
consistent with bulk lab-based XRD results where it has been identified that carbonation leads
to a decreased amount of ettringite and consequent degradation of C-A-S-H gel in sodium

sulfate-activated slag cement pastes [131].
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Figure 6-3. Cross-section (left) and corresponding 3D spatial distribution (right) images
obtained by XRD-CT showing the distribution of C-(A)-S-H gel in sodium sulfate-activated
S2-slag pastes: (a) uncarbonated; (b) after 1 cycle of carbonation (18 mins); (c) after 2 cycles

of carbonation (36 mins). The white boundary (1-pixel size) delineates the specimen edge
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Figure 6-4. Cross-section (left) and corresponding 3D spatial distribution (right) images
obtained by XRD-CT showing the distribution of ettringite in sodium sulfate-activated S2-
slag pastes: (a) uncarbonated; (b) after 1 cycle of carbonation (18 mins); (c) after 2 cycles of

carbonation (36 mins). The white boundary (1-pixel size) delineates the specimen edge

XRD-CT enables the role of secondary reaction products in mitigating carbonation to be
investigated further; layered double hydroxides are known to play an important role in defining
the durability of alkali-activated slag cements, although the exact mechanisms are not yet fully
understood. A crystalline Mg-Al-CO3-LDH phase was identified in the spectra in Figures 6-2
b and c, especially in the layers close to the surface (0.1 mm) upon carbonation, which forms
from Mg-Al-SOs-LDH. Interlayer anion interchange between sulfate and carbonate ions
happens under accelerated carbonation conditions, forming the observed Mg-Al-COs;-LDH
phase. This phase is more crystalline than its sulfate analogue [95]. A similar phenomenon is
observed in the carbonation of Na,COs-activated slag cements, where OH™ groups in meixnerite

interchange for CO3> upon COz exposure [68]. Figure 6-5 shows the spatial distribution of Mg-
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AI-COs-LDH after one and two cycles of carbonation. This phase preferentially precipitates at
the surface of the specimen and increases with increased CO» uptake. The formation of an Mg-
Al-SO4-LDH phase was previously hypothesised to take place in Na>SOs-activated slag
cements based on 2?A1 MAS NMR results, but this phase has not been detected by lab-based
XRD due to its poorly crystalline structure [84, 95], and the spatial heterogeneity of such phases
has been unexplored in previous works. The formation of a SO4> intercalated Mg-Al-LDH
indicates that sulfate anions are consumed in the formation of both ettringite and Mg-Al-SOs-
LDH during sodium sulfate-activation of slags. When the sulfate is consumed from the pore
solution, the chemical reaction is likely to proceed similarly to the NaOH-activated slag cement
system; a similar reaction mechanism has also been hypothesised for NaxCOzs-activated slag
cements [18, 57, 74].

Medium

n 'I‘ IHigh
.

Figure 6-5. 2D virtual cross-sections (left) and 3D renderings (right) obtained by XRD-CT
showing the spatial distribution of Mg-Al-CO3-LDH in Na>SOgs-activated S2-slag cements
after (a) 1 cycle (18 mins) and (b) 2 cycles of carbonation (36 mins)

The variations in the phase assemblage under carbonation, as shown in Figures 6-2b and c at
each layer, are expected to modify the pore network. The changes in the porosity as a function
of the radial distance from the surface to the core of the specimen are presented in Figure 6-6.
As CO; penetrates the specimen, the decalcification of C-A-S-H (Fig. 6-3) and ettringite (Fig.
6-4) results in increased porosity, accompanied by the more polymerised Si tetrahedra and
formation of gypsum, CaCOs3 polymorphs and aluminosilicate [115, 350, 384]. This effect is
particularly noticeable in the evaluated cement specimens, especially within the first 0.3 mm
from the surface. A decrease in porosity from the COz-exposed surface to the core of the sample

is consistent with a CO> concentration gradient across the specimens, making less CO;
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available to react at its core, consequently preserving its original microstructural features.
Interestingly, although ettringite is almost fully consumed on the exposed surface, this has not
led to a significant increase in the porosity compared to the values recorded in the uncarbonated
sample centre. This may indicate that the formation of Mg-Al-COs-LDH, due to the exchange
of carbonate for sulfate in the interlayer space of the LDH phase, compensates for some of the
volume change associated with ettringite decomposition. It has been reported that the density
of Mg-Al-SO4-LDH (2.21 g/cm?®) is higher than that of Mg-Al-COs-LDH (2.02 g/cm?) [284],
so the tetrahedral anion SO4* in the interlayer causes an increased c lattice constant and unit
cell volume compared to the trigonal planar COs* analogue [95, 385]. This finding further
confirms the role of Mg-Al-LDH phases in resisting carbonation by acting as a CO» sink in
alkali-activated slag cements, which delays damage to Ca-bearing phases without significantly
affecting the microstructure [18, 68, 75, 76].
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6.3.2 Tomographic approach to changes in microscale pore structure and predicting

transport properties

The precursors and reaction products can be distinguished by their contrast and morphology in
uCT images. Figure 6-7 shows representative ortho slices, 3D renderings of reconstructed
images, segmented phases and pore size distributions in S2-based pastes before and after 1 and
2 carbonation cycles. The unreacted blast furnace slag has an irregular jagged shape [386]. The
presence of tiny bright specks originates from the presence of very small particles of iron that
are entrained in the production process of blast furnace slag [387]. During activation with a
sodium sulfate solution, the unreacted slag maintains its original geometry and particle shape,
exhibiting a relatively higher level of brightness [25, 331], whereas the hydrous (and/or
intrinsically porous) reaction products such as C-A-S-H type gel, ettringite and layered double
hydroxides (LDH) have lower brightness due to their lower X-ray attenuation coefficient
compared to the slag [63, 84, 388]. Ettringite intermixes with C-A-S-H type gel in the outer
reaction product regions, where space was originally filled with the activating solution [53].
Simultaneously, LDH intermixes with C-A-S-H gel within the inner reaction product areas,
corresponding to the regions where the slag has reacted [312]. All the reaction products are
intermixed on the nanoscale and C-A-S-H type gel also has nano-sized pores [84, 155].
Nevertheless, those reaction products appear homogeneous at the moderate spatial resolution

achieved in this study.

The black regions correspond to the pores, which have a range of different sizes. Considering
the effect of noise in the tomography data, only the pore larger than 2.1 um was considered,
which is 3 times the voxel size. Deleterious ions are mainly transported in macropores (larger
than 10 um) [25, 244], therefore the resolution in this study is deemed sufficient to evaluate
the pore network of the sodium sulfate-activated slag cements to infer their effect on the
durability performance of these cements. As carbonation progresses, an increased porosity with
slightly decreased volume fractions of reaction products and slag was observed in the S2-based

pastes.
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Figure 6-7. From left to right; representative ortho slices, 3D rendering of reconstructed
images, segmented phases and pore structure using WeKa machine learning method,
uncarbonated (a) and after cycle 1 (b) and cycle 2 (¢) of carbonation in S2-based pastes. The
uncertainties are calculated from a probability map in the WeKa segmentation, based on the

1o value of a Gaussian distribution

Figure 6-8 shows the pore size distribution of the 3D segmented pore volume in sodium sulfate-
activated slag cements before and after accelerated carbonation for three slags (Fig. 6-8a, 6-8b
and 6-8c), as well as a summary of porosity, as determined by 3D puCT (Fig. 6-8d). For all 3
slags, accelerated carbonation led to an increase in overall porosity, which is consistent with
previous studies where accelerated carbonated alkali-activated slag cements showed a highly
porous microstructure [23, 68, 155]. This is attributed to the fact that exposure to an elevated
CO2 concentration leads directly to the decalcification of C-A-S-H gel and other secondary
reaction products forming in these cements [76]. Irrespective of the slag used, carbonation gave
a reduced pore volume for the pore size range between 2.1 um and 10 um. This is associated
with the precipitation of CaCOj3 polymorphs in the pore space due to the carbonation of alkali-
activated slag cements [68, 135, 155]. For pores larger than 10 um, the pore volume increases,
contributing to increasing the overall porosity of the materials, which is especially pronounced
for the pores larger than 20 um (Fig. 6-7). For cements produced with slag S2, two cycles of
accelerated carbonation resulted in further reduction of pore volume for pores of < 10 um.
Extended carbonation leads to the formation of more pores with sizes >10 um, and a consequent
increase in average porosity. The highest porosity values were observed for the S3-based pastes
throughout CO» exposure. It is related to the lowest Mg/Al ratio (0.5) of S3 slag, with the
lowest degree of reaction and amount of reaction products (Chapter 3, Fig. 3-17 and Chapter 4
Fig. 4-15). The 3D pore structures will be used in calculating the diffusion tortuosity and
formation factor in the following sections.
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Figure 6-8. The pore size distribution of 3D segmented pore volumes identified in sodium
sulfate-activated slag cements produced with (a) slag S1; (b) S2; and (c) S3 before and after

carbonation. (d) Summary of pCT porosity before and after carbonation
6.3.2.1 Diffusion tortuosity

Figure 6-9a presents the simulated diffusion tortuosity of sodium sulfate-activated slag cements
as a function of the slag type, before and after accelerated carbonation, as calculated using a
random walker-based method in the reconstructed pore network. For the three slag cement
pastes, accelerated carbonation leads to a decrease in the calculated tortuosity, which means
that more connected pores formed in the pore structure resulted in a shorter pathway for the
simulated walkers to travel. The alteration in the pore structure is directly related to the
chemical reactions occurring between CO: and the reaction products, including the
decalcification of the C-(A)-S-H gel (Figure 6-3), the decomposition of ettringite (Figure 6-4),
and the carbonation of the LDH phase (Figure 6-5). These processes result in an overall
increase in pore volume. This is in agreement with previous studies in alkali-activated

slag/metakaolin cements carbonated at 3 % CO-, which showed an increased pore volume after
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carbonation [389]. The cement paste produced with slag S1, with the highest Mg/Al ratio (0.8),

records the highest tortuosity values at all stages.

Figure 6-9b shows the relationship between segmented porosity from the uCT images and
diffusion tortuosity. The dashed (fitted) curve presents an inverse power law relationship, and
a horizontal asymptote to a tortuosity at very high porosity, which means walkers travel in free
space without any resistance. A similar trend has also been reported in uCT studies of sodium
silicate-activated slag cements [23, 25]. The vertical asymptote tends to be infinite when the
porosity is 0.15, which generally agrees with the porosity value of the non-percolated pores in
Portland cement by modelling of cement hydration (0.18) [390] and sodium hydroxide-
activated slag cement characterised by 'H NMR (~0.2) [155]. The similarity of our results with
other reported studies further confirms the accuracy of the segmentation approach of the uCT

results followed in this study.
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Figure 6-9. (a) Diffusion tortuosity of sodium sulfate-activated slag cements before and after
accelerated carbonation using slag S1, S2 and S3. (b) Segmented porosity vs. diffusion
tortuosity; o and 1 represent the porosity and diffusion tortuosity in the fitted curve,

respectively

6.3.2.2 Formation factor

Figure 6-10 shows the simulated electrical charge transport and formation factor in sodium
sulfate-activated slag cements along the X (Fig 6-10a), Y (Fig 6-10b) and Z (Fig 6-10c) axes,
before and after carbonation. The formation factor (also called the electrical tortuosity in the
field of battery materials research) is the ratio of the material resistivity to its pore solution

resistivity, and it is directly related to the electrically resistive effects of porous materials [391,
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392]. It is related in principle to transport properties and may also be used to analyse diffusivity
within porous cementitious materials [198, 393]. This factor can be estimated by simulating
electrical conductivity for the segmented pore 3D reconstruction using a finite volume method
[394]. Figure 6-11a shows the formation factor simulations for sodium sulfate-activated slag
cements before and after carbonation, as a function of the slag type used. Accelerated
carbonation leads to more connected pores, and consequently, more electrical charge can be
transported in the pore structure. A higher formation factor indicates a higher electrical
resistivity of the material due to a higher amount of non-conductive solid formed compared to
the conductive component (pore space), consistent with a more compact and tortuous
microstructure. Before inducing carbonation, large deviations of the formation factor along the
three axes were observed, irrespective of the slag used. This is consistent with the partial
settlement of solids in the direction of the cement casting along the Z axis before it hardens
[395]. The deviation in the X and Y axes is possibly related to some streak and ring artefacts
during scanning and reconstruction [396], which slightly affect the calculated results of
connectivity of the pore network [25]. After CO; exposure, the differences in results along the

three axes significantly decrease, meaning more connected pores forming in the 3D space.
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Figure 6-10. Simulated electrical charge transport in sodium sulfate activated S2 slag cements
along the a) X, b) Y and c) Z directions, before (left) and after (middle and right) accelerated
carbonation. An electrical potential of 1 V is applied along X, Y and Z axis, respectively. FF

stands for formation factor, and error estimates are based on the calculated FF in the three

directions shown

The paste produced with slag S1, with the highest Mg/Al ratio (0.8), has the highest formation
factor (Figure 6-11a), whereas the S3-based cement shows the lowest value. This result agrees
well with experimental results when exposing similar cement pastes to a lower CO»
concentration (1% CO3), where it was identified that sodium sulfate-activated S1 cements
possessed the highest carbonation resistance compared to S2 and S3 [131]. With one and two
cycles of accelerated carbonation, increased porosity (Figure 6-8d) and large capillary pores
(Figure 6-8b) led to a reduced formation factor. The values of the simulated formation factors
here (Figure 6-11a) are in general agreement with the published range of previous experimental
results for various cementitious materials, including fresh Portland cement pastes at 90 minutes

of curing (FF ranging from ~2.1 to ~3.1) [391], 29-year-old Portland cement pastes with the
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same water/solid ratio (FF of ~49.1) [397], sodium silicate-activated slag paste after 28 days
of curing using two different water/solid ratios (FF ranging from ~20 to ~60) [393] and
Portland cement pastes with the addition of sodium hydroxide using different water/solid ratios
from 3 days to 90 days (FF ranging from ~10 to ~60) [398]. It should be noted that the
formation factors of mortar and concrete are two orders of magnitude higher than that of pastes
due to the addition of sand and aggregate, as the more insulating components increase the
resistivity of the bulk specimens [399, 400].

Figure 6-11b presents the segmented porosity vs. formation factor of the cement pastes
evaluated here. Increased porosity causes a decrease in formation factor. This trend agrees with
experimental observation in other cementitious materials [391, 397, 398]. The fitted curve is
based on Archie’s law and gives a cementation factor is ~2.4, which agrees well with the
published value of ~2.5 for Portland-based materials having a lower porosity [397, 401], the
relationship of formation factor and porosity for reservoir rocks [310] and highly cemented
rocks (1.3 to 2.2) [391, 402]. The cementation factor is related to the type of porous material
and is normally obtained by fitting a large number of datasets from experiments [310, 391]. It
seems that independent of the chemical composition of the slag used or exposed CO:
concentration, there is a fixed relationship between the formation factor and porosity value in
sodium sulfate-activated slag cements. However, more data for AASCs are needed to establish

an empirical equation for assessing the durability of these materials.
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Figure 6-11. (a) Simulated formation factor of sodium sulfate-activated slag cements before
and after accelerated carbonation, and (b) relationship between porosity and formation factor;
the fitting curve is based on Archie’s law. F and o represent formation and porosity,

respectively
6.4 Significance and implications

This study elucidates the distinct microstructural features of sodium sulfate-activated slag
cements. Before exposure to CO», irrespective of the slag composition, sodium sulfate-
activated slag cements exhibit total porosities (above the spatial resolution) of ~20 % after 28
days of curing. This observation agrees with reported porosities reported in sodium hydroxide-
activated slag cements (~17% using scanning electron microscopy) [21], sodium silicate-
activated slag cements (~18 % using uCT) [23, 25], sodium carbonate-activated slag cements
(~16 % using uCT) [68] and sodium sulfate-activated slag cements activated slag cements (~22 %
using MIP) [403] after 28 days of curing. Additionally, the porosity of alkali-activated slag
cements is comparable, or even lower, compared to metakaolin blended Portland cements cured
for 90 days (~30 % to ~35% using MIP) [326], fly ash blended slag cements with 50 % Portland
cement substitution for 28 days (~33 % using MIP) [327] and slag blended cements with 70 %
clinker replacement after 1 year of curing (~18 % using MIP) [328]. Exposure to an elevated
CO» concentration causes an increase in percolated porosity in sodium sulfate-activated slag
cements, consistent with what has been observed in other alkali-activated slag cements [23, 68,
135, 155]. Similar results have also been found in blended Portland cements with over 50 % of
the Portland cement replaced by slag [328], fly ash [328, 404] or calcined clay [405]. This then
demonstrates that the behaviour of the porosity developed in alkali sulfate-activated slag

cements is comparable to that of other AASCs, and similar to blended Portland cements.
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The chemical durability of cementitious materials is strongly dependent on the ability of
aggressive ions to ingress the material, which is influenced significantly by the tortuosity of its
pore structure and consequently its effect on the diffusivity of ions [196]. Accurate estimation
of tortuosity based on non-destructive 3D imaging enables the determination of the diffusivity
potential of a given material. This includes considering factors like porosity (the volume
available for ionic transport), pore size distribution and pore morphology, which significantly
affect tortuosity values, and are listed in approximately decreasing order of impact [392]. There
are few studies determining the formation factor values of alkali-activated slag cements in the
literature. The simulated formation factors of sodium sulfate-activated slag cements in this
study show similar trends, and comparable values, to those reported for commercial blended
Portland slag cements [391, 397]. Laboratory-based rapid bulk electrical resistance tests
reported in the literature are restricted to testing the specimen for a few hours [406], under non-
steady state ionic transport conditions that might lead to an increased formation factor.
Modelling the formation factor based on VOI from uCT images enables the calculation of the
resistivity in steady-state transport, minimising errors in the calculations. The simulation
workflow developed in this study is a significant step forward in developing a rapid and reliable

estimation of the formation factor in cementitious materials.

This study demonstrates the capability of Mg-Al-LDH phases in sodium sulfate-activated slag
cements in entrapping carbonate ions, acting as in-situ CO; sinks. By controlling the mix design,
especially the Mg and Al content present in the slag, the amount of Mg-Al-LDH phases can be
controlled to optimise the reaction kinetics [18], carbonation [68, 169, 407, 408] and chloride
uptake [69, 409, 410] in alkali-activated materials. Lower porosity and higher tortuosity values
after carbonation in S1-based pastes compared to S2 and S3 indicate that using slags with
higher Mg/Al ratio leads to an increased carbonation resistance. This is mainly because, upon
alkali-activation of slags with elevated Mg contents, the formation of more LDH phases is
favoured [95]. Intercalation of sulfate ions within the LDH phase causes an increased pH in the
pore solution, as in Portland cement-based materials [342]. Further, this study proves the
potential of Mg-Al-LDH phases in enhancing carbonation resistance and increasing the CO>
uptake potential of cementitious materials, and offers insights into tailoring compositions to

absorb atmospheric carbon, thereby contributing to sustainable construction practices.

6.5 Conclusions

This study pioneers the application of synchrotron-based X-ray micron scale computed
tomography (UCT) and X-ray diffraction computed tomography (XRD-CT) to assess the

effects of CO; exposure in Na;SO4-activated slag cement pastes. The carbonation of Na;SO4-
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activated slag leads to the decalcification of C-(A)-S-H gel, ettringite decomposition, and the
formation of crystalline carbonate-intercalated Mg-Al-LDH phases. The spatially resolved
ettringite distribution confirms that the amount of ettringite decreases upon carbonation.
Synchrotron XRD in this study has, for the first time, provided irrefutable evidence of the
formation of the Mg-Al-SO4-LDH phase in sodium sulfate-activated slag cements, and its role

in CO; sink, by anionic exchange sulfate by carbonate in the interlayer space of LDH phase.

Carbonation induced an increase in porosity and a decrease in tortuosity in all of the alkali-
activated slag pastes evaluated. Alkali sulfate-activated slag cements achieve comparable pore
networks with lower porosity and higher tortuosity compared to blended Portland cements.
This was more noticeable when using a slag with the highest Mg/Al ratio (0.8), which also
presented the highest carbonation resistance. A correlation between the simulated tortuosity
and 3D porosity, approximately following Archie’s law was identified. A fitted empirical
equation for calculating diffusion tortuosity and formation factor of these cements, as a

function of the total porosity of the materials assessed, is proposed.

This study underscores the important role of XRD-CT and puCT in providing comprehensive
physicochemical, non-destructive, three-dimensional insights into the carbonation processes of
cements. As automated (machine learning) data analysis tools improve, this should simplify
and expedite XRD-CT and puCT phase and pore analyses, making it easier to obtain robust
quantitative information. Our future research will aim to integrate XRD-CT and pnCT data into
predictive reactive-transport life service models for the cementitious systems evaluated in this

study.
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Chapter 7

A REACTIVE-TRANSPORT
FRAMEWORK TO MODEL
CARBONATION PERFORMANCE OF A
HARDENED CEMENT: THE CASE OF
ALKALI-SULFATE SLAG CEMENT
PASTES

7.1 Introduction

This Chapter introduces a novel reactive transport framework tailored for hardened
cementitious materials, applied to a clinker-free sodium sulfate-activated slag cement, as a case
study. Figure 1 illustrates the proposed reactive-transport model framework. The reaction
kinetics model simulates the degree of slag reaction (DoR) over time and feeds into
thermodynamic modelling for phase evolution prediction. Stepwise carbonation simulations
explore the relationship between the volume of reaction products and reacted CO> at various
curing ages. In the transport model section, puCT-scanned pore structures are used to quantify
the diffusivity and permeability of the materials, reflecting changes in porosity and saturation
degree. The CO; transport model considers CO» dissolution, transport of dissolved CO», and
moisture movement between the pore structure and the exposure surface. Pore network
evolution (porosity and tortuosity) over time, and reacted CO», are imported into this model to

define the microstructural evolution.
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Figure 7-1. Reactive-transport framework for carbonation of sodium sulfate-activated slag

cements. @ is the porosity; D is diffusivity; K is permeability and RH is relative humidity

The framework developed in this study enables the prediction of CO:-induced alterations in
the phase assemblage and transport properties of cementitious materials. These properties
include diffusivity, permeability, saturation, liquid volume fraction, and capillary pressure.
Additionally, the tool predicts pore solution pH, the composition of aluminium-substituted
calcium silicate hydrate gel (C-A-S-H), and CO- sequestration profiles at various depths. The
framework was applied to simulate one year of accelerated carbonation (1% CO: v/v) and ten
years of natural carbonation (0.04% CO: v/v) under controlled temperature and humidity
conditions in the sodium sulfate-activated slag cements system. The simulation results showed
strong alignment with experimental data, underscoring the tool's accuracy. This framework
represents a significant advancement in predicting the carbonation performance of
cementitious materials, facilitating calculations of CO: uptake capacity in more complex
cement systems, including those with supplementary cementitious materials (SCMs) or based
on alkali-activated cements. Given the framework's complexity, each model, as illustrated in

Figure 7-1, is individually established, discussed, and validated in subsequent sections.
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7.2 Reactive model of chemical reaction in sodium sulfate-activated slag
cements

Two types of chemical reactions happen during the carbonation of sodium sulfate-activated
slag cements: (a) continuous slag dissolution over time in uncarbonated regions and (b)
decalcification of C-(A)-S-H gel and other hydrate products in the carbonated regions of the
specimen. In this section, numerical and thermodynamic simulations were utilised and coupled
to predict and verify the reaction kinetics model and phase evolution as a function of reacted
CO..

7.2.1 Reaction Kinetics of sodium sulfate-activated slag cements

In the uncarbonated region, slag continues to react throughout the service life of the concrete.
An increased degree of reaction (DoR) is expected to cause decreased porosity and increased
tortuosity in sodium sulfate-activated slag cements [160]. Considering the lack of an
established reaction kinetic model for sodium sulfate-activated slag cements, it is important to
find the relationship between DoR and time. The slag reaction rate is defined based on the
Ginstling-Brounshtein (G-B) equation 7.1 [411]. This equation has been recommended and
used in simulating reaction kinetics in alkali-activated slag cement systems, more correctly
considering the surface curvature of spherical particles in a way that the often-used Jander
equation does not [174-176]. The differences between using the modified Parrot and Kiloh
(MPK) method and the G-B method in modelling the reaction kinetics of cementitious
materials has been discussed in detail in Section 2.6.2 of this thesis. It has been emphasised the
importance of considering particle surface curvature by using the Ginstling-Brounshtein
equation [175]. This equation was then adopted to model heat release from slag dissolution in
the first 7 days activated by sodium silicate solution [176]. However, modelling DoR at an

extended curing age is needed for service life predictions.

In the sodium sulfate-activated slag cements system, the near-neutral pH value of the activator
causes slow dissolution of slag with a gradually increasing degree of reaction [17]. For
predicting the life service of such a system, simulating long-term slag reaction is then needed.
To achieve this, the empirical coefficient & (in eq.1) is adjusted by considering the OH"
concentration in the pore solution, availability of pore space (porosity) and connectivity of pore
structure (tortuosity), as shown in equation 2. This is meant to describe a process controlled by
the diffusion of ions released via slag dissolution, influenced also by the precipitation of

reaction products around the slag particles.
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& =3-2a-3(1-a)?? (Equation 7.1)

k=c(OH™) * % (Equation 7.2)

In equations 1 and 2, a is the degree of slag reaction; c(OH") is the molarity of OH™ as a function
of the degree of reaction, which is calculated from thermodynamic modelling as discussed in
Chapter 4, Figure 4-16. @ is total porosity as a function of the degree of reaction: ¢p =
—0.3218a + 0.5154 ; this relationship is determined by thermodynamic modelling, as
shown in Chapter 4 for S2-based pastes (Figure 4-15B); it means that the chemical composition
of slag and water to binder ratio are also considered implicitly in this model. 7 is the tortuosity
of the pore structure as a function of percolating pores, which is T=0.91 X (& —
0.15)"%7D  determined from Chapter 6 (Figure 6-8).

R is the mean radius of the slag particle, which is calculated using anhydrous slags using
synchrotron X-ray microtomography (uCT). The detailed synchrotron experiment setup is
referred to in Chapter 3 section 3.6. The selection of using uCT technique to characterise the
slag particle size distribution is to maintain the mathematical consistency in the 3D, because
the G-B equation considers the surface curvature of the spherical particle, whereas the
conventional laser diffraction method is based on the 2D projection of the particle [412]. Figure
7-2 shows a segmented anhydrous slag rendering and 3D slag particle size distribution. The
auto threshold algorithm was used to segment the slag particles from the background to

preserve slag boundary information due to similar greyscale between pixels [413].
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Figure 7-2. Example of the (a) 3D rendering of nCT unreacted slag; (b) segmented ortho slice
of uCT images; (c) 3D rendering of segmented raw slag; overall 13985 of slag particles in

volume of interest (VOI); (d) unreacted slag S2 particle size distribution using pCT images
7.2.2 Simulated degree of slag reaction in sodium sulfate-activated slag cements

Figure 7-3 illustrates the simulated degree of slag reaction upon sodium sulfate activation,
revealing a sharp increase within the first 56 days, including approximately a 20% increase in
the DoR between 28 and 56 days. This trend correlates well with the compressive strength
development observed in these materials, which shows an increase of approximately 20 MPa
during the same period, as detailed in Chapter 4 Figure 4-17. The UK specification BSI PAS
8820:2016 [30] recommends determining the compressive strength of alkali-activated
cementitious materials at 56 days, reflecting the latent hydraulic properties of slag. This further
supports the validity of this modelling approach adopted.
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An indication of a gradual plateau is observed after 360 days of reaction, attributed to
decreasing porosity and increasing tortuosity, which slows the diffusion rate of dissolved ions
from the slag, leading to the formation of a more compact pore structure. A similar trend has
been reported in experimental studies on blended slag-Portland cements, which utilised a
selective dissolution method and varied the substitution of slag from 50% to 92%, altering
compositions and water-to-binder ratios [414]; DoR values recorded were 30-50 % at 28 days
and 45-75 % after 1 year of hydration, using the water/solids ratio between 0.40-0.60 [414].

The simulated DoR curve (Fig. 7-3) aligns well with experimental data, as characterised by
various techniques (SEM, uCT, and NMR). Given the lack of data specific to sodium sulfate
activation of slag, results for sodium carbonate-activated slag (with a similar activator pH) were
also used to validate this curve. It is well known that the composition of the slag significantly
influences the phase assemblage and reaction kinetics [18, 20, 84]. Thus, a £20 % deviation of
simulated data is used to cover the experimental results with different slag sources. This
reaction kinetic model is subsequently utilised in thermodynamic modelling to predict phase

evolution over time.



145

1.0 |
— Simulation
+20%

0.8 .
S
1] —
o B
[T
)
()] O
© 04 ~ o
o O ~ O Yueetal
8 o) O Suetal. [403]

O
/A Park et al. [161]
0.2 7
]
0.0 - : I . ; :
0 100 200 300 400 500
Time (days)

Figure 7-3. Simulated degree of slag reaction over time in sodium sulfate-activated slag
cements. Symbol 0 is based on DoR in sodium sulfate-activated slag cements at 28, 56 and
365 days of reaction, determined by image analysis of BSE images presented in Chapter 4

Figure 4-8A. O refers to sodium carbonate-activated slag cements at 14, 28, 56 and 180 days
of reaction, determined by uCT analysis [403]. A refers to 50 days reaction of sodium
carbonate and sodium sulfate-activated slag, based on the deconvolution of 2°Si MAS NMR
[161]. Grey dashed lines show £20 % deviation and can be considered to represent the likely

effect of differences in slag composition

7.2.3 Slag reaction and carbonation in sodium sulfate-activated slag cements using

thermodynamic modelling

The reaction kinetic model for sodium sulfate-activated slag cements as mentioned in section
7.2.2 was imported into GEM-Selektor, following a similar method to that which is used in
modelling hydration of PC [173]. The open-source GEM-Selektor v.3 [195, 281] was used to
conduct thermodynamic modelling to simulate phase assemblage [282]. Cemdatal8 [108] was

used as the primary database to predict phase evolution as a function of time. An extended
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Debye-Hiickel equation was used to calculate the activity coefficients of aqueous species; this
equation has been shown to work successfully in simulating alkali-activated materials [76, 110,
283, 284]. Thermodynamic data for SO4*-intercalated Mg-Al-LDH is added to the database
based on experimental results [284], to supplement the existing database entries for OH™ and
COs* Mg-Al-LDH phases. Detailed model setup and description are referred to in Chapter 3
section 3.5.

7.2.3.1 Predicted phase evolution as a function of time

Figure 7-4 presents the evolution of phase assemblage (e.g. type and amount of reaction
products) in sodium surface-activated slag cements over 500 days. The gradual dissolution of
slag contributes to the increased formation of primary reaction products: C-(N)-A-S-H gel,
ettringite, and Mg-Al-SO4-LDH phases. Notably, after approximately 200 days of reaction, the
decomposition of ettringite into the AFm-structured calcium monosulfoaluminate is predicted,
due to the reduced volume of pore solution in the system. This observation is also found in PC-
based systems [415]. Similarly, experiments in Chapter 4 also confirm the decreased amount
of ettringite after 180 days of reaction. A gradual increase in the Mg-Al-SO4-LDH phase is
related to the supply of Mg content from slag dissolution, the presence of this phase and its
increase with curing age have been confirmed by multi-analytical techniques in Chapters 4 and

6. This further validates the accuracy of the modelling approach adopted.
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Figure 7-4. Simulated phase evolution in sodium suflate-activated slag cements using slag S2,

based on the reaction kinetics model, proposed in this study

7.2.3.2 Stepwise carbonation in sodium sulfate-activated slag cements at different curing

ages

Figure 7-5 illustrates the simulation results of stepwise carbonation in sodium sulfate-activated
slag cements, where the carbonation was applied to the cement starting at various curing ages
from 28 to 365 days. The slag continues to dissolve and form more reaction products in
uncarbonated regions over time, leading to decreased porosity. The decomposition of C-(N)-
A-S-H, ettringite and Mg-Al-SO4-LDH occurs directly as carbonation progresses, resulting in
the formation of gypsum, calcite, Mg-Al-COs-LDH, and aluminosilicate gel, which aligns with
experimental observations in sodium sulfate-activated slag cements [131, 257]. This is notably
different from the carbonation of the PC-based cements, where the decomposition of Ca(OH),
is normally used to define the carbonation depth and rate [130]. The formation of gypsum,
calcite and aluminosilicate gel was also identified in sodium sulfate-activated slag cements
analysed by different analytical techniques, whose results are reported in Chapter 5. Although
metastable aragonite and vaterite were observed from experiments, these polymorphs were not

predicted to form in these simulations, since thermodynamic modelling only considers the
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equilibrium condition of the system and these are metastable phases [416]. The anion exchange
between CO3> and SO4* during the carbonation of sodium sulfate-activated slag cements has
been experimentally observed in similar cements to those simulated here, and results are

reported in Chapter 6.

In sodium sulfate-activated slag cements, ettringite and C-(N)-A-S-H gel are the primary
reaction products, and therefore their decalcification governs the carbonation reaction. An
increase in the quantity of these phases over time enhances the CO- uptake capacity until their
complete decalcification and subsequent decomposition. Therefore, the degree of slag reaction
is a key factor influencing the carbonation resistance of the material, as more COs: is required
to achieve complete decalcification of the C-(N)-A-S-H gel, decomposition of ettringite, and

Mg-Al-s-LDH phase, thereby influencing the porosity and transport properties of the material

In the carbonation of C-(N)-A-S-H, loss of charge-balancing Na* and Ca** from the interlayer
happens first. Then, bridging site tetrahedral Al is removed, and instead becomes incorporated
in tetrahedral AIl(-OSi)s4 unit in an aluminosilicate gel carbonation product [115].
Decalcification of the principal layers leads to a significantly decreased Ca/Si ratio in the
simulations (right-hand column in Figure 7-5), consistent with experimental observations with
the formation of an amorphous silicate phase, as characterised by the observation of Q* and Q*
tetrahedra in °Si MAS NMR [68, 115], with the calcium instead of CaCOs.
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Figure 7-5. The volume of reaction products (left) and chemical composition of C-A-S-H gel
(right) as a function of reacted CO» in sodium sulfate-activated slag cements under, where the
carbonation was allowed to commence after (a) 28, (b) 56, (¢) 90, (d) 180 and (e) 365 days of
curing, shown on rows a, b, ¢, d and e, respectively. At each step, 0.1 g of pure CO; gas
(density 1.98 kg/m?) was added with 6.2 g of dry air (density 1.22 kg/m?), to mimic 1 vol %
CO2 during carbonation.

7.2.3.3 Integrating reaction kinetics and stepwise carbonation

To integrate the reaction kinetics model, where each reaction product varies as a function of
time, with stepwise carbonation through thermodynamic modelling, where each reaction
product varies as a function of the reacted CO: at five different curing ages, data from Figures
7-4 and 7-5 were input into a matrix in Matlab. A multivariate polynomial regression model
was utilised [417], considering both linear and non-linear relationships between variables [418].
Consequently, this model exports the volume of each reaction product as a function of the

reacted CO> (g) and curing age (days), as shown in Figure 7-6.
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Figure 7-6: Predicted volume (per 100 g of slag) of (a) C-(N)-A-S-H, (b) ettringite, (c) Mg-
Al-s-LDH, (d) Mg-Al-c-LDH, (e) gypsum, (f) calcite, (g) aluminosilicate and (h) pore
solution in 28 days cured sodium sulfate-activated slag cements (per 100 g slag) as function

reacted CO> (g) and curing age (days).
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7.3 CO: transport model for unsaturated sodium sulfate-activated slag
cements

In alkali-activated materials, the different chemical compositions in SCMs and the type of
activators cause the complexity of the analysed system [121, 149]. In the carbonated regions,
as normally determined by spraying 1 % phenolphthalein solution [150], the chemical reaction
occurs between dissolved carbonic acid and reaction products. Additionally, a drying process
takes place due to the relative humidity gradient between the pore structure and the exposure
surface [151]. The release of water during the decomposition of hydrates further alters the
saturation within the pore structure [103]. In the uncarbonated region, raw materials proceed
with the reaction resulting more compacted microstructure compared to carbonated regions
[135, 152]. In these two regions, the CO» diffusivity and liquid permeability are significantly
different in different regions [153, 154], which is affected by the porosity [155, 156], tortuosity
[23, 25], degree of saturation [157, 158] and CO, uptake [138, 159]. The complexity of
carbonation in alkali-activated materials makes it challenging to isolate a single parameter to
fully understand its carbonation mechanism and study the governing parameters controlling the
carbonation processes during experiments. Variations in transport properties due to chemical
reactions and moisture transport are discussed in the following sections, utilising the proposed

modelling method in the studied sodium sulfate-activated slag cements.
7.3.1 CO: dissolution and transport

Carbonation of cementitious materials proceeds in two steps: (a) the dissolution of gaseous
CO:2 into the pore solution, and (b) the transport of dissolved carbonate and bicarbonate ions
(CO3* and HCOs") within the pore solution. Although the significance of CO, dissolution in
the pore solution has been highlighted in a recent review [193], this step is often overlooked in
most carbonation modelling studies [203, 419, 420]. In this study, it is assumed that once

gaseous CO> dissolves in the pore solution, the carbonation reaction happens immediately.

The dissolution of CO» is represented by Henry’s law, considering that the concentration of
dissolved CO: in the pore solution is proportional to the partial pressure of CO; in the

atmosphere at the interface between gas and liquid, as presented in equation 7.3 [197].
¢; = HP¢o, (Equation 7.3)

Here H is the Henry constant for CO2, 2938.425 (mol /m>Pa) [421]. Pco: is the partial pressure

of COz (Pa) in the atmosphere. ¢; (mol/m?) is the equilibrium concentration of dissolved COs.
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The rate of CO; dissolution is defined by the following equation 7.4 [197].
Tco, = k(¢ —¢) (Equation 7.4)

Where rco: is the reaction rate of CO2 (mol/(m?:s)), k is the interfacial gas-liquid mass transfer
coefficient, which is defined as 2x10° (m/s) [422], and ¢ (mol/m?) is the dissolved CO»
concentration in the liquid, which is a dynamic value with CO» transport and is solved in the

following section.

Transport of dissolved COx is driven by the concentration gradient between dissolved CO; and
gas CO» and the advection of the liquid phase due to moisture transport, as shown in equation
7.5 [196].

d .
a—i +V-(cg)=V- (DeffVc) + 7co, (Equation 7.5)

Where g;is the Darcy velocity of the liquid phase, and D.yis the effective diffusion coefficient

of dissolved CO», which is discussed in the following section.
7.3.2 Determine the effective diffusion coefficient of dissolved CO:

Diffusion rate for ionic groups and viscous flow of pore solution within pore structure are
fundamental transport properties, as these rates control degradation process properties in
cementitious materials [178]. It is important to note that this study does not aim to summarise
these values across different cement systems. Diffusivity refers to the capacity for ionic
movements—such as sulfate, chloride, and carbonate ions-governed by Fick’s law, which
states that diffusion through pore solution-filled pores is driven by the concentration gradient
between the exposure surface and the interior of the specimen [423]. Permeability, in contrast,
is defined according to Darcy’s law, which describes fluid velocity driven by a pressure
gradient, such as the movement of pore solution and gas in the pore structure of cementitious
materials, and is calculated using the Navier-Stokes equations for laminar fluid flow [424].
Effective diffusivity and effective permeability typically incorporate considerations of porosity

and saturation within the pore structure [187, 189].

Diffusivity quantifies the movement of ions in a liquid medium (e.g. pore solution in
cementitious materials) due to a concentration gradient. In porous hardened cementitious
materials, the pore size distribution (as described by tortuosity), porosity and degree of

saturation (available liquid volume fraction in the pore structure) are expected to affect this
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value, called the effective diffusion coefficient [423], which can be calculated using equations
7.6 and 7.7 [196].

Although it might be true that some studies have used non-linear relationships between
diffusivity and saturation, this approach often requires extensive empirical data to determine
the appropriate exponent values. Given that sodium sulfate-activated slag cements are a
relatively new material with largely unknown chemistry and transport properties, there is
currently a lack of comprehensive data to support the selection of a specific non-linear
exponent. Therefore, adopting a linear relationship allows for a more straightforward
interpretation of how saturation affects diffusivity without introducing additional complexity
or requiring extensive input parameters that are not yet well characterised for this material.

_ DO *(p(t,COz)*S(t,COZ)
Desr =

(Equation 7.6)

T

RTA®
DO: 252
z4“F

(Equation 7.7)

Where @ is the volume fraction of porosity, which varies as a function of reaction time and
reacted CO;, as determined by the reaction kinetics model and thermodynamic modelling in
section 7.2. The value s describes the degree of saturation, which also varies with time and is
influenced by: a) moisture transport due to the drying process under exposure conditions,
outlined in Section 7.3.4; b) ongoing slag reaction in uncarbonated regions; and c) the chemical
reaction between carbonic acid and reaction products, also determined by thermodynamic
modelling in Section 7.2. The parameter 7 is diffusion tortuosity, defined from tomographic
reconstruction by the empirical expression: T = 0.91 X (@ — 0.15)"%7D_This equation is
derived from curve-fitting to the results of random walker simulations of seven sodium sulfate-
activated slag cements with varying porosity values based on three blast furnace slags with
different chemical compositions. The detailed modelling approach is described in Chapter 3

section 3.7.3.

Dy s the self-diffusion coefficient of an ion at infinite dilution and is determined based on the
Nernst-Einstein equation [425-427], in equation 7.7. R as the gas constant is 8.314 (J/(mol<K));
T (K) is temperature; z is the charge of the ion; F' = 9.6485 x 10* C/mol is Faraday constant; 1’
is the limiting conductivity. In the carbonation of cementitious materials, HCOs™ and CO3* are
the ingressing ions. AYp3- and A2y3- are 4.45 and 13.86 (m*mS/mol) [196], so the self-
diffusion coefficients HCO3; and COs* at 25 °C is 1.19 and 0.92 x 10? (m?%/s), respectively.

Temperature also affects both pore structure and self-diffusion diffusion of ions, and this
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change can in principle be captured by the framework here. Nevertheless, an isotherm condition

at 25 °C was used in this study.

7.3.3 Effective diffusivity of ions at different saturation conditions

During the carbonation of sodium sulfate-activated slag cements, the variation in DoR and
reacted CO» at each depth from the exposure surface to the interior of the specimen results in
different porosity and saturation values. Additionally, moisture transport happens between the
pore structure and the exposure surface, essentially a drying process that further impacts the
saturation condition of the cementitious materials. Figure 7-7 illustrates the relationship
between effective diffusivity and porosity under various saturation conditions. The trend of the
simulated curve generally aligns with the diffusivity values reported for blended fly ash mortar
[428] and 75% substituted Portland-slag cement pastes [429], where increased porosity leads
to higher diffusivity. However, the simulated diffusivity is 2—3 orders of magnitude lower than
the reported experimental results. This discrepancy is primarily attributed to the oven-drying
process at 105°C and pre-conditioning methods, which causes the decomposition of the C-S-
H gel and increases the connectivity of the pore structure. Similar observations have been made
using the Lattice Boltzmann method on 3D pCT images [186], the pore size distribution model
[187, 188] and image-based diffusivity modelling [189-191], all of which show diffusivity
values 2-3 orders of magnitude lower than experimental measurements. This does not
necessarily indicate inaccurate validation; rather, it suggests that non-destructive uCT-based

image simulations may provide more reliable results.

According to the carbonation standard BSI 1881-210:2013 [348], exposure relative humidity
is controlled at ~55 % [347]. Thus, the drying process is expected to commence immediately
after placing 28-day cured specimens into the carbonation chamber, causing the diffusivity
curve (Fig. 7-7) to shift downward from s = 1 to s = 0.5. Over time, carbonation increases the
porosity in carbonated regions, while ongoing slag reactions decrease the porosity in
uncarbonated areas. Notably, when porosity reaches approximately 0.15, the diffusivity
approaches zero, reflecting the volume fraction of non-percolating pores and corresponding to
nano-sized pores in the C-(A)-S-H gel of alkali-activated materials [ 155]. Therefore, this model
accounts for variations in porosity and saturation, as a function of time and reacted CO», to

facilitate a more realistic simulation of CO» transport.
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Figure 7-7. Relationship between effective diffusivity and porosity changing from fully
saturated conditions (s = 1) to unsaturated conditions (s < 1) in sodium sulfate-activated slag

cements, calculating using equation 6
7.3.4. Moisture transport

Moisture transport is also a significant factor influencing the carbonation process. To simply
the model, the formation of drying shrinkage microcracks, and recrystallisation of dissolved
salts from pore solutions during wet/dry cycles in cementitious materials [430], are not directly
described. The fundamental science underlying these phenomena, particularly in alkali-
activated materials, remains largely unknown, and therefore any potential assumptions to
account for this might be misleading.

The model used to simulate moisture transport considers both liquid water and water vapour;
gas pressure is constant and liquid water is incompressible [181]. The moisture mass
conservation equations for liquid water and water vapour [431] are listed below in equation 7.8
and 7.9. The transport of liquid water is facilitated by advection, driven by the capillary
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movement of free water, and by diffusion, resulting from saturation gradients. Water vapour is
a diffusion-based process. Defis used to describe the influence of tortuosity and porosity of
pore networks as resistance factors for the transport of liquid water and water vapour.

5 .
Mf;,ES) = —V(gy + Des 105py) = PgDess g(1 — )b (Equation 7.8)

w(s) = dsp; + (1 — s)py (Equation 7.9)

where w(s) is water content in the system shown in equation 7.9, which is a function of the
degree of saturation; p; and p, (kg/m?) are gas and liquid water density; g; (kg/(m>.s)) is capillary
liquid water flux calculated by equation 7.10, which is a function of capillary pressure p.
according to Kelvin’s law [432]. The air velocity is set to 0, as the temperature is kept constant

at 25 °C. Defr 1 and Detr g are diffusivity of liquid water and water vapour, respectively.

g1 = —p KT'” Vp. (Equation 7.10)
Dc = — % In(RH) (Equation 7.11)

where K is the intrinsic permeability and 4; is the relative liquid permeability of the material,
which are discussed in the next section. u (Paes) is the viscosity of the fluid. M; is the molar
mass of water (kg/mol); R is the gas constant (J/(mol*K)), T is the temperature (K) and RH is

relative humidity, ranging from O to 1.

For converting relative humidity to saturation, previous studies in absorption and desorption
isotherms were used [433], shown in Table 7-1, saturation is then calculated based using

equations 7.12 and 7.13.

WOmax = % (Equation 7.12)

w

s = (Equation 7.13)

Wmax
Where wiax 1s the maximum water content, p; is the density of the dry sample and w (g/g dry)
is the equilibrium water content referred to in Table 7-1. Desorption isotherm is used at the
surface where drying is occurring, reflecting moisture loss. Absorption isotherm is applied
inside the samples where gained moisture may occur due to water release due to the

decomposition of hydrates.
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Table 7-1. Absorption and desorption isotherm of alkali-activated slag cements [433]

RH (%) 1136 32.68 4285 58.04 74.18 84.17 9229 96.65 99.46

Absorption
0.04 0.06 008 0.10 0.14 0.21 028 033 0.34

(g/ g dry)
RH (%) 10.73 3249 4283 57.70 74.43 84.00 99.20

Desorption
0.05 0.12 020 027 034 035 035

(g/ g dry)

7.3.4.1 Simulating intrinsic liquid water permeability using 3D uCT images

Intrinsic permeability is the inherent property of materials, only depends on the microstructure
and varies due to different fluids viscosity [185]. Thoughtful discussion has been reported in
applying the Kozeny-Carman equation [178] and Katz-Thompson model [434] to calculate the
intrinsic permeability in cementitious materials. However, those equations were originally used
in interconnected pores in rocks with capillary-sized pores [435]. The use of a critical diameter,
determined under the assumptions of mercury intrusion porosimetry (MIP) and excluding gel
pores, leads to an overestimation of permeability values calculated by these models [181]. This
issue primarily arises from neglecting local pore size distribution during fluid transport, which

can significantly alter the results.

In this study, the segmented 3D puCT pore structure of sodium sulfate-activated slag cements
after 28 days of curing, determined and reported in Chapter 3, for a cubic region of interest
with a side length of 350 um of Section 3.7.2.3, was skeletonised to find the centreline of
interconnected regions [436], using Avizo 2022.1%® (ThermoFisher Scientific). The simulation
of the intrinsic permeability was conducted in the Avizo package Absolute Permeability
Experiment Simulation in XLab. Then, a 1000-pressure gradient, which is meant to prevent
microstructure damage [183], of liquid water was applied along the z-axis between two
opposite faces to direct the flow in a single direction and the remaining four faces were
hermetically closed. Intrinsic permeability is determined by Darcy’s law (equation 7.14) using
the finite volume method. The criterion of this steady state flow is defined by the difference of

average velocity in the whole specimen between two consecutive iterations being lower than



159

1.0 x 107 m/s, which is sufficient to give computational accuracy. It was assumed that the pore

space is fully saturated, so all segmented pore structure was considered in the simulation.

% = — %AL—P (Equation 7.14)
O (m>/s) is the fluid flow rate along the cross-section; S (m?) is the cross-section of the sample;
K is the intrinsic permeability (m?); u (Paes) is the dynamic viscosity of the fluid; AP (Pa) is
the pressure gradient and L (m) is the length of the sample along the flow direction. Figure 7-
8a shows the skeletonised interconnected pore structure in a sample of sodium sulfate-activated
slag cements; velocity and pressure distribution in the specimen are presented in Figures 7-8b

and 7-8c. The intrinsic permeability K is then calculated as 1.4x10'* m? using equation 7.12.

a

High
Medium

Low

High
High

Medium
Medium

Low

Low

Figure 7-8. (a) Skeletonised pore structure in 28 days cured sodium sulfate-activated slag
cement after 28 days of curing. Colourations indicate the thickness of the pore; the mean
thickness is 1.6 pm and the highest thickness is 7.2 um. (b) velocity and pressure (c)
distribution by applying a 1000 [Pa] pressure gradient of water along the z-axis
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7.3.4.2 Simulating relative liquid and gas permeability as a function of degree of saturation

The degree of saturation within the pore structure influences both water and gas permeability
due to moisture transport during carbonation [437]. In a fully saturated pore structure, the liquid
permeability equals the intrinsic liquid permeability, and the gas permeability is effectively
zero. Conversely, in a completely dried pore structure (s = 0), liquid permeability drops to zero
while gas permeability equals the intrinsic gas permeability. Under unsaturated conditions (0
<s < 1), it becomes necessary to determine the relative liquid water permeability and relative
gas permeability. The Van Genuchten-Mualem (VGM) model was used to determine the
relative liquid permeability, as shown in equation 7.15 [438, 439] and relative gas permeability
as a function of water saturation was calculated on the basis of [440], presented in equation
7.16. These equations (equations 7.15 and 7.16) have been successfully applied in cementitious

materials to determine the liquid and gas permeability under unsaturated conditions [187].
k,=s'1-(1- sll/m)m]2 (Equation 7.15)
kg = (1—s)™[1— (1—s/™m?m (Equation 7.16)

Here n and m are fitting parameters; n is also regarded as a geometrical tortuosity factor [187].
In the current model, n and m are defined as 1.5 and 0.7. The selection of two values is based
on recent experimental results that # is in the range of 1 and 2 and m ranges from 0.64 to 0.69

for cementitious materials [441].

In the current model, permeability is considered solely as a function of saturation. Although
carbonation can alter intrinsic permeability by modifying the pore structure as a result of
reacted CO-, this relationship is not well-defined for sodium sulfate-activated slag cements due
to a lack of comprehensive experimental data. Thus, the model assumes permeability is
dependent only on saturation, allowing for a more controlled analysis of the influence of
moisture transport during the carbonation process. Future research should aim to develop
analytical methods that predict permeability changes as a function of pore structure evolution
and carbonation in sodium sulfate-activated slag cements. This would enable a more accurate
representation of the transport properties in these materials, particularly under conditions where

carbonation significantly alters the microstructure.

Figure 7-9 shows the simulated relative liquid permeability and relative gas permeability as a
function of water saturation degree. The simulated curves agree well with experimental results
for blended cements [441-443] and lattice Boltzmann modelling for PC [186]. This modelling
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results reveal that liquid permeability decreases when drying happens during carbonation
(decreased water saturation). Relative liquid and gas permeability reach the same value when
water saturation reaches around 60 %. Lower than this value, liquid water is more difficult to
transport from the pore structure to the outside; gas is easier to transport into the pore structure
to proceed with the carbonation. This is consistent with the carbonation exposure condition of
~60 % of relative humidity (RH) generally recommended for accelerated carbonation standards
[444], and experimental observations report that the highest carbonation depth in different
cement systems when the material is exposed at 60-70 % RH [151, 445, 446]. Additionally,
below 20 % water saturation, relative liquid permeability is almost 0, because most of the
capillary pores are empty, and the water in the nano-sized gel pores of C-(A)-S-H, cannot be
removed by drying. The two simulated curves in Figure 7-8 were then imported into the CO>
transport model.

1.0 ‘
Relative liquid/gas permeability
Relative gas permeability
A /\ Shietal. [441]
0.8 1 - O Zamaniet al. [442]
Y& Kameche et al. [443]

o
o)
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>
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o
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0.0 T |{? T L T |* ‘_Ib — 1 r T rr T T 7
00 01 02 03 04 05 06 07 08 09 1.0
Degree of water saturation

Figure 7-9. Simulated relative liquid permeability and relative gas permeability as a function
of the degree of saturation, based on equations 7.15 and 7.16. Experimental results for gas
permeability are referred to by Shi et al [441]. Experimental results for relative gas
permeability are referred to by Zamani et al. [442] and Kameche et al. [443].
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7.3.5 Finite element method model setup and description

In this numerical model, a cylinder with 25 mm of radius and 200 mm of height was built, as
shown in Figure 7-10. The curing age of the specimen is 28 days. The exposure conditions 1 %
COz2, 55 % RH and 20 °C were specified to induce accelerated carbonation for 1 year. The
selection of 1 % CO» is based on EN 13295:2004 [347] for evaluating the carbonation of alkali-
activated materials; 55 % RH and 20 °C are defined in the standard BSI 1881-210:2013 [348].
As natural carbonation conditions 0.04 % CO2, 55% RH and 20 °C were used, and the model
ran for 10 years. The use of 1 year of accelerated carbonation and 10 years of natural
carbonation aims to demonstrate the model's capabilities and to facilitate comparison and
validation against experimental results. This study focuses on understanding the carbonation
process under controlled laboratory conditions. Therefore, a Dirichlet boundary condition
(constant temperature and relative humidity) was selected to simplify the simulation and ensure
consistency with the experimental environment. For future research, particularly studies aiming
to simulate the real service life of concrete under variable environmental conditions,
implementing Neumann boundary conditions will be necessary to more accurately represent
the moisture transport process. In such cases, applying a moisture flux at the boundary would

better approximate outdoor conditions.

The degree of reaction, porosity, volume fraction of reaction products, pore solution (as
presented in Section 7.2), diffusivity (Figure 7-7), absorption/desorption isotherm (Table 7-1),
and permeability (Figure 7-9) were all set as input parameters in the model. The heterogeneity
and time evolution of the porous in sodium sulfate-activated slag cements are defined by
dynamic values of porosity, tortuosity, diffusivity and permeability which have been discussed
in the previous sections. The free triangular mesh method is used in this model. Except for one
end of the cylindrical sample is exposed to specific CO, and RH conditions (indicated by the
arrow), the other surfaces are sealed to isolate moisture and carbon dioxide transport. Partial
differential equations for moisture transport, gaseous CO, dissolution and dissolved carbonic
acid transport, were solved using the COMSOL Multiphysics™ 6.1 FEM software.
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1% or 0.04 % (viv) CO,(9)
55% RH

-2

Figure 7-10. The specimen model and initial conditions. All surfaces other than the exposed

end are sealed to prevent mass transport.
7.4 Coupled reactive-transport model results
7.4.1 Simulation of 1 year of accelerated carbonation

Under carbonation conditions, the drying process and carbonation in the pore solution happen
simultaneously. Figure 7-11 shows the uptake of CO> and the degree of saturation profiles in
the 3D model after 1 year of accelerated carbonation in sodium sulfate-activated slag pastes.
The proposed framework enables the user to export the material properties profiles along the
COa transport direction, including the degree of saturation (Fig. 7-12a), liquid volume fraction
(Fig. 7-12b), permeability (Fig. 7- 12c), effective diffusion coefficient (Fig. 7-12d), capillary
pressure (Fig. 7-12¢) and CO, uptake (Fig. 7-12f), with the model results shown after 14, 28,
56, 90, 180 and 365 days of accelerated carbonation.

After 14 days of accelerated carbonation, the degree of saturation in the surface regions almost
equilibrated with the external exposure environment (RH = 0.55). An inflexion region is
observed, when the saturation is around 0.8, and the profile becomes flatter after 1 year of
exposure at around 25 mm depth, compared to the first 14 days. From the exposed surface to
this inflexion region, there is a sharp increase in saturation. Beyond this region, from 25 mm
to 200 mm depth, the rate of increase in saturation slows down. Similar observations are also
reported from an experimental study that the moisture loss rate is significantly decreased in
longer-cured PC concrete due to a denser pore structure [447] and modelling results for the
carbonation of PC pastes [153, 203] show this region reflects the carbonation front between
carbonated and uncarbonated regions, assuming the cement hydration is almost complete. The

observed inflexion in the current study is related to the increased degree of slag reaction
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forming more C-(A)-S-H gel and ettringite, and the carbonation process precipitating CaCOs,
gypsum and Mg-Al-CO3-LDH, as shown in Figure 7-13a. These synergistic effects are
reflected in decreased liquid volume fraction (Fig. 7-12b), permeability (Fig. 7-12¢) and
effective diffusivity (Fig. 7-12d) for longer exposure time.

The liquid permeability and effective diffusion coefficient were affected by changes in
microstructure and saturation conditions, as explained in sections 7.3.3 and 7.3.4. These two
profiles of transport properties are shown in Figures 7-12c¢ and 7-12d, respectively. For liquid
permeability, the drying process from the exposure surface to the interior regions of the
specimen causes a significant decrease in liquid permeability due to a drop in saturation.
However, ionic diffusivity is more related to the available pore volume (liquid volume fraction)
which allows ionic migration to happen. The capillary pressure profile (Fig. 7-12¢) shows good

agreement with published studies [187, 203] as a function of water saturation.

Figure 7-12f shows the dissolved CO> in the pore solution along the CO, diffused direction.
Maximum CO> uptake is around 7.6 g per 100 g slag as shown on the exposure face, which
agrees with the power carbonation experiment of sodium sulfate-activated slag cements that
maximum CO; uptake of this material is between 7.5 g and 10 g per 100 g slag under 1 % CO:
and 65 % RH conditions [161]. This CO> profile will then be coupled with thermodynamic
modelling to predict the phase evolution at each point within the specimen in the following

section.
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Figure 7-11. CO» uptake profile (a) and saturation profile in the generated 3D model in 28
days cured sodium sulfate-activated slag cements after 1 year of accelerated carbonation
(55% RH and 1 % CO»)
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Figure 7-12. Simulated profiles of (a) saturation, (b) liquid volume fraction, (c) permeability,
(d) effective diffusion coefficient, (e) capillary pressure and (f) CO> uptake from the exposure
surface (distance 0) to the interior, in 28 days cured sodium sulfate-activated slag cements
after 14, 28, 56, 90 and 365 days of accelerated carbonation under 55 % relative humidity and
1 % CO2
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Figure 7-13a shows the phase evolution along the CO» ingress direction. From the inside of the
specimen to the exposure surface, decreased C-(A)-S-H gel and ettringite were observed with
the formation of CaCOs, gypsum, Mg-Al-CO3-LDH and aluminosilicate. This observation
shows a good agreement with experimental studies in Chapter 5 as characterised by XRD [160],
the spatial distribution of ettringite and Mg-Al-CO3-LDH as characterised by synchrotron
XRD-CT in Chapter 6, and other literature reporting experimental data [146, 161]. The
decalcification of C-(A)-S-H gel and decomposition of other reaction products happen at the
same time, as observed in this study, agreeing with other carbonation modelling results [76]
and experimental results in alkali-activated materials [68, 146]. Additionally, increased pore
solution content was observed, due to the decomposition of hydrated reaction products that
release the bound water. Although increased saturation in the pore structure during carbonation
was reported in PC-based cements [103, 152], it has not previously been described in sodium

sulfate-activated slag cements.

The precipitated CaCOs3 profile is presented in Figure 7-13b. A longer exposure time causes
more formation of CaCOs3. The trend of the CaCOs profile agrees well with the experimental
study for blended slag cements [328], PC pastes and mortar [152]. The capacity to estimate the
amount of CaCOs3 as carbonation reaction products in this framework provides potential
opportunities for future life cycle assessments (LCA) [448] and CO> curing mechanisms [119]
of novel cements based on user-defined specimen dimensions. Additionally, as shown in
Figures 7-11a and 7-13b, the spatially resolved CO; uptake is different at each depth due to
variations of microstructure properties and mineralogical properties, so it is important to

consider the spatial CO; profile in the calculation of bound CO: in the cementitious materials.

Figure 7-12b shows the pH profile, Ca/Si ratio and Al/Si ratio of C-(A)-S-H gel within the
simulated sample. Two steps of decalcification of C-(A)-S-H gel were observed, corresponding
to the removal of Ca®* from the interlayer and main-layer sites, respectively [115]. The Ca/Si
ratio in partially carbonated regions between 175 and 200 mm reaches a value of ~1, which
agrees well with experimental observations in 1-year sealed cured sodium sulfate-activated
slag cements as determined by SEM-EDX in Chapter 4 and deconvolution of 2?Si MAS NMR
spectra [257]. The Al in the bridging site of silicon tetrahedral chains, characterised as Q*(1Al)
by #Si MAS NMR [63, 84], is gradually consumed as more CO; travels inside from the
exposure surface. It is reasonable to define that a Ca/Si ratio lower than 0.7 [115] and a pH
value in the pore solution lower than 10.5 [150] reflects the carbonation front. Thus, the
carbonation depth in the current framework agrees well with the estimated phenolphthalein

carbonation depth [160], which further validates the accuracy of the framework.
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Figure 7-13. (a) Modelled phase evolution in 28 days cured sodium sulfate-activated slag
cements from exposure surface to the interior of the specimen after 1 year of accelerated
carbonation. (b) Precipitated weight percentage CaCOs as a function of depth (exposure
surface is distance 0), from 14 days to 1 year of accelerated carbonation in 28 days cured
samples. (c) Profiles of pH, Ca/Si ratio and Al/Si ratio of C-A-S-H gel. The fuchsia region
corresponds to the partially carbonated/uncarbonated region; the colourless region represents
the phenolphthalein carbonated region, which is estimated as a function of the square root of
the time [163]; x = 2.09+/t based on the experimental results of this material [131], where x

(mm) is the carbonation depth and t is the exposure time (days).
7.4.2 Simulation of 10 years natural carbonation

To simulate a decade of natural carbonation, the hydration simulation was adjusted so that the
maximum DoR in the uncarbonated regions was set to 80%. This approach is grounded in
experimental findings indicating that the highest DoR for blast furnace slag tends to stabilise
at approximately 80% in alkali-activated slag cements after both 8§ years [449] and 18 years of
reaction [53], as determined by deconvolution of 2Si MAS NMR spectra [450].
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Figure 7-14 illustrates the changes in transport properties and CO» profiles from 1 to 10 years
of natural carbonation. Before 3 years of natural exposure, both the slag reaction (in
uncarbonated regions), carbonation and moisture transport influence the transport properties.
After 3 years, the liquid volume fraction (Fig. 7-14b) and the effective diffusion coefficient
(Fig. 7-14d) remain relatively unchanged over time, attributed to the completion of the slag
reaction at 80%, which stabilises the porosity and tortuosity. Subsequently, moisture transport
becomes the predominant factor affecting CO, transport, as evidenced by the alterations in
saturation within the pore structure (Fig. 7-14a), pore solution permeability (Fig. 7-14c¢), and
capillary pressure (Fig. 7-14¢). A more pronounced inflexion region is observed in Figure 7-
14 (Fig. 7-14a, 7-14c, and 7-14e) after 10 years of natural exposure compared to 1 year of
accelerated carbonation at approximately 25 mm from the exposure surface. This variation can
be attributed to the accumulation of ettringite, C-(A)-S-H, and Mg-Al-COs-LDH, Figure 7-15a,
which contribute to a more complex and compact microstructure. Additionally, due to the lower
extent of carbonation and extended drying period, the volume of pore solution in specimens
exposed for 10 years naturally (Fig. 7-14a) is significantly lower throughout the specimen,

compared to 1 year of accelerated carbonation (Fig. 7-12a).

After 10 years of natural exposure, the dissolved CO: penetrates through the specimen.
Nevertheless, the maximum dissolved CO; (~7.6g per 100g of slag) under natural carbonation
(Fig. 7-14f) is similar to accelerated carbonation (Fig. 7-12f). This observation is corroborated
by experimental findings that the amount of bound CaCOs3 is comparable to the natural
carbonation of a powder for 120 days [105], and accelerated carbonation for 28 days in sodium
sulfate-activated slag cements [257]. Additionally, the maximum bound CO; content observed
in this study under natural carbonation aligns with the experimental results indicating uptake
of ~7g COz per 100 g of cement (slag+clinker) at the exposure surface in 75 % substituted slag
concrete after 10 years of natural exposure [451]. Figure 7-15b presents the precipitated mass
percentage CaCOs profile from 1 year to 10 years of natural carbonation. For extended natural
exposure (after 3 years), the DoR at each layer and the bound CO; are the main factors

determining the precipitated mass amount of CaCOs.

Figure 7-15c¢ depicts changes in the Ca/Si and Al/Si ratios of C-(A)-S-H gel, as well as the pH
values in the pore solution, after 10 years of natural carbonation. The decalcification process
of C-(A)-S-H gel is discussed in Sections 7.2.3.2 and 7.4.1. The Ca/Si and Al/Si ratio profiles
after 10 years of natural exposure are higher than those after 1 year of accelerated carbonation
under controlled environmental conditions (Fig. 7-13c). Notably, both ratios tend to stabilise
at around 1 and 0.1, respectively, from 100 mm to 200 mm of cover depth, closely associated
with achieving 80% of the maximum DoR in blast furnace slag (Fig. 7-15¢). This finding
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explains a more polymerised silicate structure in C-(A)-S-H under 1% CO: concentration,
evidenced by the formation of Q and Q* tetrahedral silicates [257], in contrast to natural
carbonation for 10 years. The latter predominantly features Q* and Q?(1Al) structures [84, 131]
in sodium sulfate-activated slag cements, where the foil-like C-(A)-S-H morphology may

contribute to a more impermeable microstructure [312, 329].

Although the phenolphthalein indicator shows the colour change for the solution at ~7.3 [452],
on-site experiments show pH value of ~10.5 corresponds to fully carbonated regions with
colouration change and does not necessarily drop below this value in fully carbonated sodium
carbonate-activated slag mortar [453], sodium silicate-activated slag mortar [453], sodium
silicate-activated fly ash/slag blended concrete [454, 455]. Only ~5.6 mm carbonation depth
was observed after simulated 10 years of natural carbonation. The simulated results align with
experimental data based on the square-root-of-time model, specifically in the colourless region
depicted in Figure 7-14c [131]. Few studies have reported on carbonation depth for long-term
natural carbonation of alkali-activated slag cements. The estimated carbonation depth in this
simulation generally agrees with experimental observations of ~3.2 mm in 70% substituted
slag blended concrete after 12 years of natural exposure with a water/binder (w/b) ratio of 0.4
[456], ~1.7 mm depth in sodium silicate-activated slag concrete after 8 years of exposure using
0.42 of w/b ratio [41] and ~12 mm depth in blended 75 %fly ash-25% slag geopolymer concrete
with 0.3 of w/b ratio [455]. These findings suggest that although 1 year of 1% CO; exposure
leads to significant phase alterations (Fig. 7-13a), a decreased pH value in the pore solution
(Fig. 7-13c), and ~40 mm of carbonation depth (Fig. 7-13c¢), such accelerated carbonation only
partially reflects the actual carbonation that sodium sulfate-activated slag cements might
undergo during their service life. This assertion further supports the recommendation of the
RILEM TC 247-DTA of using atmospheric levels of CO> concentration to realistically evaluate
the carbonation performance of alkali-activated concrete over its service life [133]. This further
validates the accuracy of the framework for natural service life estimation and underscores its
potential engineering significance. To achieve good carbonation resistance in SCMs-based
cement systems during their service life, it is crucial not only to enhance early reaction kinetics,
but also to ensure that the cementitious components can still react over extended periods of

curing and exposure.
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Figure 7-14. Simulated profiles of (a) saturation, (b) liquid volume fraction, (c) permeability,

(d) effective diffusion coefficient, (e) capillary pressure and (f) CO> uptake from exposure

surface to the interior in 28 days cured sodium sulfate-activated slag cements after 1, 2, 3, 6,

8 and 10 years of natural carbonation under 55 % relative humidity and 1 % CO> condition.
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Figure 7-15. (a) Modelled phase evolution in 28 days cured sodium sulfate-activated slag
cements from exposure surface to the interior of the specimen after 10 years of natural
carbonation. (b) Precipitated weight percentage CaCOs as a function of depth (exposure
surface is distance 0), from 1 year to 10 years of natural carbonation in 28 days cured
samples. (c) Profiles of pH, Ca/Si ratio and Al/Si ratio of C-A-S-H gel. The fuchsia region
corresponds to the partially carbonated/uncarbonated region; the colourless region represents
the phenolphthalein carbonated region, which is estimated as a function of the square root of
the time [163]; x = 0.07+/t is based on experimental results [131], where x is the carbonation
depth and t is the exposure time (days).
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7.5 Further validation by reported experimental results

To further wvalidate the proposed reactive-transport model presented in this chapter,
experimental results from the carbonation of 70% blended slag cements reported in the
literature [328] were used as a benchmark. The literature describes specimens cured for one
year prior to carbonation, which is assumed to have produced mature pastes [328], ensuring
that the degree of reaction of both Portland cement and slag remains relatively stable over time.
Tables 7-2 and 7-3 detail the chemical compositions of the Portland cement and slag,
respectively. The degree of Portland cement reaction (DoR) is assumed to be 80%, based on
the MPK model [173]; while the slag's DoR is taken as 50%, following Kolani et al. [457]. The

basic information and exposure conditions are summarised in Table 7-5.

Figure 7-16a illustrates the modelled phase evolution across the depth of the specimen, from
the exposure surface to the interior. Prior to carbonation (at a depth of 40 mm), the primary
hydration products in the 70% slag blend include C-S-H gel, ettringite, siliceous hydrogarnet,
stratlingite and Mg-Al-LDH, which aligns well with previously reported experimental and
modelling findings [159]. Portlandite is not predicted suggesting the completed pozzolanic
reaction between Ca(OH), and slag [458]. Notably, iron-siliceous hydrogarnet, typically
associated with elevated temperatures and long-term hydration [459, 460], has been identified
at room temperature in Portland cement pastes by synchrotron X-ray absorption spectroscopy
(XAS) after only one day of hydration [461]. This suggests that its formation may not be limited
to specific extreme conditions. Stritlingite is unstable in the presence of Portlandite [462],
which has been reported to form in high-alumina cements [463] and calcium sulphoaluminate
cements [464].

In the depth range from the interior to the exposure surface, a distinct increase in the formation
of CaCOs, aluminosilicates, and pore solution is observed, which can be attributed to the
decalcification of hydration products. The formation of aluminosilicates is closely related to
the decalcification of C-S-H gel, leading to increased silicate chain polymerisation and a higher
mean chain length (MCL) [357]. Although thermodynamic modelling predicts only the
formation of C-S-H gel due to the current limitations in the thermodynamic database,
experimental studies have demonstrated that aluminium content from slag tends to replace
bridging sites in silicon tetrahedra, forming Q?(1Al) units, and resulting in the production of
aluminium-substituted calcium silicate hydrate (C-(A)-S-H) in blended slag cement systems
[302, 357]. Future work should prioritise the development of thermodynamic databases that

can accurately represent the behaviour of C-(A)-S-H gel in blended slag cements.
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Figure 7-16b presents a comparison between the simulated weight percentage of the CaCOs
profile and experimental data from the literature [328] as a function of distance from the
exposure surface. The modelled carbonation profiles exhibit good agreement with the
experimental results, particularly in terms of the exposure distance and the distribution of
CaCO:s. This provides strong evidence that the reactive-transport model can reliably predict the

carbonation behaviour of blended slag cements under the given conditions.

Overall, these validation results highlight the capability of the model to predict both the
qualitative and quantitative aspects of carbonation in high-volume blended slag cements. The
agreement between the modelled phase distributions and the experimental data underscores the
robustness of the model assumptions, particularly regarding hydration product stability and
carbonation mechanisms. Nonetheless, further refinements, such as the inclusion of a more
comprehensive thermodynamic database for C-(A)-S-H gel in the blended cements system,
would enhance the predictive accuracy of the model and support its applicability across a

broader range of slag compositions and exposure scenarios.

Table 7-2. Input chemical composition of Portland cement as inputs from the literature [328]

Crystalline
composition Alite Belite Aluminate Ferrite Anhydrite Lime
(wt. %)
Portland
cement
DoR (%)
[173]

54.6 29.0 6.16 6.83 0.56 2.35

85 55 83 63 100 100

Table 7-4. Input chemical composition of slag as inputs from the literature [328]

Chemical
composition  CaO Si0; ADLO3 MgO Fe O3 K>0 SO;
(wt. %)
slag 39.86 34.85 11.90 9.78 0.47 0.29 1.69
DoR (%)

50
[457]




Table 7-5. Basic information as inputs collected from the literature [328]

Information

values

Water/binder ratio by weight
Mass of Portland cement
Mass of slag
Curing age
CO; concentration
Temperature
Relative humidity
Exposure time

Specimen dimension

0.5
450 g
1050 g
12 months
3 % (v/v)
20 °C
75 %
84 days
Width: 50 mm Height: 40 mm
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Figure 7-16. (a) Modelled phase evolution in 12 months cured blended slag cements with
70 % substitution from exposure surface to the interior of the specimen after 84 days of
accelerated carbonation. (b) Simulated weight percentage CaCOj3 and experimental data, as a
function of depth (exposure surface is distance 0). The experimental data is based on the
literature [328]

7.6 Conclusion

This study introduces a novel reactive-transport framework that integrates thermodynamic
modelling with the finite element method to predict chemical and physical alterations in
cementitious materials exposed to CO:. Unlike previous models, which often focus on isolated
processes, this framework comprehensively considers multiple interacting factors, including
cement hydration, carbonation, CO: dissolution, ionic diffusion, and moisture transport, along
with their evolving transport properties such as porosity, saturation, diffusivity, and
permeability. As a case study, the framework is applied to assess the carbonation performance
of clinker-free alkali sulfate-activated slag cements and high-volume blended slag cements, but

its flexible design allows for adaptation to virtually any cementitious system.
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What sets this framework apart is its holistic approach to analysing carbonation, offering a
clear step-by-step methodology for understanding and validating each physicochemical
process involved. This is a significant departure from conventional models that often present
mathematical equations as a final coupled result without sufficient guidance on individual
processes. This detailed process-by-process analysis makes the framework particularly
valuable in studying new cementitious systems, where reaction kinetics, phase assemblage,

transport properties, and degradation processes are not well understood.

Given the increasing demand for sustainable cements using diverse local supplementary
cementitious materials, whose physicochemical properties are largely unknown, this
framework provides a pioneering tool for predicting microstructural evolution, transport
properties, and durability performance. By offering a robust method for estimating the long-
term performance and potential longevity of novel cementitious materials under various
scenarios, this framework represents a critical step forward in sustainable cement development.

The key findings of this study are listed below:

e uCT scanned anhydrous slag and sodium sulfate-activated slag cements 3D images can
be used in determining 3D anhydrous slag particle distribution, tortuosity, diffusivity,
intrinsic permeability and degree of slag reaction in hardened sodium sulfate-activated

slag cements.

¢ The Ginstling-Brounshtein (G-B) equation is applied in sodium sulfate-activated slag
cements in predicting the degree of slag reaction. The simplicity of this equation only
requires the average radius of anhydrous particles and transport properties of ionic

species, which can be obtained from the analysis of uCT data.

e (Carbonation of sodium sulfate-activated slag cements causes an increase in pore
solution. The drying process causes a rapid change of saturation in the pore structure.
The combined effect of continued slag reaction and carbonation between dissolved
carbonic acid and cements pastes is significant in the region of the carbonation front.
An inflexion region is observed due to forming a denser pore structure at a higher DoR
in the interior of the sample. Before this region, the drying process caused increased
capillary pressure and reduced saturation at the exposure surface, leading to sharp
variation of permeability and diffusivity. After this region, the slag reaction and less
bound CO; produce a more compact microstructure, slowing down the moisture loss
via a reduction of permeability and diffusivity. This phenomenon becomes more

pronounced at prolonged exposure times.
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¢ Different CO; uptake and CaCOs profiles were observed for using 0.04 % and 1 % CO>
concentrations at the same 55 % and 20 °C for 10 years and 1 year of exposure, which
is fundamentally related to the variation of transport properties at each cover depth with
different DoR, as well as differences in pore fluid chemistry as a function of CO> partial
pressure. Simulated carbonation depth agrees well with experimental results, showing
that testing at 1 % CO; can only partially reflect the service life-defined performance

of sodium sulfate-activated slag cements.

This framework only requires a high-resolution pnCT scan of the specimen to model the
transport properties of the material and particle size distribution of anhydrous raw materials to
define reaction kinetics, minimising the use of other or input data. This framework could be
extended to simulate other durability stresses, such as chloride and sulfate ingress, in alkali-
activated materials, high-volume blended supplementary cementitious materials, or other novel
SCMs-based cementitious systems, whose reaction mechanism is unknown. The presentation
of this framework undoubtedly required comparison with experimental data and further
optimisation; however, this framework does provide a quick estimation of phase evolution,

CO» uptake and transport properties under the service life of the concrete.

Considering the rapid development of adapting different types of local SCMs for producing
sustainable cements, where the physicochemical properties are largely unknown, this
framework could provide a first estimation of microstructure evolution, transport properties
and durability performance of studied novel cements and estimate the potential longevity in
different scenarios.
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Chapter 8.

CONCLUSIONS AND FUTURE WORK

8.1 Conclusion

In summary, this thesis presents fundamental studies including the development, optimisation,
and life service prediction of sustainable, near-neutral salt sodium sulfate-activated slag
cements, addressing many current barriers to their widespread adoption. In Chapter 4, the
materials developed herein achieve mechanical properties, microstructure, and pore structure
comparable to, or even surpass, those of blended Portland cements. Contrary to general
observations and expectations, the amount of Al,O3 content in the slag does not reliably predict
cement performance. While pastes made with higher Al,O3 content slag exhibit faster reaction
kinetics, those using slag with a higher Mg/Al ratio demonstrate superior compressive strength
and reduced porosity over extended curing periods. Notably, Chapter 4 provides experimental
and modelling evidence of the long-term stability of hardened cements, with over 600 days of

characterisation, considering the effect of the slag composition.

In Chapter 5, significant differences in the phase assemblages were identified when pastes were
exposed to accelerated or natural carbonation, indicating that exposure to low CO:
concentrations (1%) does not induce comparable mineralogical or microstructural alterations
to those observed under natural carbonation conditions (500 days). No correlation between the
natural and accelerated carbonation rates was identified, suggesting that accelerated
carbonation exposure is unsuitable for determining the carbonation potential of sodium sulfate-
activated slag cement pastes. Furthermore, Na.SOs-activated slag mortar exhibited
compressive strength gain and excellent carbonation resistance under natural carbonation
conditions, demonstrating that the use of this near-neutral salt is beneficial for producing alkali-
activated binders with enhanced carbonation resistance. This is in contrast to the performance
observed when using silicate or hydroxide solutions as primary activators. This chapter
provides novel insights into the physicochemical CO; interaction mechanisms with the studied

materials and underscores the importance of selecting appropriate methodologies for studying
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the carbonation of sodium sulfate-activated slag cements and establishing realistic long-term

carbonation models based on experimental fundamentals.

Furthermore, Chapter 6 has made significant advancements in understanding these systems
through the pioneer application of time-resolved synchrotron techniques. Specifically, it
couples X-ray diffraction computed tomography (XRD-CT) and X-ray microcomputed
tomography (uCT) to study sodium sulfate-activated slag cements. This chapter also includes
the development of machine-learning approaches for processing and interpreting imaging data.
The analysis provides the first irrefutable evidence of Mg-Al-SOs-layered double hydroxide
(LDH) phase formation and its spatial distribution in studied materials, underscoring its critical
role in CO; sequestration. The integration of uCT and XRD-CT with the developed research
methodologies and trajectories in this thesis represents a significant step forward, enabling
rapid and reliable estimation of the carbonation resistance and CO; binding capacity of alkali-

activated slag cements.

The accumulated experimental fundamentals in chapters 4, 5 and 6 help to validate and
optimise both thermodynamic and transport models in the development of a 3D realistic service
life prediction framework in chapter 7. This tool not only simulates the evolving chemistry of
cements under CO> exposure and the corresponding changes in pore structure but also aids in
designing materials resilient to climate change. The developed framework allows users to
customise mix designs, chemical compositions, dimensions of specimens and carbonation
conditions for sodium sulfate-activated slag cements with the capacity to export the CO uptake,
transport properties and phase assemblage evolution along the cements cover depth. The
modelling approach spans multiple length scales of cementitious materials to simulate
deterioration processes in cementitious materials and aids in designing slag cements tailored to
local slag chemistries available globally. This comprehensive modelling framework, unique to
complex physicochemical changes like those studied here, offers insights into selecting slags
that are highly compatible with specific activators, enhancing the sustainability and durability

of alkali-activated slag cements.

This framework can be adapted and extended to other low-carbon cements due to its
fundamental-driven approach, particularly for predicting the performance of supplementary
cementitious materials-based concrete under various service conditions, thus enhancing the
safety and durability of future concrete infrastructure. This research represents a substantial
advancement in understanding the long-term durability of concrete infrastructure. It provides

valuable tools for predicting and planning necessary repairs in ageing infrastructure, such as
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reinforced autoclaved aerated concrete (RAAC), which has posed significant challenges in vital
UK infrastructure.

8.2 Directions for future work

The work presented in this thesis has provided irrefutable evidence that near-neutral salts
sodium sulfate-activated slag cements exhibit satisfactory mechanical properties,
microstructure stability, and carbonation resistance, with potential for application in various
industrial settings. The research methodology and trajectory employed in the analysis and
interpretation of 3D and 4D tomography data provide a workflow for applying advanced
tomographic techniques to other SCM-based systems. The reactive-transport frameworks
developed using 3D uCT images offer realistic service-life models and templates for predicting
the performance of SCM-based concrete infrastructure. To further enhance and bolster
confidence in using near-neutral salts-activated slag cements and the associated service-life

model, the following research questions and tentative resolutions are listed below:

1. The primary reaction products, C-(A)-S-H gel, contribute to over 50% of the volume
percentage of pastes and are the main strength-giving phase in concrete. While some studies
have synthesised C-(A)-S-H gel with varying Ca/Si and Al/Si ratios to understand their
chemistry in alkali-activated slag cements, systematic studies suggest that hardened cement
pastes provide a more representative understanding of the morphology, Ca/Si and Al/Si ratios
of C-(A)-S-H gel, and the Mg/Al ratio of LDH phases, supported by TEM-EDX analysis. To
enhance understanding of the C-(A)-S-H nanostructure and validate TEM-EDX results,
quantification through 2°Si MAS NMR is needed. This method would offer detailed insights
into the volume percentages of each silicate species, the degree of reaction, the Al/Si ratio, and
the Ca/(Al+Si) ratio, supported by the universal relationship, mean chain length, and site
occupancy factor. Despite challenges in deconvolving ?°Si MAS NMR data due to the
incongruent dissolution of blast furnace slag at the neutral pH values typically seen in sodium
sulfate-activated slag cements, recent experiments indicate that the pH value in fresh pastes
and pore solutions can exceed 12.5 [465-467], aligning with promising compressive strength
and degree of reaction comparable to that of blended cements found in this study. Therefore,
the deconvolution of 2?Si MAS NMR in sodium sulfate-activated slag cements is not supposed
to be problematic for advancing understanding of the nanostructure of C-(A)-S-H in this system,
by carefully following the well-documented data processing steps. It is reasonable to

hypothesise that there are certain principles beyond all sulfate-activated cement systems.
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2. The durability of cementitious materials is fundamentally contingent upon mass transport
within porous media. The remarkable aspect of these materials is that their pore sizes range
from nanometres to millimetres, with each scale offering unique scientific insights. Developing
a full-scale 3D pore structure model for alkali-activated slag cements presents an interesting
research topic, supported by laboratory-based techniques and machine learning technology.
Although laboratory methods such as mercury intrusion porosimetry (MIP) are destructive and
carry inherent assumptions, they still provide a valuable engineering perspective with certain
accuracy using more accessible techniques. Utilising these 3D full-scale models could
significantly enhance predictions of mass transport in alkali-activated slag cements across a

wide range of life service applications.

3. The formation of microcracking is expected to happen during carbonation processes.
Autogenous shrinkage, drying shrinkage, and carbonation shrinkage occur concurrently and
contribute to the observed cracking [468]. Different exposures (CO2 concentration, temperature
and relative humidity) can affect the stress distribution and the type of cracks [227]. Stress
distribution is not considered in the current framework due to a lack of fundamental
understanding of this research topic. Future experimental studies in near-neutral salt slag
cements are needed to establish numerical modelling in shrinkage and crack development,

which can then be coupled into the current framework based on the finite element method.

4. In the current framework, microstructure and transport properties of geometrical specimens
were characterised based on thermodynamic modelling, including the degree of slag reaction,
phase evolution, and porosity, while transport properties such as tortuosity, diffusivity, and
permeability were determined through modelling of nCT images. This approach is designed to
simulate the transport of CO; and moisture on the millimetre-centimetre scale within the
specimen. Ideally, CO, transport modelling should incorporate the actual CT-scanned pore
structure. Currently, even synchrotron X-ray tomography, limited to small sample size
(diameter: 2 mm) for observing pores as small as 2.1 um, challenges the accurate simulation
of real-life infrastructure service. With advancements in GPU technology, machine learning-
based scaling algorithms have the potential to accurately simulate the pore structure of
cementitious materials across scales from nanometres to metres. This is achieved by processing

a large dataset of uCT images from the same samples [469-471].

5. The presentation of the reactive-transport model is limited to paste specimens in this thesis,
due to computational limitations of the desktop workstation with 128 GB RAM (random access
memory) used in this study. For modelling concrete service life, the random seeding algorithm

can help to define the spatial distribution of fine and coarse aggregate and pCT scans of those
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raw materials are needed to define the sphericity of those particles, which can affect the
transport properties by orders of magnitudes [392]. Seeding fine and coarse aggregates in
machine learning generated full-scale pore structure for real service concrete infrastructure and
running the entire framework proposed in this study would be an interesting follow-up study,
with the support of a supercomputing cluster.
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