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Summary

Alkali-activated slag (AAS) materials, composed of blast furnace slag as precursor and alkali
solutions as activators, are emerging as sustainable alternatives in construction due to their
significantly lower CO: emissions compared to traditional Portland cement (PC) -based
materials. These cement-free binders often demonstrate comparable or even superior
mechanical properties and chemical resistance. However, long-term durability remains a
concern, particularly in humid environments where AAS materials are more susceptible to
degradation than PC materials.

Leaching has been identified as the primary deterioration phenomenon in AAS materials
under humid environments, yet the underlying mechanisms remain poorly understood.
Additionally, efflorescence, characterised by white deposits on the material surface, is
believed to be a consequence of leaching. However, the relationship between leaching and
efflorescence in AAS materials remains unclear, necessitating further investigation. This thesis
aims to bridge these knowledge gaps by investigating the leaching behaviour of AAS materials
at multiple scales and developing effective strategies to mitigate efflorescence.

To systematically explore leaching mechanisms, three C-(N-)A-S-H gels, with varying Ca/Si and
Al/Si ratios, were synthesised using the sol-gel method. Their leaching behaviours in water
were studied experimentally, while further insights into ion dissolution discrepancies were
provided by molecular dynamics (MD) simulation. The results revealed that Na showed a
significantly higher leaching rate than other ions, with gels containing a higher Ca/Si ratio and
a lower Al/Si ratio showing a higher Na leaching potential. Solid-state NMR analysis indicated
structural changes in gels after immersion, with longer mean chain lengths attributed to the
charge compensator redistribution within the gel interlayer.

The degradation of AAS pastes subjected to leaching was investigated in both sodium
hydroxide (NH) and sodium silicate (NS) activation systems. The impacts of leaching on the
pore solution chemistry, slag reaction, phase assemblage, and pore structure were studied.
Initially, leaching lowered the pH of the pore solution, inhibiting further slag reaction and
reaction product formation. Over time, leaching resulted in gel decomposition, leading to a
coarser pore structure and a reduction in compressive strength. Comparatively, NS pastes
exhibited greater resistance to leaching, attributed to their denser pore structure. To predict
the long-term pore structure degradation, a diffusion-dissolution model was developed.
Simulated results indicated that after 10 years of water immersion, significant pore structure
deterioration was confined to a depth of 1.5 mm, while gel reorganisation due to the leaching
of Na extended up to 100 mm.

Despite their superior resistance to leaching, NS pastes developed significant cracks after
water immersion, with crack severity increasing alongside higher silicate moduli. Chemical
changes in AAS pastes with varying silicate moduli (m=0, 0.5, 1, and 1.5) were analysed pre-
and post-immersion. Additionally, the simulation result indicated that the paste with high
silicate moduli (m=1 and 1.5) showed a larger gradient of water content. The wetted part
relaxed pore pressure locally, inducing compressive stress at the surface and tensile stress at
the centre. If the tensile stress exceeds the material’s tensile strength, cracking initiated at the
centre and can even further propagate to the surface.
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Efflorescence in AAS paste cylinders was examined under semi-contact water conditions.
Higher alkali dosages, coarser pore structures, and lower relative humidities were found to
accelerate efflorescence formation. NS pastes were more susceptible to cracking under these
conditions, further promoting efflorescence product formation along cracks. A quantitative
evaluation method was developed to assess efflorescence severity by measuring Na content
in efflorescence deposits. The study confirmed a positive correlation between Na leaching and
efflorescence intensity and clarified efflorescence mechanisms in both NH and NS systems.

An aluminosilicate-based lightweight fine aggregate (LWFA), specifically expanded shale, was
employed to mitigate efflorescence in NH mortars. Substituting sand with LWFA at 20% and
50% by volume reduced the efflorescence by 14.6% and 43%, respectively. The mitigation
mechanisms of LWFA were unveiled in terms of gel chemistry, pore solution and pore
structure. The pozzolanic reaction of LWFA contributed additional Si and Al to the system,
enhancing Na ion binding within gels and reducing its availability for efflorescence formation.
Additionally, the internal curing effect of LWFA densified the surrounding pastes, hindering
ion and water transport, thereby further restricting efflorescence development. Notably,
LWFA incorporation improved the flexural strength of mortars without significantly
compromising compressive strength.

This study advances the understanding of leaching behaviours and the resulting structural
changes in C-(N-)A-S-H gels. The developed diffusion-dissolution and water transport models
offer valuable insights into microstructural degradation and crack formation in AAS materials
exposed to humid conditions. Furthermore, the proposed quantitative method provides new
insights into efflorescence assessment, and the introduction of LWFA offers an efficient
strategy to mitigate the efflorescence of AAS concretes. The findings contribute to both
academia and industry by enhancing fundamental knowledge of AAS durability and guiding
the development of more sustainable and durable AAS materials for construction applications.



Samenvatting

Alkali-geactiveerde slakmaterialen (AAS), samengesteld uit hoogovenslak als precursor en
alkalische oplossingen als activatoren, verschijnen als duurzame alternatieven in de bouw
vanwege hun aanzienlijk lagere CO,-uitstoot vergeleken met traditionele materialen op basis
van Portlandcement (PC). Deze cementvrije bindmiddelen vertonen vaak vergelijkbare of zelfs
betere mechanische eigenschappen en chemische bestendigheid. De duurzaamheid op lange
termijn blijft echter een punt van zorg, met name in vochtige omgevingen waar AAS-
materialen gevoeliger zijn voor degradatie dan PC-materialen.

Uitloging is geidentificeerd als het belangrijkste degradatieverschijnsel van AAS in vochtige
omstandigheden, maar de onderliggende mechanismen zijn nog onvoldoende begrepen.
Daarnaast wordt uitbloeiing — gekarakteriseerd door witte afzettingen op het
materiaaloppervlak — beschouwd als een gevolg van uitloging. De relatie tussen uitloging en
uitbloeiing bij AAS is echter onduidelijk en vereist verder onderzoek. Dit proefschrift heeft tot
doel deze kennishiaten te dichten door het uitlooggedrag van AAS op meerdere schalen te
onderzoeken en effectieve strategieén voor het beperken van uitbloeiing te ontwikkelen.

Om de uitloogmechanismen systematisch te bestuderen, werden drie C-(N-)A-S-H-gels met
verschillende Ca/Si- en Al/Si-verhoudingen gesynthetiseerd via de sol-gelmethode. Hun
uitlooggedrag in water werd experimenteel onderzocht terwijl verdere inzichten in de
verschillen van het oplossen van ionen werden verkregen met moleculaire dynamica (MD)-
simulaties. De resultaten onthullen dat Na een duidelijk hogere uitloogsnelheid vertoonde dan
andere ionen; gels met een hogere Ca/Si-verhouding en een lagere Al/Si-verhouding hadden
een grotere mogelijkheid voor Na-uitloging. Vaste-stof NMR-analyse wees op structurele
veranderingen in de gels na onderdompeling, waarbij de toegenomen gemiddelde
ketenlengte werd toegeschreven aan herverdeling van ladingscompenserende ionen in de
tussenlaag van de gel.

De degradatie van AAS-pasta’s onder uitloging werd onderzocht in zowel natriumhydroxide-
(NH) als natriumsilicaat- (NS) geactiveerde systemen. De effecten van uitloging op de chemie
van de porie-oplossing, de slakreactie, fase-samenstelling en poriestructuur werden
bestudeerd. In de beginfase werd de pH van de porie-oplossing verlaagd door uitloging,
waardoor verdere slakreactie en de vorming van reactieproducten werden geremd. Na
verloop van tijd leidde uitloging tot afbraak van gel, wat resulteerde in een grovere
poriestructuur en een afname van de druksterkte. Vergelijkenderwijs vertoonden NS-pasta’s
een relatief grotere weerstand tegen uitloging, wat werd toegeschreven aan hun dichtere
poriestructuur. Om de lange termijn degradatie van de poriestructuur te voorspellen, werd
een diffusie-oplossingsmodel ontwikkeld. Gesimuleerde resultaten wezen uit dat na 10 jaar
dompeling in water significante aantasting van de poriestructuur beperkt bleef tot een diepte
van ongeveer 1,5 mm, terwijl herstructurering van de gel door Na-uitloging zich kon
uitstrekken tot circa 100 mm.

Ondanks de grotere weerstand tegen uitloging ontwikkelden NS-pasta’s na onderdompeling
in water aanzienlijke scheurvorming, waarbij de hevigheid van de scheur toenam bij hogere
silicaatmoduli. Chemische veranderingen in AAS-pasta’s met verschillende silicaatmoduli (m =
0, 0,5, 1 en 1,5) werden zowel véér als na onderdompeling geanalyseerd. Simulatiegegevens
gaven bovendien aan dat pasta’s met hoge silicaatmoduli (m =1 en 1,5) een grotere gradiént



X|Page Samenvatting

in waterinhoud vertoonden. Het bevochtigde deel liet lokaal de poriedruk ontspannen, wat
compressiespanningen bij het oppervlak en trekspanningen in het centrum veroorzaakte. Als
die trekspanningen de treksterkte van het materiaal overschrijden, ontstaan er vanuit het
centrum scheuren die zich naar het oppervlak kunnen uitbreiden.

Uitbloeiing in cilinders van AAS-pasta werd bestudeerd onder half-contact watercondities.
Hogere alkalihoeveelheden, grovere poriestructuren en lagere relatieve vochtigheid
versnellen de vorming van uitbloeiing. NS-pasta’s waren onder deze omstandigheden
gevoeliger voor scheurvorming, wat de afzetting van uitbloeiingsproducten langs de scheuren
verder bevorderde. Er werd een kwantitatieve evaluatiemethode ontwikkeld om de ernst van
uitbloeiing te beoordelen door het Na-gehalte in de uitbloeiafzettingen te meten. De studie
bevestigde een positieve correlatie tussen Na-uitloging en de intensiteit van uitbloeiing en
verduidelijkten de uitbloeimechanismen in zowel NH- als NS-systemen.

Een op aluminosilicaat gebaseerd lichtgewicht fijn toeslagmateriaal (LWFA), te weten
geéxpandeerde schalie, werd ingezet om uitbloei in NH-mortels te beperken. Vervanging van
zand door LWFA met 20% en 50% in volume verminderde de uitbloeiing respectievelijk met
14,6% en 43%. De mitigatiemechanismen van LWFA werden verklaard vanuit de gelchemie,
de porie-oplossing en poriestructuur. De puzzolaanreactie van LWFA leverde extra Si en Al aan
het systeem, wat de binding van Na-ionen in de gels versterkte en hun beschikbaarheid voor
uitbloeiing verminderde. Daarnaast zorgde het interne uithardings-effect van LWFA voor
verdichting van de omliggende pasta’s, waardoor ionen- en watertransport werd belemmerd
en de ontwikkeling van uitbloeiing verder werd geremd. Opmerkelijk was dat toevoeging van
LWFA de buigsterkte van mortels verbeterde zonder de druksterkte significant nadelig te
beinvioeden.

Dit onderzoek vergroot het begrip van uitlooggedrag en de daaruit voortvloeiende structurele
veranderingen  in  C-(N-)A-S-H-gels. De  ontwikkelde diffusie-oplossings- en
watertransportmodellen bieden waardevolle inzichten in microstructurele degradatie en
scheurvorming van AAS-materialen die aan vochtige omstandigheden worden blootgesteld.
Bovendien levert de voorgestelde kwantitatieve methode nieuwe mogelijkheden voor de
beoordeling van uitbloeiing, en biedt de toepassing van LWFA een effectieve strategie ter
beperking van uitbloeiing in AAS-beton. De bevindingen dragen bij aan zowel de wetenschap
als de industrie door het fundamentele begrip van AAS-duurzaamheid te verdiepen en de
ontwikkeling van duurzamere en betrouwbaardere AAS-materialen voor bouwtoepassingen
te ondersteunen.
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Introduction

1.1 Research background

In light of the growing international concern regarding global warming and CO, emissions,
numerous nations and industries are actively engaging in initiatives aimed at achieving a
“carbon neutral” status in the coming decades. Considering that at least 8% of global
emissions emanate from the cement industry [1], conventional construction manufacturing
bears a significant responsibility to mitigate such a colossal carbon footprint. Despite
continuous efforts by researchers and engineers in this domain to devise innovative
techniques for cleaner production, cement manufacturing remains an energy-intensive
industry, primarily due to its inherent reliance on fossil fuels. So far, global conventional
concrete production is estimated to reach approximately 6 billion tons each year [2], which is
still a fundamental material for the development of human society. Therefore, to address this
challenge without compromising the increasing demand for building materials, the
exploration and development of alternative cementitious materials emerges as a pivotal
pathway to curtail the carbon contributions stemming from the building sector.

Alkali-activated materials (AAMs) have emerged as crucial components in the current and
future toolkit of sustainable building materials, attracting widespread attention in both
academic and industrial areas [3]. Since these cement-free materials are normally synthesised
by industrial by-products and solid wastes, they can deliver a huge reduction of CO; emission
in comparison with conventional concrete products. More importantly, AAMs can exhibit
comparable or even superior properties to traditional cementitious materials in some
aspects, such as early strength development, chemical resistance, and thermal endurance [4—
6]. Hence, AAMs are regarded as promising building materials for engineering practice.

However, despite the advantages offered by this sustainable binder, it is essential to
acknowledge and address its considerable issues. Among these challenges, leaching stands
out as a frequently encountered issue under curing and serving conditions, which deserves
heightened attention and concern. In essence, leaching is the process through which
constituents of solid materials are released into a liquid phase. Although both cementitious
materials and AAM systems share the problem of leaching when exposed to humid
conditions, the resulting impacts on the properties of materials are quite different. The
fundamental distinction arises from the unique chemical reactions and reaction products
involved in these two materials. More specifically, AAMs gain strength through alkaline
activation while cement materials are hardened via hydration. In cement systems, extra water
supply can facilitate the continued hydration of unhydrated clinkers, which contributes to an
improved microstructure development of the matrix [7,8]. Conversely, external water
supplies appear to reduce the pore solution alkalinity. This may not only hinder the reaction
of precursors but also disrupt the stability of reaction products in AAMs thermodynamically,
leading to the coarsening of pore structure or compromising the structural integrity [9-11].

Despite previous studies reporting unsatisfying properties of AAMs after leaching [9-15],
there remains limited knowledge to elucidate the underlying mechanisms. The impacts of
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leaching on the dissolution behaviours and structural evolution of gels, precursor reaction,
pore solution, pore structure and overall structural integrity remain unclear. Clarifying the
mechanisms of leaching in AAMs is essential not only for a better understanding of their
reduced performances subjected to water exposure but also for developing optimal mix
designs and reliable predictive models for AAMs.

Moreover, efflorescence, as a derivative issue of leaching, refers to the occurrence of whitish
deposits that occasionally manifest on or in proximity to the surface of porous construction
and building materials [16]. The formation of efflorescence products contains a succession of
physicochemical reactions, primarily characterised by the interaction between leached alkali
(earth) metal ions with carbonate ions. As a consequence of the limited availability of alkali
metal ions, efflorescence products predominantly consist of calcium carbonate in
cementitious materials [17]. These products typically exhibit a loose and fluffy texture [18],
which is merely considered an aesthetic problem [19]. However, efflorescence in AAMs is
much more pronounced than in PC materials, attributed to the unique chemistry involved.
The activation process of precursors introduces a large amount of alkali metal ions. Na, as the
most prevalently used alkali metal ion, usually shows weaker bonding within the gel structure
and higher mobility in the pore solution than Ca [20]. These characteristics facilitate the
migration of Na to the surface of materials under moist conditions, where Na can react with
(bi)carbonate ions to the formation of sodium (bi)carbonate [21-25]. The excessive formation
of efflorescence products has the potential to induce considerable expansion, which can be
detrimental to the stability of the matrix [26]. Hence, efflorescence in AAMs is not only a
cosmetic concern but could potentially evolve into a structural issue.

However, the efflorescence mechanisms of AAMs have not yet been fully clarified in the
existing literature. For instance, the effects of efflorescence on the phase assemblage, pore
structure, and mechanical properties of AAMs remain largely unknown. The relationship
between leaching and efflorescence also needs to be established. A universally accepted
method for the quantification of efflorescence is still lacking, making precise assessment
challenging. Furthermore, previous mitigation methods have mainly focused on the binder
level, but many of the strategies have proved ineffective in industrial applications. Therefore,
an effective strategy for mitigating efflorescence in AAMs is expected to be developed.

1.2 Research aim and objectives

This thesis aims to understand the mechanisms of leaching and efflorescence of AAS materials
and to develop an effective method to mitigate efflorescence. To fulfil the research aim, the
following objectives are defined:

@ to clarify the leaching behaviours of ions in synthetic C-(N-)A-S-H gels

€ to investigate the structural change of synthetic C-(N-)A-S-H gels due to leaching
to reveal the leaching mechanisms of AAS pastes

to predict the microstructural deterioration of AAS pastes induced by leaching
to unveil the cracking mechanisms of AAS materials under water immersion

to understand the efflorescence mechanisms of AAS pastes

L K K R B 4

to mitigate the efflorescence of AAS mortars by lightweight fine aggregate (LWFA)
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1.3 Research scope

C-(N-)A-S-H gels were synthesised using the sol-gel method (chemical solutions). Due to the
lack of fly ash and metakaolin, ground granulated blast furnace slag (GGBFS) is the
predominant precursor used in AAM production in the Netherlands. Hence, slag served as the
sole precursor, activated by sodium hydroxide (NH) solutions and sodium silicate (NS)
solutions to prepare AAS materials. No admixture was used. Efflorescence of AAS materials
was obtained by the bottom of the sample being in contact with water.

1.4 Research strategy

The research covers studies of leaching and efflorescence of AAS materials at gel, paste, and
mortar scales, as schematically illustrated in Figure 1.1.

As the starting point of this thesis, | initiated an exploration into the C-(N-)A-S-H gel, which is
the main reaction product in AAS materials. Three stoichiometrically tailored gels with
representative ranges of Ca/Si and Al/Si ratios in AAS materials were synthesised using the
sol-gel method. The leaching behaviours of ions in gels were experimentally monitored, and
the discrepancy in the leaching of Ca and Na ions in different gels was fundamentally revealed
by molecular dynamics (MD) simulation. Additionally, the structural evolution of gels induced
by the leaching of Na ions was comprehensively explored by NMR.

Subsequently, | employed AAS pieces to investigate the impact of water immersion on the
pore solution, slag reaction, phase assemblage, and pore structure of AAS pastes, and to
reveal the leaching mechanisms. Then, | used bulk cylindrical samples to specifically identify
the microstructural deterioration of pastes resulting from leaching. A thermodynamics-based
diffusion-dissolution model was developed to predict the deteriorated depth of AAS materials
subjected to leaching in the long term. In addition, the structural integrity of prismatic AAS
pastes with different silicate moduli was compared underwater. A water transport model was
established to understand the cracking mechanisms of pastes with high silicate moduli.

The efflorescence of AAS pastes was observed when exposed to different atmospheres. A
novel method to quantitatively determine efflorescence was proposed by calculating the Na
amount in efflorescence products. The relationship between leaching and efflorescence was
established, and the efflorescence process of AAS pastes was elucidated. LWFA was employed
to mitigate the efflorescence of AAS mortars. The underlying mechanisms were revealed in
terms of paste chemistry, pore solution and pore structure.
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Multi-scale investigations on the leaching of AAS materials
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Figure 1.1. Schematic diagram of multi-scale investigations on leaching and efflorescence of
AAS materials.

1.5 Research outline

The outline of this thesis is shown in Figure 1.2, which can be subdivided into five parts. Part
l'includes a general introduction and a literature survey related to this research. Part Il covers
the leaching of synthetic C-(N-)A-S-H gels, which are the main reaction products in AAS
materials. Part Il presents the leaching mechanisms of AAS materials at paste scales. Part IV
focuses on the efflorescence mechanisms and mitigation strategy of AAS materials. Finally,
Part V highlights the conclusions, contributions and perspectives of this thesis.

Chapter 1 introduces the research background, aim, objectives, scope, and strategy of this
thesis.

Chapter 2 provides a literature survey regarding the leaching and efflorescence of AAS
materials.

Chapter 3 shows the leaching behaviours of synthetic C-(N-)A-S-H gels and investigates the
leaching potential of Ca and Na ions using MD simulations.

Chapter 4 concentrates on the structural evolution of synthetic C-(N-)A-S-H gels due to the
leaching of Na.

Chapter 5 examines the leaching mechanisms of AAS pastes in terms of pore solution, slag
reaction, phase assemblage, paste chemistry, pore structure and compressive strength.

Chapter 6 studies the microstructural deterioration of AAS pastes subjected to water
immersion with depth. A diffusion-dissolution model is developed to predict the degradation
of pore structure over a prolonged period.
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Chapter 7 focuses on the cracking mechanisms of AAS pastes with high silicate moduli
underwater. A water transport model is established to elucidate the underlying mechanisms.

Chapter 8 presents the efflorescence of AAS pastes under different conditions. An effective
guantitative method is introduced. The relation between leaching and efflorescence is
established. The efflorescence process and the critical impacting factors are discussed.

Chapter 9 explores the effectiveness of LWFA on efflorescence mitigation in AAS mortars. The
impacts of LWFA on paste chemistry, pore solution, and pore structure of AAS mortars are
investigated to reveal the mechanisms behind.

Chapter 10 summarises the general conclusions and scientific contributions of this thesis.
Recommendations for AAS materials concerning leaching and efflorescence in engineering
practice and perspectives for further research are provided.

Part I: Introduction and literature survey

| Chapter 2: Literature survey |

I
I
1
:| Chapter 1: Introduction |
|
1
I

Part I1: Leaching of synthetic gels

I
1
I
:| Chapter 3: Leaching behaviours of C-(N-)A-S-H gels |
I
1
1
I

| Chapter 4: Structural evolution of C-(N-)A-S-H gels |

Part I1I: Leaching of AAS pastes

| Chapter 5: Leaching mechanisms of AAS pastes |

| Chapter 6: Prediction of microstructural deterioration |

| Chapter 7: Cracking mechanisms of AAS pastes |

Part IV: Efflorescence of AAS materials

I
}
1
:| Chapter 8: Efflorescence mechanism of AAS pastes
1
I
1
1

I
| Chapter 9: Efflorescence mitigation of AAS mortars | :
I

! ), ',

Figure 1.2. Research outline of this thesis
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Chapter 2

Literature survey

2.1 Introduction

This chapter gives a state-of-the-art literature review on the leaching and efflorescence of
alkali-activated slag (AAS) materials. It begins with a concise overview of the reaction products
and microstructure formation of AAS materials. The discussion then shifts to a comparative
analysis of the properties of Portland cement (PC) and AAS materials subjected to leaching.
Studies exploring the leaching mechanisms of AAS pastes and synthetic C-(N-)A-S-H gels are
summarised. Efflorescence, as a derivative issue of leaching, is subsequently introduced, with
a focus on its occurrence in both PC and AAS materials. The mechanisms underlying
efflorescence and potential strategies for its mitigation in AAS systems are reviewed. The
chapter concludes by identifying critical knowledge gaps in the understanding of leaching and
efflorescence phenomena in AAS materials.

2.2 General introduction of AAMs

Alkali activation refers to the chemical reaction between a solid calcium silicate or
aluminosilicate material (referred to as the “precursor”) and an alkaline solid or liquid. This
concept was first explored in 1908 [27]. Since then, numerous researchers have dedicated
their efforts to advancing this field, with a primary goal of developing sustainable alternative
binders to PC [3].

Alkaline activators typically include caustic alkalis (MOH), silicates (M,0:nSiO,), and weak
base salts (M,CO3, M,SiO,, etc.), where “M” represents alkali metal cations such as sodium
(Na) or potassium (K). Na-based activators are more commonly used due to their lower cost
compared to K-based alternatives. Among these, NaOH and Na,0-nSiO, are the most widely
employed, as their high pH levels promote early strength development.

The precursors of AAMs are derived from a diverse range of sources, including natural
pozzolans, industrial by-products, mineral residues, and agricultural wastes [3,6,28,29].
Commonly used precursors, such as blast furnace slag, fly ash, and metakaolin, are favoured
for their hydraulic and pozzolanic reactivity, as these properties also make them suitable for
PC systems. These precursors react under alkaline conditions to release ions that contribute
to the formation of hardened reaction products. The reaction of the precursor depends not
only on its chemical composition and structure but also on the nature of the alkaline activator
used. Figure 2.1 illustrates the reaction process and products during the alkali activation of
precursors. Based on the chemical composition, the precursors can be roughly categorised
into two types.

High-Ca precursors: Blast furnace slag, a representative high-Ca material, typically shows an
amorphous structure and high reactivity at ambient temperatures. The main reaction product
is calcium (sodium) aluminosilicate hydrates (C-(N-)A-S-H gels). This gel resembles the C-(A-
)S-H gel found in PC systems but features a lower Ca/Si ratio, a higher Al/Si ratio, and higher
alkali metal contents. Compared to C-(A-)S-H gels, C-(N-)A-S-H gels exhibit a more cross-linked
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structure (see Section 2.3.2.3 for detailed information). In slag-based systems with moderate
to high magnesium contents, hydrotalcite-like phases may also form as secondary products.

Low-Ca precursors: Materials like fly ash and metakaolin exhibit higher levels of crystallisation
and polymerisation, resulting in lower reactivity compared to high-Ca precursors. Elevated
curing temperatures are often necessary to achieve satisfactory early strength unless high
alkali and silicate moduli are used. In these systems, the primary reaction product is N-(C-)A-
S-H gels or N-A-S-H gels. Overall, the Ca content in gels is positively related to that in
precursors. With decreasing Ca content, gels evolve from C-(N-)A-S-H gels, to N-(C-)A-S-H gels
and eventually to N-A-S-H gels. As this study focuses on AAS materials, the subsequent
sections of this literature review will mainly summarise the leaching and efflorescence
behaviours of slag blended systems.
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Figure 2.1. Reaction process and products of alkali activation of solid aluminosilicate
precursors with high or low calcium contents [29].



Chapter 2 9|Page

2.3 Leaching

Leaching is the process by which constituents of solid materials are released into a liquid
phase. This phenomenon is observed in both PC-based materials and AAS materials, whether
during curing or in service. This section begins with an overview of leaching research in PC-
based materials. Then, studies focusing specifically on AAS materials are discussed, examining
the impact of leaching on the mechanical properties and long-term durability. Finally, the
discussion concludes with the leaching mechanisms of AAS materials, drawing insights from
studies on pastes and synthetic gels. It should be noted that the mitigation strategies for
leaching are excluded in this section due to limited research on this topic.

2.3.1 Leaching of PC-based materials

The pore solution in PC-based materials typically maintains a high pH, ranging from 12.5 to
13.9 [30,31], depending on factors such as cement type, water-to-binder ratio, and initial
alkali content. While PC-based materials are generally stable in alkaline environments,
prolonged exposure to water can induce a form of “chemical corrosion” [32]. Researchers
have conducted experiments and simulations on the impact of leaching on cement pastes
[33-36]. The primary degradation processes include the dissolution of calcium hydroxide and
the decalcification of C-S-H gels [32,34,36]. Additionally, the leaching resistance of cement
pastes is influenced by the porosity of the matrix [36], the addition of supplementary
cementitious materials [34], external chemical environments [33,35] and the pore solution
alkalinity [34].

Interestingly, while leaching can have adverse effects, external water exposure can also
benefit PC-based materials. Bentz et al. [37] found that water-immersed cement exhibited
higher hydration degrees than sealed samples. Similar findings have been reported in another
study [38], which demonstrated that cement can hydrate under external water exposure.
Continuous hydration is beneficial for the reduction of large capillary pores and the
densification of microstructure.

Water curing also enhances the mechanical properties and durability of PC-based materials.
For instance, Shafiq et al. [39] observed that moist curing decreased oxygen diffusion and
water permeability in concrete compared to dry conditions. Bhalodia et al. [40] reported
higher compressive strength in water-cured concrete than in samples cured under sealed
conditions. Similarly, Han et al. [41] noted that shrinkage in ultra-high-performance concretes
was greater under sealed conditions than under water immersion. This shrinkage reduction
under high-humidity conditions occurs because water immersion mitigates self-desiccation
effects [42].

Accordingly, while leaching can cause some degradation in PC-based materials, it is not
generally considered a significant problem due to the beneficial effects of hydration
promoted by external water. However, leaching in AAS materials presents unique challenges
compared to PC-based materials.

2.3.2 Leaching of AAS materials

2.3.2.1 Impacts of leaching on AAS materials

Leaching has been shown to negatively impact the mechanical properties and durability of
AAS materials. Yao et al. [11] reported a negative development of compressive strength of
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AAS pastes during 90 d of water immersion. This decline was attributed to an increase in
mesopores and macropores in water-immersed samples compared to those under ambient
conditions. Similarly, Abdollahnejad et al. [43] found that water-immersed AAS samples
exhibited lower compressive strengths than their sealed counterparts, as a result of higher
porosity in the immersed samples. Additional studies by Nedeljkovi¢ et al. [44], Zhang et al.
[45] and Seving [46] corroborated these findings, consistently showing lower compressive
strength under immersed conditions than sealed conditions. In addition to compressive
strength, Liu et al. [47] investigated the flexural strength and elastic modulus of AAS mortars
under water immersion, as shown in Figure 2.2. They found that sodium silicate-based (NS)
mortars were more susceptible to water immersion than those activated by NaOH (NH).
Specifically, the flexural strength of NS mortars decreased during the immersion of 90 d.
However, water curing was found to support the development of the elastic modulus of AAS
mortars more effectively than ambient conditions.

Nedeljkovi¢ et al. [48] investigated the effect of curing conditions on the carbonation
resistance of AAS pastes. The samples were cured for 56 d and then exposed to accelerated
carbonation conditions (1 vol.%) for 500 d. They found that the moist-cured samples showed
a higher depth of CO; penetration than sealed samples. Wei et al. [49] investigated the acid
resistance of one-part AAS pastes. The samples were cured for 28 d and then exposed to
sulphuric acid ponding. They found that water-cured samples had poorer resistance to acid
attack than sealed samples. This was attributed to significant leaching during water curing,
resulting in a coarser microstructure. Liu et al [47] studied the effects of curing conditions on
the sorptivity, carbonation and freeze-thaw resistances of AAS mortars. The samples were
first cured for 28 d and then exposed to different testing conditions. As shown in Figure 2.2,
water curing increased the water sorptivity of AAS mortars compared to sealed curing. While
the carbonation depth of AAS mortars under sealed and water curing was comparable, water-
immersed samples were found to be more susceptible to freeze-thaw cycles. This was likely
due to the degradation of pore structure, which became unable to withstand the crystalline
pressure induced by ice formation.

Moreover, unexpected cracks have been observed in AAS pastes under moist and water
conditions, raising concerns about their durability [14,15,50]. Hubler et al. [14] found cracks
on AAS pastes subjected to underwater conditions, attributing the issue to stress gradients
within the samples. Maghsoodloorad et al. [50] identified cracks in alkali-activated
phosphorus slag pastes exposed to hydrothermal curing after 1 d of pre-curing in moist
conditions (Figure 2.3A). These cracks were hypothesised to result from the instability of
reaction products in the matrix. Similarly, Hwang et al. [15] investigated the effect of MgO
content on AAS pastes under sealed and water curing conditions. As shown in Figures 2.3B
and C, visible cracks were observed in both elongated strips and small cubes of AAS samples
after water immersion. The severity of cracking was more pronounced in samples with slag
containing higher MgO contents and finer particle size distributions. They assumed this
phenomenon to be the elevated formation of hydrotalcite-like phases, which may induce
internal stresses leading to cracking. Despite these observations, the mechanisms underlying
cracking in AAS materials under water immersion remain unclear, and no consensus has been
reached within the research community.
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Figure 2.2. A comparative analysis of mechanical properties, volume stability, and durability
of AAS mortars under various conditions [47]. “FS”, “CS”, “Em”, “Sh”, “So”, “FT” and “C” refer
to flexural strength, compressive strength, elastic modulus, shrinkage, sorptivity, and freeze-
thaw and carbonation depth, respectively. “a”, “s”, “f”, “w” and “I” indicate the ambient,
sealed, fog, water and limewater curings, respectively. The NaOH (NH) and Na,SiOs-based

(NS) mortars were evaluated individually.
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Figure 2.3. Cracking of AAMs under high-humidity conditions. (A) alkali-activated phosphorus

slag after hydrothermal curing [50]; (B—C) strips and cubes of AAS pastes after water
immersion [15].
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2.3.2.2 Leaching mechanisms of AAS pastes

As discussed in Section 2.3.2.1, reduced mechanical properties and durability of AAS materials
subjected to moist or water conditions are generally attributed to leaching. Historically, the
leaching mechanisms of AAS materials have been studied. Pawar et al. [51] investigated the
influence of sealed and fog curings on the pore solution of AAS pastes. A substantially lower
concentration of Na ions was detected in the pore solution of samples under moist conditions
compared to sealed conditions. Nedeljkovi¢ et al. [48] also reported a lower pH of pore
solution in the samples under moist curing. They further found that the samples under moist
conditions exhibited a coarser microstructure, resulting in poorer resistance to carbonation.
Srinivasamurthy et al. [52] studied the impact of fly ash-to-slag ratio and alkali dosages on the
leaching behaviour of AAS pastes. The inclusion of slag reduced porosity, hindering the
leaching potential of Na and Si. However, the degradation of gels due to leaching was
identified, resulting in lower flexural and compressive strengths of AAS materials.

Accordingly, the leaching of alkali metal ions is a well-documented phenomenon in AAS pastes
exposed to water immersion. However, there remains no consensus on the impact of leaching
on AAS pastes. A deeper understanding of the leaching mechanisms is necessary.

2.3.2.3 Leaching mechanisms of C-(N-)A-S-H gels

C-(N-)A-S-H gel is the predominant reaction product in Ca-rich AAMs (Section 2.2). In contrast
to the C-(A-)S-H gel in the PC system, C-(N-)A-S-H gel shows a lower Ca/(Si+Al) ratio (0.6-1.2)
and a higher Al/Si ratio (0.1-0.3) [53-61]. This distinct chemical composition results in a more
cross-linked structure, predominantly composed of Q?, with some Q' and Q3 configurations
[56,62]. In pure AAS systems, the gels are generally non-cross-linked, as depicted in Figure 2.4.
The employment of alkali activators introduces Na* ions, which become chemically
incorporated into the interlayers of C-(N-)A-S-H gels to balance the negative charges arising
from silicon-aluminium substitution [57]. The uptake of alkali metal ions is associated with
the elemental composition of gels, with a higher content observed in the gel with a higher
Al/Si ratio and a lower Ca/(Si+Al) ratio. Besides, a high degree of Si substitution by Al
effectively enhances the mean chain length and the degree of polymerisation of the
aluminosilicate tetrahedra within C-(N-)A-S-H gels.

Understanding the leaching behaviour of C-(N-)A-S-H gels is essential to unveil the leaching
mechanisms of AAS materials. To eliminate the interference of other phases, synthetic C-
(N-)A-S-H gels were often employed, with elemental ratios comparable to those found in real
AAS systems. Myers et al. [56] studied the leaching behaviour of C-(N-)A-S-H gels equilibrated
at 50 °C. With the increase of the Ca/Si ratio of gels, the ion concentration of Si decreased,
whereas the ion concentration of Ca increased in the leachate. Additionally, the concentration
of Al in the leachate decreased with the increase of Ca/Si ratios but increased with the
increase of alkali contents. These ion concentrations were used to calculate the solubility
products of C-(N-)A-S-H gels, contributing to the database for thermodynamic modelling.
However, the property change of gels before and after leaching was not discussed.
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Research specifically focusing on the leaching of C-(N-)A-S-H gels subjected to water
immersion was limited. Nonetheless, studies examining the behaviour of these gels under
acidic conditions provide valuable insights. Wang et al [59] investigated the degradation of C-
(N-)A-S-H and N-A-S-H gels exposed to sulfuric acid solutions. Both gels showed increased
polymerisation in acidic environments. Dealumination and decalcification were observed in
the C-(N-)A-S-H gels, along with considerable and rapid losses of Na and minor losses of Si.
The presence of gypsum in the exposed samples led to severe expansion cracking. Jin et al.
[63] provided insights into the decalcification process of C-(A-)S-H gels in NH4Cl solutions.
Decalcification enhanced the length of silicate chains and increased the polymerisation
degree within the gel network. This process resulted in a phase transition from C-(A-)S-H gels
to amorphous Al-Si gels and a nanomorphological change from a foil-like structure to a
flocculent one. Additionally, mild decalcification coarsened the gel pore, while severe
decalcification led to significant volume contraction and densification of gel pores. The gel
with a moderate Al content showed increased structural stability during the decalcification.

In addition to experimental characterisations, computational methods including density
functional theory (DFT), MD simulation and Grand Canonical Monte Carlo (GCMC) simulation
are powerful computational strategies that can also provide valuable insight into the leaching
behaviour of gels [64,65]. A common methodology to simulate the ionic diffusion in the
nanopore of gel is the so-called “slit pore models”, as shown in Figure 2.5. The diffusion
coefficients obtained from these simulations can mirror the leaching behaviour of ions.
Pioneering work by Kalinichev et al. [64] applied this method to simulate the dynamics of Na
and Cs ions in nanoconfined water within C-S-H gels. The inner-sphere, outer-sphere, and
non-absorbed cations were distinguished, and their diffusion behaviours were characterised
through atomic density and diffusivity profile. Their results verified that cations could
integrate into the gel surface. Pan et al. [66] found that the diffusion coefficient of Na ions
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proximate to gel substrates was lower than that situated at a great distance from the
substrates. Jiang et al. [67] stated that the absorption capacity of monovalent cations on the
surface of C-S-H increased as the ionic radius decreased, following the order Na* > K* > Cs*.

Despite extensive experimental and computational research on the leaching of gels,
significant gaps remain in understanding the leaching mechanisms of C-(N-)A-S-H gels. Key
aspects, such as the specific leaching behaviour, associated elemental changes, and the
structural evolution of these gels before and after leaching, are not yet fully elucidated.
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Figure 2.5. (a) A schematic representation of the construction process of “slit pore models”. (b)
An equilibrated bulk C-S-H gel model is shown (left), and an equilibrated bulk C-S-H gel with a
slit nanopore created by the expansion of the interlayer (right) [65].
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2.4 Efflorescence
2.4.1 Efflorescence of PC-based materials

Efflorescence refers to the whitish deposits that appear on or near the surface of materials
[68], often observed on new or recently constructed cementitious materials. These deposits
mainly consist of calcium carbonate [17] and typically feature a loose and fluffy texture [18].
Dow et al. [18] investigated the formation mechanisms of efflorescence on PC-based building
materials. The involved physicochemical reactions are depicted in Figure 2.6. Six primary
processes govern the formation of efflorescence. Under moist conditions, a thin water film
forms on the surface of the materials, which facilitates the dissolution of atmospheric CO;
and its conversion into aqueous species. Simultaneously, the concentration gradient between
the water film and pore solution drives the migration of free cations, such as Ca ions, from
the pore solution and reaction products to the surface. Once sufficient ions accumulate in the
water film, calcium carbonate precipitates due to its low solubility, leading to the formation
of visible efflorescence.

PROCESSES

CO,(g) dissolving in H,O
AIR

@
(2 \ WATER (5) (6)
®

Conversion of CO, to aqueous species

Release of alkali

— A Dissolution of calcium
CEMENT Diffusion of reactants through solution

@O®E O

Precipitation of calcium carbonate
Figure 2.6. Schematic diagram of the formation of efflorescence on PC-based materials [18].
2.4.2 Efflorescence of AAS materials

In PC-based materials, efflorescence presents an aesthetic concern and poses minimal
structural risk. However, in AAMs, efflorescence can have more severe implications due to
their significantly higher alkali metal ion content compared to PC materials [69]. These alkali
ions form weak bonds with the gel structure and are highly mobile in the pore solution.
Additionally, subflorescence [18], the efflorescence beneath the surface of materials, can
induce significant expansion, leading to structural damage if the resulting expansive stress
exceeds the tensile strength of AAS materials. Figure 2.7 shows the efflorescence of alkali-
activated fly ash pastes at 7 and 90 d. Over time, portions of the cylindrical samples spalled,
indicating material deterioration due to the formation and expansion of efflorescence
products within the matrix. Hence, efflorescence in AAMs is considered not only a cosmetic
concern but also a potential structural problem [26]. In this section, the formation mechanism
of efflorescence in AAS materials is first introduced. Then, research on the influential factors
governing efflorescence is summarised. Finally, mitigation strategies for efflorescence are
discussed.
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Figure 2.7. Efflorescence of alkali-activated fly ash pastes in contact with water at the bottom
after (a) 7 d and (b) 90 d [23].

2.4.2.1 Formation mechanisms of efflorescence

The formation mechanisms of efflorescence in AAS materials share similarities with those in
PC systems (Figure 2.6). However, the distinct phase assemblage of efflorescence products in
AAS systems arises from differences in chemical reactions within these materials. In AAS
systems, alkali components play dual roles: the OH" disrupts the structure of slag, while the
Na*ion contributes to counterbalancing the charge within the gel structure. Normally, excess
alkali is typically added during the preparation of AAS materials, resulting in a high
concentration of free alkali ions in the pore solution. Compared to Ca in PC systems, Na in
AAS materials exhibits significantly higher mobility and concentration in the pore solution [69].
Na can readily migrate to the surface of materials under moist conditions. Unlike calcium
carbonate, sodium carbonate does not form immediately upon migration due to its high
solubility. Instead, as water evaporates from the surface, the concentration of ions increases,
leading to the gradual appearance of white deposits. The deposits are typically composed of
hydrated sodium carbonate (Na,COs-xH,0) [11,22,23,26], which forms according to the
following chemical reaction (Equation 2.1) [18].

2Na+(dissolved) + CO32-(dissolved) + XHzo(liquid) - NazCO3 'XHZO{solid) (21)
2.4.2.2 Influential factors of efflorescence

As discussed in Section 2.4.2.1, efflorescence formation in AAS materials is primarily driven
by the leaching of alkali metal ions. Based on previous work, three main factors governing
leaching and efflorescence can be classified: alkali dosages, gel chemistry and microstructure.

Alkali dosages

Allahverdi et al. [70] investigated the correlation between the alkali activators, compressive
strength and efflorescence in AAS pastes. The paste with a lower alkali content showed a
lower compressive strength but less intensive efflorescence. Conversely, higher alkali dosages
resulted in denser microstructures and increased compressive strength but also exacerbated
efflorescence. Similar findings were also reported by Srinivasamurthy et al. [71], Jia et al. [72]
and Liu et al. [73], who reported that an increased alkali dosage enhanced the leaching of Na,
intensifying efflorescence potential.
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Gel chemistry

Xiao et al. [11,74] investigated the effect of slag contents (0%, 25%, 50%, 75% and 100%) on
the efflorescence of alkali-activated slag and fly ash (AASF) pastes. Their findings revealed
that higher slag contents (>50%) resulted in faster and more intense efflorescence. As
mentioned at the end of Section 2.2, Ca-rich systems (more slag) favour the formation of C-
(N-)A-S-H gels while calcium-poor systems (more fly ash) favour the formation of N-A-S-H gels.
As Na is more strongly bound in N-A-S-H gels than in C-(N-)A-S-H gels, the paste with more
slag was more susceptible to efflorescence [75]. In contrast, Srinivasamurthy et al. [76]
reported that the inclusion of slag (ranging from 10% to 30%) reduced the efflorescence of
AASF pastes by promoting the formation of N-(C-)A-S-H gels, which lowered the open porosity
of the matrix. Jia et al. [72] further stated that the paste with gels with lower Na/Si ratios and
higher degrees of polymerisation showed reduced efflorescence. Additionally, Ali et al. [77]
reported that the substitution of slag with waste glass powder minimised the efflorescence
of the AAS paste. The introduction of waste glass contributed to generating gels with lower
Ca/Si and higher Al/Si ratios, which hindered the visual efflorescence [77].

Microstructure

Zhang et al. [22,26] found that the incorporation of sodium silicate and slag effectively
reduced initial efflorescence in fly ash-based geopolymers. Similar results were reported in
[23,71,73,76,78,79], highlighting that slag and soluble Si contributed to microstructure
densification, which hindered the mobility of Na ions within the matrix and lowered the
efflorescence severity. Moreover, a prolonged curing period also contributes to the
densification of the microstructure. Yao et al. [11] noted that AAS pastes pre-cured for 60 d
exhibited a slower efflorescence rate than those cured for only 7 d. Similarly, Zhang et al [80]
reported that pre-curing for 3 and 7 d improved both the compressive strength and
efflorescence resistance of AAS materials compared to that pre-cured for only 1 d.
Additionally, elevated curing temperatures are also effective in mitigating efflorescence
[22,81,82], as an increased curing temperature can accelerate the reaction of precursors
during early ages, promoting the development of a denser microstructure that reduces
efflorescence.

2.4.2.3 Mitigation strategies for efflorescence of AAS materials

Numerous studies have been dedicated to developing mitigation strategies for the
efflorescence of AAS materials. The most commonly employed and effective approach
involves the addition of admixtures, which can be classified into Al-rich admixtures, cation
exchange admixtures, nanoparticles, hydrophobic agents and other chemical admixtures. It
should be noted that certain potential mitigation methods, such as decreasing alkali dosage,
incorporating slag and soluble Si, and elevating curing temperatures, have been introduced
in Section 2.4.2.2.

Al-rich materials

Kani et al. [81] found that the incorporation of calcium aluminate cement was effective in
reducing both alkali leaching and efflorescence. The additional Al raised the Al/Si ratio in gels,
resulting in a more cross-linked gel structure. This improved structure decreased the mobility
of Na ions, limiting their potential for efflorescence. Similarly, Maghsoodloorad et al. [50]
reduced the efflorescence in alkali-activated phosphorus slag binder through the
incorporation of Al-rich cements. Zhang et al. [83] addressed the efflorescence in alkali-
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activated steel slag by adding high Al-based solid waste. This contributed to the formation of
N-A-S-H gels, which presented enhanced absorption of alkali metal ions.

Cation exchange agents

Wang et al. [84] found that 5A zeolite effectively inhibited the efflorescence of AAS binder.
The pH of the pore solution decreased with the increase in dosage of 5A zeolite. This was
attributed to the exchange of Na ions in the pore solution with Ca ions from the zeolite. This
cation exchange decreased Na concentration while increasing Ca concentration, leading to a
lower alkalinity in the pore solution and inhibited efflorescence. Furthermore, 5A zeolite
acted as a filler, which densified the pore structure and improved the compressive and
bending strengths of AAS binders with moderate dosages. Huang et al. [85] compared the
efficiency of cation exchange between 5A zeolite and vermiculite. They claimed that both
materials effectively decreased the concentration of Na in the pore solution. However, 5A
zeolite exhibited a faster and stronger exchange effect but a lower overall exchange capacity
than vermiculite.

Nanoparticles

Wang et al. [86] found that the addition of nano-silica reduced the porosity and pore size of
the matrix, effectively alleviating efflorescence. Smaller nano-silica particles demonstrated a
more pronounced effect [87]. Silica fume is a frequently used nanoparticle in AAMs, as it has
shown promising effects in microstructural refinement, permeability reduction and strength
improvement [88-90]. A denser microstructure resulting from silica fume has been confirmed
to impede efflorescence [90,91]. However, Saludung et al. [91] attributed this reduction to a
decreased Na/Si ratio of gels [91]. This study revealed that the sample with silica fume had a
lower leaching rate of Na ions despite having comparable porosity to samples without silica
fume. This indicated that silica fume is conducive to the binding of sodium ions, further
mitigating efflorescence.

Hydrophobic agents

Xue et al. [24] found that the silane surface modification substantially enhances the
hydrophobicity of the surface of AAMs. As illustrated in Figures 2.8 (a—c), silane-treated
samples display increased water contact angles, indicating improved water repellence. This
treatment reduced water absorption and moisture evaporation, effectively lowering the
leaching of alkali metal ions and visual efflorescence (Figures 2.8 d and e). Moreover, surface
modification with polydimethylsiloxane and mica also inhibits the efflorescence of AAS
materials by filling large capillary pores, reducing overall porosity and creating a waterproof
surface [92]. This would suppress both alkali leaching and efflorescence.

Other than surface treatment, the introduction of organic chemicals through direct addition
to the mixtures [93] and aggregate treatment [94] has been explored. Wu et al. [93] added a
caltite solution to AASF mortars. The filter membrane of alkaline stearate was generated
during the reaction between caltite and alkaline activators, which contributed to minimising
the leaching of Na ions and reducing the surface efflorescence fraction from 92.2% to 2.8%.
Pasupathy et al. [94] employed two hydrophobic agents, fumed silica and silane créme, for
coating the sand in AASF concretes. Both agents reduced the efflorescence of AASF concretes,
with fumed silica performing better than silane creme. In addition, fumed silica improved the
compressive strength of concretes, while the silane creme showed a detrimental effect, likely
due to retardation during the polymerisation process.
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Figure 2.8. Appearance of water drops on the surface of AAMs (a) with 120 s immersion of
silane treatment, (b) with 60 s immersion of silane treatment, and (c) without treatment.
Visual observation of efflorescence of AAMs (d) with and (e) without silane treatment [24].

Other admixtures

Tang et al. [95] found that the addition of calcium hydroxide mitigated the efflorescence of
AAS mortars. The inclusion of calcium hydroxide promoted the formation of C-(N-)A-S-H gels.
On one hand, these additional gels enhanced the total binding capacity of Na ions, as
indicated by the leaching of both powder and bulk samples. On the other hand, an elevated
content of calcium hydroxide densified the microstructure, reducing water absorption and
hindering the migration pathway for Na ions. Zhao et al. [96] investigated the effect of rice
husk ash on the efflorescence of AAS pastes. They found that the addition of rice husk ash
increased the pore connectivity and water absorption rate. In contrast, the formation of
cavities in the matrix with rice husk ash lowered the water evaporation rate, with a higher
dosage exhibiting lighter efflorescence.

2.5 Problem definition

Due to their different chemical reactions compared to PC-based materials, AAS materials are
more vulnerable to leaching. The adverse effects of leaching on the mechanical properties
and durability of AAS materials were reported, and the underlying mechanisms were studied
at the paste and gel levels. Additionally, as a derivative problem of leaching, efflorescence
poses not only aesthetic concerns but also structural challenges for AAS materials. The
formation mechanisms, influential factors and mitigation strategies of efflorescence for AAS
materials were summarised according to previous work. However, knowledge gaps on
leaching and efflorescence of AAS materials still exist based on the following aspects:

1. The main reaction product in AAS systems, the C-(N-)A-S-H gels, lacks a comprehensive
understanding of its leaching mechanisms. The leaching behaviour, chemical composition
changes and structural evolution of C-(N-)A-S-H gels subjected to water immersion have
been scarcely reported. A deeper understanding of the role and mobility of alkali metal
ions within the gel structure is essential.

2. Although leaching-induced degradation in AAS materials has been confirmed, the specific
mechanisms behind reduced mechanical properties and durability remain unclear.
Additionally, cracking problems of AAS materials subjected to leaching have been
observed, whereas the underlying mechanisms are controversial and not well-defined.

3. The efflorescence mechanisms of AAS materials have not been fully clarified, particularly
the impact of relative humidity on efflorescence remains unclear. The relationship
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between leaching and efflorescence is not well-established. The cracking during the
efflorescence of AAS materials also needs to be further understood.

4. Current mitigation strategies for efflorescence primarily focus on the binder and paste
levels. However, in mortars and concretes, aggregates constitute a considerable portion
of the mass and volume, yet their role in efflorescence mitigation remains unclear.
Research on upscaling efflorescence mitigation strategies for AAS mortars and concretes
is needed.

2.6 Conclusions

Based on the literature survey on the leaching and efflorescence of AAS materials, the
following conclusions are summarised:

1. Under high-humidity conditions, PC-based materials exhibited better strength and
microstructural development than under ambient or sealed conditions. Conversely, AAS
materials were more vulnerable to high-humidity conditions, exhibiting inferior
mechanical properties and durability compared to those maintained under sealed
conditions.

2. A lower pore solution alkalinity and deteriorated microstructure of AAS pastes were
identified after water leaching, leading to reduced properties of AAS materials.
Additionally, cracks have been observed in AAS pastes subjected to high-humidity
conditions, while the underlying mechanisms have not yet reached a consensus.

3. Due to their high alkali content, AAS materials were prone to showing more severe
efflorescence than PC-based materials. Efflorescence posed both aesthetic and structural
concerns for AAS materials. Alkali dosages, gel chemistry and microstructure were three
critical influential factors for efflorescence.

4. Mitigation strategies for the efflorescence of AAS materials have been developed through
the addition of various admixtures, including Al-rich materials, cation exchange agents,
nanoparticles, hydrophobic chemicals and other additives. Typically, the mitigation
mechanism was attributed to reducing the leaching of Na in AAS materials. Upscaling
efflorescence mitigation strategies for AAS mortars and concretes was required.
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Leaching behaviour of synthetic C-(N-)A-S-H gels

3.1 Introduction

The C-(N-)A-S-H gel serves as the primary reaction product in AAS systems, exhibiting a lower
Ca/(Si+Al) ratio (0.6 —1.2) and a higher Al/Si ratio (0.1 —0.3) compared to the C-(A-)S-H gel in
PC systems [60,61]. Additionally, Na ions can be absorbed by the interlayer of C-(N-)A-S-H gels,
effectively compensating for the negative charges induced by Si-Al substitution [57]. While
there has been some research on the properties of synthetic C-(N-)A-S-H gels using both
experimental methods [57-59] and atomic simulations [65,97—-101], as discussed in Chapter
2, most studies have focused on C-(A-)S-H gels in PC systems. Due to the weak binding and
high mobility of Na ions, C-(N-)A-S-H gels have leaching problems. However, the leaching
behaviours of ions in C-(N-)A-S-H gels, particularly Na ions, which are absent in normal PC
systems, are rarely investigated.

Given that the leaching of ions is the fundamental process when AAS materials are exposed
to water, a better understanding of this issue is of great significance. In this chapter, | first
synthesised three types of C-(N-)A-S-H gels with varying Ca/Si (0.8 and 1.2) and Al/Si (0.1 and
0.3) ratios, which represent typical elemental ratios in AAS systems. Then, | measured the ion
concentration in the leachate of gels and quantified the leaching ratio of different ions. Finally,
| calculated the dissolution free energy of Ca and Na in the gel with different Ca/Si and Al/Si
ratios employing MD simulations with the metadynamics method. The diffusion coefficient of
Ca and Na ions in the nanopore between the gel substrates with different compositions was
simulated to investigate the mobility of alkali metal ions in the pore solution.

3.2 Experiments
3.2.1 Gel synthesis

The gel in this work was synthesised through the sol-gel method [102]. The gel synthesis was
carried out using solutions of 0.6 M NaSiO3-5H,0, 0.24 M Ca(NOs)2:4H,0, 0.12 M
Al(NO3)3-9H,0, and 10 M NaOH, the latter utilised for pH adjustment. All solutions were
prepared using deionised water as the solvent. The proportions of the solutions were tailored
to the targeted elemental ratios presented in Table 3.1. The gels were named following the
format “target Ca/Si_target Al/Si” in the gels. The Ca/Si (0.8 and 1.2) and Al/Si (0.1 and 0.3)
ratios of the gels were tailored to cover the common range of elemental ratios in AAS
materials [103,104]. It should be noted that the high solubility of Si and Al and low solubility
of Ca under high alkaline conditions [105] implies that the molar Ca/Si ratios calculated from
the reactants are lower than the target Ca/Si ratio in gels (Table 3.1).

Part of this chapter is published on:
C. Liu, Y. Tao, S. Nie, Y. Chen, Z. Li, C.S. Poon, G. Ye. (2025) Dissolution of cations in C-(N,K-)A-S-H gels at the
nanoscale. Composites Part B: Engineering.
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Figure 3.1. Procedures of gel synthesis and storage.

During the synthesis process, high-purity N, from a gas cylinder was progressively released
into the glove box containing all experimental setups for at least 20 min, with the valve
opened to the external environment. This process aimed to exhaust any residual air present
in the glove box. Then, the valve was closed and the recirculation mode was initiated, which
allowed the whole gel synthesis process to be carried out under a pure N, atmosphere with
standard atmospheric pressure. Figure 3.1 shows the procedures of gel synthesis and storage.
The solutions were carefully added drop-by-drop into a conical flask following the order of
NaOH, Na3SiOs, Al(NOs)s, Ca(NOs),, and deionised water (Figure 3.1A), and constant stirring
was applied for 7 d in the sealed conical flasks to maintain a constant environment (Figure
3.1B). Following the experiments, the valve was reopened and all the samples and reactor
were removed. Both the supernatant and the newly formed gels were collected following
centrifugation (Figure 3.1C). The pH values of the supernatant from the 0.8_0.1, 0.8_0.3, and
1.2_0.3 gelswere 14.2,14.1, and 14.1, respectively, as measured by titration. These pH values
align with the pH of pore solutions in real AAS pastes [69]. To further purify the freshly formed
gels, a thorough washing procedure was applied. This involved three successive treatments
with deionised water (500 ml each time) and a single wash with absolute alcohol (500 ml).
Each washing cycle took place in an ultrasonic bath for two minutes (Figure 3.1D). Subsequent
to the washing, the gel samples were freeze-dried for 3 days (Figure 3.1E). Afterwards, the
gels were finely ground into powders and stored in a desiccator prior to the measurements
[55,106,107], where the desiccator contained a saturated CaCl; solution (relative humidity
(RH) = 30%) and solid NaOH serving as a CO; trap.
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Table 3.1. Component of chemical solutions for C-(N-)A-S-H gels synthesis. (unit: ml)

((T::;’cg’?_t Agl‘/a';) 0.6M Na;SiOs  0.24M Ca(NOs),  0.12M AI(NOs);  10M NaOH  H,0
0.8.0.1 80 100 40 50 80
0.8.03 80 100 120 50 -
1.2.0.3 50 150 75 50 25

Table 3.2. Chemical compositions and elemental ratios of the synthetic gels.

(Zi;ff,.e_t AgI?ISSi) Ca0  Si0,  ALOs Na,O  Ca/Si  Ca/(Si+Al) Al/Si  Na/Si
0801 407 509 37 47 085 078 009 0.8
0803 383 461 85 71 089 074 021 029
1203 491 415 75 19 127 105 021 0.9

The chemical composition of gels measured by X-ray fluorescence (XRF), along with the
calculated atomic ratios of synthetic gels, is shown in Table 3.2. It can be seen that the
obtained atomic ratios of gels closely align with the targeted ones. The phase assemblage of
the synthetic gels was identified by X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer with CuKa radiation (1.54 A), with a step size of 0.02° and a dwell time of 5 s
per step.

3.2.2 Leaching test

In order to monitor the leaching behaviour of the gels, around 0.500 g (+ 0.005 g) of gel was
immersed in 100 g of deionised water within a polyethene bottle at 20 °C. The bottle was
shaken every 10 min for the first hour and then every 30 min from 1 h to 6h. After 5 min, 10
min, 30 min, 1 h, 3 h, and 6 h of water immersion, the leachate was extracted using a 0.22 um
syringe-driven filter by Millex®, respectively. The ion concentration of Si, Al, Ca, and Na in the
obtained leachate was measured using a PerkinElImer Optima 5300DV inductively coupled
plasma optical emission spectroscopy (ICP-OES). Then, the leaching amount of ions can be
determined. Finally, the leaching ratio of a certain ion (leaching amount/total amount) can be
calculated if the total amount of that ion in gels is available. To this end, around 0.100 g (+
0.005 g) of solid was dissolved in 100 ml of 0.1 M HCl solution. Upon the complete dissolution
of the solid phase, the leachate was collected, and the ion concentration was measured by
ICP-OES. The leaching ratio of ions is a parameter that can reflect the leaching stability of ions.

3.3 Atomistic simulation

3.3.1 Model construction

In C-(N-)A-S-H gels, Na ions typically exhibit similar behaviour to Ca ions, while Al ions and Si
ions serve as anionic groups (i.e., [AlOa6] and [SiOa]) for charge balance [108]. In this regard,
the equivalent Ca/Si ratio of C-(N-)A-S-H is estimated by the (Ca+Na)/(Al+Si) ratio. The value
of the (Ca+Na)/(Al+Si) ratio for synthetic gels is similar to (slightly higher than) the Ca/Si ratio
of the 14 A tobermorite, thereby making the 14 A tobermorite a suitable prototype for
constructing the amorphous molecular models of C-(N-)A-S-H gels. The model construction
procedure is demonstrated in Figure 3.2. First, the orthorhombic unit cell (Figure 3.2B) was
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constructed by redefining the lattice vectors of an original monoclinic unit cell of 14 A
tobermorite (Figure 3.2A) obtained from the literature [109]. Then, the orthorhombic unit cell
was duplicated into a 2x4x1 supercell of C-S-H (Figure 3.2C). The bridging [SiO4] groups were
partly removed or replaced by [AlO4] groups to align with the Ca/Si and Al/Si ratios of the C-
(N-)A-S-H gels in Table 3.2. Na ions were inserted into the interlayers to achieve the desired
Na/Si ratios and to neutralise the net negative charges engendered by the substitution of Al
ions for Si ions (Figure 3.2D). However, the stoichiometric addition of Na ions did not lead to
complete charge compensation. Hence, additional H* or OH" were introduced into the

structures for final charge balancing.

All the developed C-(N-)A-S-H models went through a comprehensive annealing process
utilising a reactive force field [110] to ensure structural stability before their use in
constructing the surface models for cation dissolution (Section 3.3.2) and diffusion (Section
3.3.3) calculations. During the annealing process (Figure 3.2E), the system was heated from
300 K to 500 K in 500 ps and equilibrated at 500 K for 1000 ps. Then, it was cooled to 300 K in
500 ps and equilibrated at 300 K for 1000 ps. The whole process was conducted under the
isothermal-isobaric ensemble (NPT) with a time step of 0.2 fs. Note that N: number of
particles is constant; P: pressure is constant; T: temperature is constant. The annealing
scheme for accelerating the protonation of cement minerals has been widely adopted in

previous studies [110,111].
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Figure 3.2. Schematic demonstration of the model construction procedure, taking the

“0.8_0.1” gel model as an example.
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Figure 3.3. Schematic representation of nanopore models of three C-(N-)A-S-H gels. “0.8” and
“1.2” refer to Ca/Si ratios, while “0.1” and “0.3” denote the Al/Si ratios. To clearly illustrate
the entire gel structure, the gel model is rotated 45° along the z-axis. A more detailed view of
the gel structure at the ab plane is shown in Figure 3.4.

The “nanopore model” is widely used to investigate the dissolution and diffusion of ions in
gels [65,112] (as mentioned in Section 2.3.2.3), which is constructed by cleaving the gel
structure at the interlayer (Figure 3.2F). According to the nanoscale C-S-H model [113], the
gel pore of C-S-H is about 2 — 5 nm. Since our study focuses on ion transport, a larger gel pore
is necessary to increase the transport space and sample ions, ensuring the accuracy of the
modelling. Therefore, | produced a 5 nm slit pore between the gel substrates and saturated it
with water (Figure 3.2F). According to the model construction procedure (Figure 3.2), three
C-(N-)A-S-H surface models are built, which are presented in Figure 3.3. All C-(N-)A-S-H gel
models have similar dimensions, approximately 45 A x 30 A x 95 A, with a total atom count of
around 11,600. All MD simulations were carried out using the LAMMPS software [114].

3.3.2 Dissolution free energy calculation

Dissolution free energy measures the energy change when a solute dissolves in a solvent,
essential for predicting solubility and designing materials. Dissolution free energy is the most
important quantity that bridges dissolution thermodynamics and kinetics [115]. However, the
calculation of free energy from standard MD simulations is infeasible because the ion
dissolution process usually takes more than microseconds to be observed, while MD typically
has a simulation time limit of a few nanoseconds. Therefore, advanced sampling methods
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such as metadynamics [116], umbrella sampling [117], steered MD [118], etc., have been
developed to enhance the sampling of configuration space within an affordable
computational cost. Metadynamics has the advantage of no requirement for predefined
reaction pathways, making it a desirable candidate for simulating complicated processes like
dissolution, where the exact dissolution pathway was unknown before.

To understand the intrinsic leaching potential of Na and Ca ions in the C-(N-)A-S-H gel, the
dissolution free energy of C-(N-)A-S-H gels was calculated. The calculation was implemented
by a well-tempered metadynamics method [119,120] with the external library Plumed [121]
patched in LAMMPS. The dissolution free energy barrier is typically determined by the
breaking and formation of chemical bonds within 5 A of the surface. Using a larger dissolution
distance cutoff does not significantly affect the accuracy of the free energy calculations but
would substantially increase the computational load. Therefore, the free energy landscape of
cations was calculated within 12 A above the surface, which was a very safe cutoff. Based on
previous experience in the Ca ion dissolution simulation of belite [122] and C-S-H gels [112],
three collective variables (CVs) of displacement components of target Na and Ca ionsinx, y,
and z directions were used as the biasing CVs while an additional CV of the coordination
number of target ions with surface oxygen (i.e. number of surface restraints) was calculated
as an observation CV during the metadynamics simulation. To eliminate the influence of the
initial configuration on the ion dissolution, four representative sites for each type of Ca and
Na were selected to calculate the dissolution free energy, as presented in Figure 3.4. All
selected sites of cations shared a close number of surface restraints around 3 with gels
[123,124]. The well-tempered metadynamics used the biasing potential of Gaussians with a
width of 0.1 A and added frequency of every 200 timesteps. The initial height of the Gaussian
potentials was 1.5 kJ/mol and changed by a bias factor of 10 during the metadynamics
sampling to obtain better convergence. The free energy calculations were performed under
the canonical ensemble (NVT) using a reactive force field with a time step of 0.2 fs. Note that
N: number of particles is constant; V: volume is constant; T: temperature is constant.
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Figure 3.4. Atom arrangement of the disordered surface with four selected representative sites
for Ca and Na. All selected sites of cations share a close number of surface restraints around
3 with gel substrates. The gel structure of “0.8_0.3” serves as an example, as shown. The figure
on the right is the zoomed-in view of the gel structure on the xy plane.
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3.3.3 Diffusion calculation

The variation in the composition of C-(N-)A-S-H alters the surface charges and textures of the
gel, which influences the diffusion and transport of the ions in the nanopores as recognised
by previous studies [100,101]. To gain insights into the experimental leaching outcomes of
gels, the diffusion properties of cations in the nanopore of C-(N-)A-S-H gels with different
compositions were investigated. The diffusion models were constructed by randomly
scattering sixteen NaOH or Ca(OH); molecules in the solution of the nanopore models (Figure
3.3), which aimed to mimic the mobility of cations at different distances from the gel
substrates. Considering that the diffusion process was nonreactive and that the timespan was
considerably long, the diffusion properties were calculated using the classical Clay force field
(ClayFF) [125] with a time step of 1 fs. In ClayFF, free hydroxyl groups (OH’) and hydroxyl of
silicate (Si-OH) shared the same parameters of Lenard-Jones and quadratic bonding
potentials. The oxygen charge in free hydroxyl groups was -0.95 e, consistent with the original
ClayFF parameters. All other atom types also retained their original ClayFF charges, except for
non-bridging oxygens in the aluminosilicate chains. The charge of these oxygens was adjusted
to maintain overall charge neutrality within the various C-(N-)A-S-H gels. | took into account
the difference of Ca ions in the C-(N-)A-S-H and pore solution as how they were defined in
ClayFF. The Na ions however took the same set of parameters in ClayFF.

The whole system was first equilibrated under a canonical (NVT) ensemble for 1 ns with
cations in the solution being fixed. Then | released the cations and ran MD simulations for 10
ns under a microcanonical (NVE) ensemble to calculate the mean square displacement as a
function of time, i.e., MSD(t). The diffusion coefficients of Ca and Na ions were calculated
from MSD(t) based on the Einstein equation (Equation 3.1). A bin size of 7 A was used, and
snapshots were recorded every 1 ps, resulting in a total of 10000 snapshots over the 10 ns
simulation for the calculation of MSD and diffusion coefficients. While the pore solution of C-
(N-)A-S-H gels was well-known to be alkaline, containing Na and Ca ions [126], accurately
determining the exact ion concentration remains challenging. In practice, the solubility of
cations within a 5 nm pore solution box was constrained. Therefore, to ensure sufficient ion
statistics for analysis while minimising the number of introduced ions, 16 Na (or Ca) ions were
selected for diffusion coefficient calculations.
1 = MSD(t)
PEWIET e -

where N=3 is the dimensionality for the bulk diffusion.

3.4 Results and discussion

3.4.1 XRD pattern of synthetic gels

As observed in Figure 3.5, representative reflections corresponding to 14 A tobermorite [PDF#
00-029-0331]) [107] are identified in the synthetic solids, which indicates the presence of the
high-purity C-(N-)A-S-H gel. The intensity of these characteristic peaks changes with the
variation of Ca/Si and Al/Si ratios. For instance, the peak referring to doo2, located between 5-
10°, correlates with the property of the interlayer. It is reported in [107] that the signal in the
gel with a higher Ca/Si ratio is more pronounced than that with a low Ca/Si ratio. This is in
agreement with our results, in which an evident reflection regarding doo2 is discernible
exclusively in the gel with a Ca/Si ratio of 1.2.
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Figure 3.5. XRD pattern of the synthetic gels with different elemental ratios. &: C-(N-)A-S-H
gels.

This phenomenon likely arises for two main reasons. First, the gel with lower Ca and higher Al
contents possesses a larger interlayer distance [106], potentially resulting in a lower peak
value of doo2 below 5°. Second, the gel with lower Ca and higher Al contents tends to exhibit
a less ordered and more crosslinked structure [62], leading to a faint reflection of the
characteristic 14 A tobermorite. This hypothesis is supported by the observation that the
intensity of characteristic peaks is generally higher in the 1.2_0.3 gel than in the other two
gels. Additionally, the presence of dio1 peak is also detected across all three gels, which is
considered the Si in bridging sites in gel chains [127].

3.4.2 Leaching behaviour of synthetic gels

The leaching behaviour of the gels was systematically monitored. As mentioned in Section
3.2.2, both the leaching amount and leaching ratio were calculated. The leaching amount of
ions is prominently dependent on the inherent elemental compositions of gels, whereas the
leaching ratio can mirror the leaching potential of a certain element.

Figure 3.6 shows the ion concentration and leaching rate of Si and Al in the three C-(N-)A-S-H
gels with time. Generally, a discernible upward trend is observed in ion concentration as a
function of leaching time, with most ions attaining a steady state after 360 min of water
immersion. This observation indicates that the leaching of gel is a rapid process at the
solid/liquid ratio of 1/200. In paste or concrete, where the gels are part of a dense matrix, the
leaching of ions naturally would be much slower. As shown in Figures 3.6A and B, the curves
of ion concentration and leaching ratio of Si have a similar shape. The gel with a lower Ca/Si
ratio manifests a higher extent of Si leaching, which suggests that the presence of Ca is
beneficial for the stability of Si. Additionally, the leaching ratio of Siin the 0.8_0.3 gel is slightly
higher than that of the 0.8_0.1 gel. This is probably attributed to the Ca/(Si+Al) ratio of the
0.8_0.1gel (0.77) is marginally higher than that of the 0.8_0.3 gel (0.74), as presented in Table
3.2. The gel with a higher Ca/(Si+Al) ratio shows a lower leaching amount of Si.
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Figure 3.6. Leaching behaviour of Si and Al ions in C-(N-)A-S-H gels within 360 min. (A) and (C):
Si and Al concentrations in the leachate of gels with time. (B) and (D): leaching ratios of Si and
Al in gels with time.

The ion concentration of Al in the leachate with time is depicted in Figure 3.6C. It is observed
that the 0.8_0.3 gel exhibits the highest concentration, followed by the group of 1.2_0.3 and
0.8_0.1. Given that the initial content of Al in the 0.8_0.3 gel is higher than that of the other
two gels, it logically results in the highest leaching amount. As shown in Figure 3.6D, at a lower
Ca/Si ratio of 0.8, an increased content of Al leads to enhancements in both the leaching
amount and the leaching ratio of Al. This indicates that the extra Al in the 0.8_0.3 gel shows
higher leaching potential, which is probably due to the presence of [AlOs] and [AlOg] in the
interlayer [97]. Furthermore, comparing the 0.8 0.3 and 1.2_0.3 gel reveals that the gel with
a higher content of Ca shows a lower leaching ratio of Al. This indicates that the presence of
Ca is conducive to the immobility of Al, which is consistent with the results of Si (Figure 3.6B).
This agrees well with the solubility results in [57] and confirms that Ca is essential to the
stability of structural ions of Si and Al.

Figures 3.7A and B show the leaching behaviour of Ca in C-(N-)A-S-H gels. The leached amount
and ratio of Ca present a coherent trend across the three gels. The gel with a higher Ca/(Si+Al)
ratio shows a higher Ca leaching potential. This considerable difference is primarily due to the
varying initial locations of Ca in a gel. Typically, interlayer Ca and intralayer Ca are the two
fundamental forms present in a 14 A tobermorite structure [109]. The intralayer Ca is situated
within the CaO sheet and is usually resistant to dissolving, barring being subjected to severe
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structural failure [128]. Therefore, the majority of leached Ca ions stems from the interlayer
Ca, which serves to maintain charge balance in the interlayer. Due to the low content of Ca in
the 0.8 0.1 and 0.8 0.3 gels, the responsibility of compensating the charge is extensively
taken over by Na ions. This results in a deficiency of interlayer Ca ions in the basal spacing,
and thus a low leaching amount of Ca.

Figure 3.7C shows the ion concentration of Na in the leachate of C-(N-)A-S-H gels. Generally,
the concentration of Na is notably higher than that of Si, Al, and Ca, indicating a relatively
weak interaction between Na and gels. Additionally, the gel of 0.8_0.3 shows the highest
concentration of Na, followed by the 0.8 0.1 and 1.2_0.3 groups. This is primarily due to a
higher Na content (Table 3.2) in the starting gels. Interestingly, the trend of the leaching ratio
of Na is contrary to the leaching amount. As observed in Figure 3.7D, Na in the gel of 1.2_0.3
shows the highest leaching ratio, whereas the gel of 0.8_0.3 shows the lowest. This implies
that the gel with an increased Ca/Si ratio and a decreased Al/Si ratio has a higher leaching
potential of Na. To further understand the underlying mechanisms, MD simulations were
carried out.
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Figure 3.7. Leaching behaviour of Ca and Na ions in C-(N-)A-S-H gels within 360 min. (A) and
(C): Ca and Na concentrations in the leachate of gels with time. (B) and (D): leaching ratios of
Ca and Na in gels with time.
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3.4.3 Dissolution free energy of Ca and Na in gels

Figure 3.8 illustrates a 2D map depicting the dissolution free energy of Ca and Na from C-(N-
)JA-S-H gels as a function of the dissolution distance and the coordination number of cations
with gels. The term “cation-Os” denotes the coordination number of surface cations with the
oxygen of silicate/aluminate chains, which accounts for the number of restraints on the
surface cations [112]. Only the dissolution distance of cations along the Z-axis is considered,
since the movement of cations along the x- and y-axes is confined by other ions on the gel
surface. It is observed that each system undergoes multiple free energy minima (intermediate
states) and saddle points (transition states) until the cations are fully dissolved. The difference
in free energy between the minimum points and saddle points represents the dissolution free
energy barrier, which inversely indicates the inherent ease of cation dissolution. In general,
the barrier of free energy increases with the coordination number, as the dissolution of
cations becomes more difficult with the increase of restraints. Additionally, the initial
dissolution position on the x-axis is lower than zero, as an indicator of the initial absorption
of cation by gels. This is probably due to vacancies and defects on the surface of amorphous
C-(N-)A-S-H gels [112,129].

Figures 3.8A—C show the dissolution free energy of surface Ca ions from three C-(N-)A-S-H
gels. Initially, Ca shows a coordination number of 2 — 5 with the surface oxygen of gels. As the
dissolution progresses, Ca gradually detaches from the surface, resulting in a decrease in
cation-Os (indicating that more surface restraints are broken) until it reaches zero. The
general profile of the free energy landscape of Ca is similar across the three gels, whereas the
gel of 0.8 _0.3 shows a larger barrier than that of the other two, as indicated by the red regions
(deep free energy basin) in Figure 3.8B. Figures 3.8D—F show the dissolution free energy of
Na in three C-(N-)A-S-H gels. The initial coordination number of surface Na ions is comparable
to Ca before dissolution. However, the gradient of free energy of Na is much lower, indicating
a lower energy barrier for dissolution and thus a higher leaching potential of Na. Interestingly,
the initial coordination number of surface Na in the gel of 1.2_0.3 (Figure 3.8F) is lower than
that of the remaining two. This reduction in the coordination with gels is probably due to the
higher Ca/Si ratio of gels. The gel with a higher Ca/Si ratio shows a shorter mean chain length
[20], making it more surrounded by water molecules, which partially lessens the contact of
surface ions with the gel matrix.

Based on the free energy landscape, the overall dissolution free energy barrier can be
calculated by searching the transition states using the nudged elastic band method [130].
Considering the surface complexity, the average dissolution free energies of four
representative sites for each type of cation were calculated (Figure 3.4). The average
dissolution free energy barriers for Ca and Na are compared in Figure 3.9. It can be seen that
the dissolution free energy of Ca is generally higher than that of Na, consistent with the
leaching result, where Ca shows a lower leaching ratio than Na. Additionally, both Ca and Na
in the gel of 0.8 0.3 have higher dissolution free energy than the other two gels, which
indicates that cations in the gel with a lower Ca/Si ratio and a higher Al/Si ratio show lower
leaching potential. The lower dissolution free energies of 1.2_0.3 compared to 0.8 0.1
suggest that the positive effect of the elevated Ca/Si ratio in promoting the dissolution of
cations is larger than the negative effect of the reduced Al/Si ratio. These findings align well
with the experimental results in Figure 3.7, likely due to the difference in the surface charge
of different gels. To further investigate the impact of surface charge on the dissolution and
diffusion of cations, the diffusion coefficient of Ca and Na ions was calculated in the nanopore.
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Figure 3.9. The average dissolution free energy barrier (between the transition state and initial
state) of Ca and Na located at four representative sites. The average dissolution free energy
of Ca in the three gels is ~43, ~53 and ~39 ki/mol, respectively. The average dissolution free
energy of Na in the three gels is ~29, ~32 and ~22 kiJ/mol, respectively.
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3.4.4 Diffusion coefficient of Ca and Na in the nanopore of gels

In this section, the diffusion behaviour of Ca ions and Na ions at different distances from the
gel substrate is investigated. Atomic density distribution refers to the spatial distribution of
atoms within a system. It involves analysing the quantity or concentration of atoms in
different regions of the simulated space. Figure 3.10 shows the atomic density distribution of
Ca and Na ions in the nanopore (Z = 42 — 92 A) along the Z direction with time. At the very
beginning (t = 0), Ca and Na ions exhibit generally uniform distributions in the nanopores. As
the simulation proceeds, the atomic density of both cations becomes higher near the gel
substrates, which indicates the cations in the nanopore are to some extent adsorbed to the
upper and lower substrates of C-(N-)A-S-H gels. This is due to the negative surface charges of
gels, as well-documented in experiments [131,132]. This adsorption capacity reflects the
ability of C-(N-)A-S-H gels in bearing cations and serves as an indicator to inversely compare
the ease of cation leaching from the gel.
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Figure 3.10. Atomic density profiles of Ca and Na ions along the Z-axis of a 5 nm nanopore
(from 42 to 92 A) perpendicular to the surface of gel slabs. T is the total simulation time. In
each inset, the locations near 42 A and 92 A at the “distance in Z” correspond to the gel
substrates, while that at around 67 A is considered the centre of the nanopore of gels.
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To quantitatively describe the mobility of cations impacted by the absorption of gel surfaces
in confined nanopore water, the diffusion coefficients of Ca and Na ions are calculated using
the trajectory of cations at various distances from the gel substrates, as shown in Figure 3.11.
In general, the diffusion coefficient of Na ions is higher than that of Ca ions at equivalent
locations of the nanopore. This is mainly due to a higher intrinsic diffusion coefficient of Na
than Ca [133,134]. In addition, the diffusion coefficient of both cations in proximity to the gel
substrate is notably lower than that of ions positioned in the middle of the nanopore. This
once again indicates the adhesive behaviour of the gel substrates.

Figure 3.12. illustrates the average diffusion coefficients of Ca and Na ions in the nanopore
between the C-(N-)A-S-H gel substrates. It is observed that the average diffusion coefficient
of Ca ions is consistently lower than that of Na ions in all three gels. This is due to a higher
intrinsic diffusivity of Na ions than Ca ions under aqueous conditions [135]. Besides, the
diffusion coefficient of both Ca and Na ions in the gel of 1.2_0.3 is higher than that in the gels
of 0.8_0.1 and 0.8_0.3. This indicates that the gel with a high Ca/Si ratio shows less effective
absorption of cations. On the other hand, the comparison of the diffusion coefficient of Na in
the gels of 0.8_0.1and 0.8_0.3 implies that a higher Al incorporation promotes the absorption
of Na.
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Figure 3.11. Diffusion coefficient distributions of Ca and Na ions along the Z-axis of the
nanopore solution perpendicular to the surface of three gels. In each inset, the locations near
40 A and 95 A at the “distance in Z” correspond to the gel substrates, while that at 67 A is near
the centre of the nanopore of the gels.
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Figure 3.12. Average diffusion coefficients of Ca and Na ions in the nanopore of three gels. The
average diffusion coefficients of Ca ions in the three gels are 0.44, 0.43 and 0.56 x 10° m?/s,
respectively. The average diffusion coefficients of Na ions in the three gels are 0.9, 0.69 and
1.1 x 10° m?/s, respectively.

3.5 Discussion

3.5.1 Impact of gel chemistry on the leaching potential of Ca and Na

Figure 3.13 shows the relationship between the dissolution free energy and diffusion
coefficient of Ca and Na in the three C-(N-)A-S-H gels. It is observed that the dissolution free
energy of both Ca and Na is negatively correlated with their respective diffusion coefficients.
As for the same cation, the diffusion coefficient is closely related to the charge on the gel
surface. Therefore, this indicates that the binding energy between gels and cations is also
related to the surface properties of gels. More specifically, the gel with a lower Ca/Si ratio and
a higher Al/Si ratio shows increased charge negativity on the surface, strengthening the
binding between cations and gels, and thereby hindering the dissolution potential of cations.
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Figure 3.13. Relationship between the dissolution free energy and diffusion coefficient of Ca
and Na in three gels.
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3.5.2 Mechanisms behind the different leaching potential of Ca and Na

Typically, the discrepancy in the dissolution of cations is dependent on the interaction
between cations and silicic (or aluminium) acid anions, a concept explained by the electric
double-layer theory and the charge screening effect of cations [136—138]. Figure 3.14A shows
the schematic representation of the electric double layer surrounding a silicic acid anion, and
Figure 3.14B shows the potential energy distributed in these layers. When these anions (e.g.
SiO(OH)s™ or SiO2(0H),%) are present in an electrolytic solution, a double layer forms around
their charged surface. Positively charged species from the solution are attracted to this
surface, resulting in a higher concentration of ions in the absorbed layer (double layer)
compared to the adjoining bulk solution. The inner part of this absorbed layer is known as the
“Helmholtz layer” or “Stern layer” [139], which is tightly bound to the surface. The outer part
of this absorbed layer is designated as the “diffusion layer”, where the force from the anion
gradually diminishes, eventually reaching an equilibrium with that of the bulk solution, as the
distance from the Stern layer increases.

The formation of silicate chains involves the condensation of Si or Al tetrahedra, and the
strength of binding between two anions is closely associated with the property of a double
layer. As the two anions approach each other in a solution, there exists a certain distance at
which they begin to experience a repulsive force. This force, represented by the total
potential energy, is determined by the competition between repulsive potential energy and
attractive potential energy (Van der Waals), as shown in Figure 3.14C. It can be seen that the
gel condensation process can only occur if the two anions collide with sufficient velocity to
overcome this potential barrier.
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Figure 3.14. Schematic representation of (A) electric double layer distribution surrounding an
anion [140]; (B) potential energy distribution surrounding a sole anion [140]; (C) potential
energy distribution between two approaching anions [138],; (D) potential energy distribution
in the presence of cations with different valences [138].
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However, this barrier can be substantially lowered through the addition of cations, which can
form a shielding double layer. This shielding effect of cations is particularly effective at a
higher valence [141,142], as shown in Figure 3.14D. The previous results have shown that the
required ion concentration of monovalent alkali ions (Li, Na, K) for gel condensation is nearly
100 times higher than that of divalent alkali ions (Mg, Ca, Ba) [141]. This indicates that Ca is
more effective than Na in promoting gel formation, thereby the binding between Ca ions and
Si/Al anions is more robust. As a result, the leaching potential of Ca ions is lower than that of
Na ions.

3.5.3 Perspective on the dissolution of cations in gels

During the MD simulation process, | observed that some OH can leach away from gel
substrates along with cations. This might indicate an increase in the pH of the host solution.
However, the variation of pH due to the dissolution of cations is not considered in this study,
since our focus is primarily on the dissolution behaviour of limited cations at very early ages,
which may not significantly impact the pH of the host solution on their own. In reality, the
leaching of C-(N-)A-S-H gels results in elevated pH in the solution [9]. The increase in pH can
influence the solubility of various species, including cations, and can alter the kinetics and
thermodynamics of dissolution processes. Understanding these complex interactions
between pH changes, cation dissolution, and the stability of C-(N-)A-S-H gels is crucial for
accurately modelling and predicting the behaviour of these materials in practical applications.
Further investigation into these reactions is warranted to comprehensively grasp their
implications and optimise the performance of C-(N-)A-S-H gels in various environmental and
engineering contexts.

3.6 Conclusions

In this chapter, the leaching behaviour of ions in C-(N-)A-S-H gels was investigated, with a
focus on Ca and Na. The leaching mechanisms behind the experimental results were revealed
by MD simulations. The conclusion can be drawn as follows.

1. Ahigher Ca/Siratio and a lower Al/Si ratio contributed to an elevated crystallisation of gel
structure. The presence of Ca was conducive to the immobilisation of Si and Al.

2. An elevated Ca/Si ratio and a reduced Al/Si ratio of gels promoted the dissolution of
cations. This was because a higher Ca/Si ratio and a lower Al/Si ratio can reduce the charge
negativity of gel surfaces, resulting in weak binding and absorption of cations to the gel
matrix. On the other hand, the gel with a higher Ca/Si ratio featured shorter and more
defective aluminosilicate chains, which resulted in fewer surface restraints to surface
cations, lessening the prohibition of ion leaching.

3. The leaching affinity of Ca and Na ions within an identical gel was dependent on their
different inherent dissolution free energies. As indicated by MD simulations, Ca generally
showed a higher average dissolution free energy than Na, which led to a lower leaching
potential of Ca than Na in C-(N-)A-S-H gels.

4. This chapter confirmed the significant leaching of Na from C-(N-)A-S-H gels. The impact of
this severe leaching of Na on the gel structure was investigated in Chapter 4.
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Chapter 4

Structural evolution of synthetic C-(N-)A-S-H gels
subjected to leaching

4.1 Introduction

As discussed in Chapter 2, the majority of leaching studies regarding gels have focused on C-
(A-)S-H gels, which are representative of the gels in PC-based materials. Additionally, the
exposure condition for these studies typically involves weak acidic (ammonium salts) to
expedite the leaching of gels for understanding the impact of decalcification on C-(A-)S-H gels
[63,128]. However, Na is the specific cation existing in AAS materials. A significant amount of
Na ions leaching from the gels has been identified in Chapter 3. The subsequent structural
change of gels induced by the leaching of Na ions remains unclear.

In this chapter, three synthetic C-(N-)A-S-H gels used in Chapter 3 were employed to fill this
gap. These gels were immersed in deionised water for up to 28 d. Subsequently, the change
in chemical composition and structure of gels was investigated. Eventually, a schematic
representation was depicted to unveil the mechanisms behind the structural evolution of gels
induced by leaching.

4.2 Materials and methods
4.2.1 Materials

Three distinct stoichiometrically tailored gels were synthesised, denoted as 0.8 0.1, 0.8 0.3,
and 1.2_0.3, which follow the same procedure outlined in Chapter 3. The former refers to the
Ca/Si ratio, and the latter denotes the Al/Si ratio. However, since the gels used in Chapters 3
and 4 were synthesised in two separate batches, their chemical composition showed slight
differences. The chemical composition and elemental molar ratios of C-(N-)A-S-H gels are
shown in Table 4.1.

For the leaching experiments, 1.500 g (+ 0.005 g) of gel was mixed with 150.0 g (+ 0.1 g) of
deionised water in a sealed polyethene bottle. The samples were allowed to equilibrate at
room temperature (20 + 2°C) and shaken twice a week [57]. Considering the possibility of
structural change of gels occurring over an extended period, the water immersion times were
prolonged compared to those in Chapter 3. After immersion for 8 h, 1d, 7 d and 28 d, the gels
were filtered and washed with water and absolute ethanol four times. Subsequently, the
leached gels were subjected to the same drying and storage procedures as described in
Chapter 3. The leachates of the gels were centrifuged, and the resulting supernatants were
collected for further ion concentration analysis.

Part of this chapter is published on:
C. Liu, Z. Li, S. Nie, J. Skibsted, G. Ye. (2024) Structural evolution of calcium sodium aluminosilicate hydrate (C-
(N-)A-S-H) gels induced by water exposure: The impact of Na leaching. Cement and Concrete Research.
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Table 4.1. Chemical composition (wt.%) and elemental molar ratios for the synthetic gels.

Ca/Si_Al/Si Cao SiO2 Al;03 Na20 Ca/Si Al/Si Na/Si
0.8_0.1 41.8 49.4 4.1 4.7 0.90 0.10 0.18
0.8_0.3 37.2 45.9 9.4 7.5 0.87 0.24 0.32
1.2.03 48.9 42.3 7.4 1.4 1.24 0.21 0.07

4.2.2 Methods

4.2.2.1 Aqueous phase characterisations

The ion concentrations of Na, Ca, Si, and Al in the leachates were quantified using the ICP-
OES instrument as mentioned in Chapter 3. The pH of the leachate was measured by a pH
meter from Metrohm, Switzerland.

4.2.2.2 Solid phase characterisations

Characterisation of the powdered C-(N-)A-S-H gels, both before and after leaching, was
carried out using several analytical techniques: XRF, XRD, Fourier-transform infrared
spectroscopy (FTIR) and solid-state magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectroscopy.

For quantitative determination of the elemental composition of the C-(N-)A-S-H gel after
leaching, XRF measurements were conducted using a Panalytical Axios Max WD-XRF
spectrometer. Powder XRD measurements were carried out with a Bruker D8 Advance
diffractometer, utilising CuKa radiation (1.54 A), with a step size of 0.02° and a dwell time of
5 s per step. FTIR measurements were performed on a Nicolet™ iS50 FTIR Spectrometer,
covering a wavenumber range of 600 to 4000 cm™, with a resolution of 4 cm™ and 20 scans
were collected per sample.

The single-pulse 2°Si MAS NMR spectra were acquired at 79.4 MHz on a Bruker Avance 400
NMR (9.4 T) spectrometer, using a 4 mm Bruker CP/MAS probe with a spinning frequency of
Wk = 10.0 kHz, a 45° excitation pulse (yB1/2m = 71 kHz), a relaxation delay of 30 s, and 5600
scans. 2°Si chemical shifts were referenced to tetramethylsilane (TMS), with B-Ca,SiO4 (5(2°Si)
= -71.33 ppm [143]) as a secondary reference. Deconvolution of the 2°Si MAS NMR spectra
was carried out by least-squares fitting using a combination of Gaussian and Lorentzian peak
shapes, and MATLAB® codes from a recent study [144].

The 22Na and 2’Al MAS NMR spectra were recorded on a harrow-bore Bruker Avance 950/54
us? NMR spectrometer (22.3 T), employing a triple-resonance *H-X-Y 2.5 mm Bruker CP/MAS
probe with a spinning frequency of 1 = 25.0 kHz, a pulse width of 0.5 us for rf field strengths
of yB1/2m = 81 kHz and 100 kHz for 22Na and ?’Al, respectively. The measurements included a
relaxation delay of 2 s, 'H decoupling (yB2/2m = 70 kHz) during acquisition, and typically 4096
scans. 2Na and ?’Al isotropic chemical shifts were referenced to external samples of 1.0 M
aqueous NaCl and AICI3-6H,0 solutions, respectively.
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4.3 Results and discussion
4.3.1 lon concentrations in the leachate

The evolution of ion concentrations for Na, Ca, Al and Si in the leachate from C-(N-)A-S-H gels
exposed to water is shown in Figure 4.1 as a function of the leaching time. Among these ions,
Na is the predominant species, followed by Si, Ca, and Al. The concentration of Na stabilises
after 1d (Figure 4.1A), indicating that a significant portion of Na rapidly leaches from the gels.
Since the fresh gels underwent centrifugation and ultrasonic washing four times, this loss of
Na is primarily attributed to the release of charge-balancing Na from the interlayer, rather
than from physically absorbed Na on the gel surface. This finding is consistent with [12,58]
and also supported by the observation in Chapter 3, suggesting that Na is weakly bonded
within the basal spacing of C-(N-)A-S-H gels. Additionally, the Na concentration in the leachate
exhibits a positive correlation with the initial Na content in the unexposed C-(N-)A-S-H gels
(Table 4.1). It is noteworthy that this initial Na content decreases with an increasing Ca/Si
ratio, while the Al/Si ratio remains fixed, consistent with the results in Chapter 3.
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Figure 4.1. lon concentrations of Na, Ca, Al and Si in the leachates of the three C-(N-)A-S-H gels
exposed to water and synthesized with Ca/Si = 0.8 and Al/Si = 0.1 (black squares), Ca/Si = 0.8
and Al/Si = 0.3 (red circles), and Ca/Si = 1.2 and Al/Si = 0.3 (blue triangles). The error bars,
showing the standard deviations, are for some of the measurements below the size of the
symbols for the measured values.
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Figure 4.2. (A) pH evolution of the leachates for the three C-(N-)A-S-H gels with exposure time.
(B) Correlation between the concentrations of Na* and OH" ions in the leachates for the C-(N-
JA-S-H gels at the three different exposure times.

In contrast to Na, Ca ions leach at a slower rate (Figure 4.1B). The concentration of Ca reveals
a gradual increase over time for all three samples, with the highest leaching observed in the
1.2_0.3 gel, which has the highest initial Ca content. Dissolution of Al is also detected, with
the amount of dissolved Al being proportional to its initial content in the solid phase (Figure
4.1C). The leaching behaviour for Si resembles that of Ca, however, the equilibrium
concentration of Si after 28 d is higher than that of Ca in gels with a low Ca/Si ratio (e.g., Ca/Si
< 1; Figure 4.1D). The molar ratios of dissolved Ca to Si in the leachates are 3.7 for the 1.2_0.3
gel after 28 d of immersion and 0.1 for gels with a Ca/Si ratio of 0.8. This suggests an
incongruent leaching pattern for Ca and Si, where the gel with a higher Ca content
experiences a greater loss of Ca alongside a comparatively lower loss of Si. While the initial
Na content in the 1.2_0.3 gel is lower than that in the 0.8_0.3 gel, a larger portion of Ca acts
as a charge compensator, balancing the negative charges resulting from the substitution of Si
by Al in the silicate chains. This is compounded by more disrupted alumino-silicate chains
present at higher Ca/Si ratios [145]. Given that interlayer Ca is more susceptible to leaching
than Ca within the principal layers, the 1.2_0.3 gel shows a greater loss of Ca.

The pH evolution of the leachates is depicted in Figure 4.2A as a function of exposure time,
showing that the pH increases with the dissolution of the C-(N-)A-S-H gels, exceeding 11.5
after 28 d of water immersion. The formation of C-(N-)A-S-H gels involves a series of alkali-
consuming reactions, yielding aqueous ions such as Ca?*, Na*, [Al(OH)4], [SiO(OH)s]" and
[SiO2(OH)2]%. Conversely, the disintegration of these gels in water is supposed to be an alkali-
releasing process. Given that the concentration of Na is much higher than that of Ca, Si, and
Al in the leachate, the pH is mainly influenced by the initial Na content in the solids. As a
result, gels with higher alkali ion content, such as the 0.8 0.1 and 0.8 0.3 gels, exhibit
increased leaching of OH™ ions. This is further supported by the data in Figure 4.2B, which
confirms a positive correlation between the concentration of OH" in the leachates and the
aqueous Na concentration.
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4.3.2 Gel composition

The XRD patterns for the three C-(N-)A-S-H gels, prior to water exposure, are shown in Figure
4.3A. These patterns exhibit four distinct characteristic peaks of C-(N-)A-S-H gels, which are
comparable with the reflections observed for poorly ordered analogues of orthorhombic 14-
A tobermorite (PDF# 00-029-0331) [107]. These peaks are approximately positioned at 20
values of 5 —7° 17°, 29°, and 32°, resembling the XRD reflections of gels in Chapter 3. A
detailed description of the three gels can be found in Section 3.4.1. After 28 d of water
immersion, the XRD result indicates no significant structural changes in the three C-(N-)A-S-H
gels, as shown in Figures 4.3B—D. However, minor peaks corresponding to calcite are detected
in the 1.2_0.3 gel, while such peaks are absent in the 0.8 0.1 and 0.8 0.3 gels. This indicates
that the gel with a higher Ca/Si ratio is more susceptible to carbonation. Overall, the XRD
results imply that water leaching leads to changes that have a minimal impact on the overall
structure of the gels.
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Figure 4.3. (A) Powder XRD pattern of the three unexposed C-(N-)A-S-H gels. (B—D) XRD
patterns for the three C-(N-)A-S-H gels at different leaching times. G: C-(N-)A-S-H gel; CC:
calcite.
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Figure 4.4. Chemical compositions of the C-(N-)A-S-H gels before and after water immersion
for 1, 7, and 28 d. The leaching loss is calculated using the ICP results of the leachates for gels.

Changes in the chemical composition of the C-(N-)A-S-H gels over the leaching period are
shown in Figure 4.4. It is observed that the two gels with a low Ca/Si ratio experience higher
weight loss than the 1.2_0.3 gel, primarily due to higher leaching of Na and Si. The rapid and
significant leaching of Na ions is attributed to the higher mobility of Na compared to the other
ions, with the highest loss observed for the 0.8_0.3 sample, which has the highest initial Na
content. The highest loss in Si content is noted in the gels with the lowest Ca/Si ratio (although
small) and may reflect the presence of longer aluminosilicate chains rather than a preference
for dimers, as seen in gels with high Ca/Si ratios. Considering that the Ca/Si ratio of C-(A-)S-H
phases in cement systems is higher than that of C-(N-)A-S-H gels in AAS systems [53], it is
plausible that the leaching stability of C-(N-)A-S-H gels is less robust. Therefore, this result can
well explain the phenomenon of gel decomposition in AAS pastes after long-term water
immersion [126].

The Ca/Si, Al/Si, and Na/Si ratios for the C-(N-)A-S-H gels, before and after water exposure,
calculated from the data in Figure 4.4, are shown in Figure 4.5. No variations in the Ca/Si and
Al/Si ratios are observed with exposure time, within the uncertainty limits of the data. For the
Al/Si ratios, this indicates a congruent dissolution of Si and Al during water leaching. In terms
of the Na/Si ratios, all three C-(N-)A-S-H gels show Na loss within the first day of leaching,
after which the values stabilise and remain invariant for the remaining exposure time. As
shown in Figure 4.5C, compared with the gels of 0.8 0.1 and 0.8 0.3, the gel with a higher
Al/Si ratio appears to have a higher Na/Si ratio before and after leaching. This indicates that
the gel with a higher Al incorporation is more effective in immobilising Na, which is consistent
with the findings in Chapter 3.



Chapter 4

#0801 90803 41203

45| Page

1.3 0.28 0.36
1.2 1 0241 o——0—e@ 0.30 ]
1 1 O 20 ] A A - — 0'24 TN
& 111 How] A AR g
~ ~ ] = 0.18
I = )
Qo4 <0164 2 1
] 0.12
TN e 8 T S e T PN
[ o 1 F——[—H 4
0.8 T T T T 0.08 T T T T 0.00 T T T T
(A) od 1d 7d 28d (B) od 1d 7d 284 (C) od 1d 7d 28d

Figure 4.5. Molar Ca/Si, Al/Si and Na/Si ratios for the C-(N-)A-S-H gels at different leaching
ages. The error bars, showing the standard deviations, are for some of the measurements
below the size of the symbols for the measured values.

4.3.3 Gel structure

4.3.3.1 FTIR

FTIR spectra of the C-(N-)A-S-H gels, both before and after leaching, are shown in Figure 4.6A.
The spectra display five distinct regions associated with Si-O bondings. The wavenumbers
ranging from 600 to 800 cm™ correspond to the bending vibrations of Si-O-Si(Al) groups within
gels, as well as the vibration of water molecules [146]. The bands in the range from 800 to
1200 cm™? are attributed to the vibrations of Si-O groups [147,148]. Specifically, the band
around 830 cm™ is linked to the symmetric stretching vibrations of Si-O bonds [149]
associated with the Q! site within the dreierketten chains [150]. However, no significant
differences in these stretching vibrations for the Q? sites are observed across the different
gels in the FTIR spectra. A minor shoulder, indicated by the asterisk in Figure 4.6A, is
positioned at a lower frequency than the Q! peak for the 1.2_0.3 gel. This signal was also
observed for C-S-H phases by Yan et al. [107], though no assignment has been proposed for
it. The band at 883 cm™ corresponds to the bending vibration of Si-O bonds [151], and the
1.2_0.3 gel exhibits a more pronounced intensity at this wavenumber compared to the other
two gels. This difference may be attributed to a more ordered structure in the 1.2_0.3 gel due
to its higher Ca content. The most prominent peak around 960 cm™ represents the
asymmetric stretching vibration of Si-O bonds within the “fingerprint region” for Q? sites
[107]. It is noteworthy that the shift towards lower wavenumbers for the Q? peak suggests a
decrease in the polymerisation degree of the C-(N-)A-S-H gel [148], in agreement with that
the 1.2_0.3 gel, which has a high Ca/Si ratio, exhibits a less polymerised structure. The
asymmetric Si-O stretching vibration located at 1050 cm™ is ascribed to the Si-O bond in Q3
sites, with both the 1.2_0.3 and 0.8 0.3 gels displaying higher intensity at this wavenumber
compared to the 0.8_0.1 gel. This suggests that gels with higher Al/Si ratios tend to have more
crosslinked structures, aligning with earlier findings on AAS materials [62].
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Figure 4.6. (A) FTIR spectra of the C-(N-)A-S-H gels before leaching. (B—D) FTIR spectra of the
three C-(N-)A-S-H gels following the time evolution of leaching. & indicates bending vibrations,
Oas asymmetric stretching vibrations, and os symmetric stretching vibrations. R indicates the
reference samples before leaching, whereas the other spectra are denoted by their leaching
times (8 h, 1d, 7 d, and 28 d).

The time evolution of leaching is illustrated by the FTIR spectra in Figures 4.6B—D for the three
C-(N-)A-S-H gels. These spectra show no additional signals compared to those before leaching,
indicating that no new phases are formed. Instead, variations in intensity reflect minor
structural rearrangements, predominantly involving Q" species, within the C-(N-)A-S-H gels.
The signals from the Q! sites remain very similar across all leaching times, while progressive
changes are evident for the Q? sites, particularly around the peak at 960 cm™, as shown in
Figure 4.7. All three C-(N-)A-S-H gels display similar changes in frequencies with leaching time,
characterised by an initial increase (from 1 to 7 d), followed by a gradual decrease until 28 d.
This pattern suggests that the polymerisation degree of the C-(N-)A-S-H gels initially increases
and then decreases during 28 d of water immersion, likely due to the loss and redistribution
of cations during leaching. However, the decrease in wavenumbers upon prolonged leaching
is smaller than the initial increase observed during the first days, indicating that the gels after
28 d of leaching are more cross-linked as compared to the structures before leaching.
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Figure 4.7. Changes of the FTIR wavenumbers for the asymmetric stretching vibration of Si-O
bonds in Q? sites of the C-(N-)A-S-H gels as a function of the leaching time.

4.3.3.2 NMR

The low crystallinity of the C-(N-)A-S-H gels poses challenges for quantitative structural
analysis using conventional powder XRD and FTIR techniques. For such phases that lack long-
range order, solid-state NMR can often provide more detailed insights into the local structure.
Through the use of 2°Si, 2’Al, and >Na MAS NMR, it is possible to quantitatively analyse the
basic dreierketten chains of silicate units, as well as the presence of tetrahedrally, fivefold and
octahedrally coordinated Al species, and Na ions associated with the structures [56,145,150].
This approach may lead to models that consider the nearest coordination environments, as
schematically illustrated in Figure 4.8 for a C-(N-)A-S-H gel.
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Figure 4.8. Schematic model for the structure of a C-(N-)A-S-H gel based on the defect
tobermorite model and emphasising the local environment of various silicate and aluminate
species. It should be noted that five- (Als) and six-fold (Als) coordinated Al are only present in
gels with high Ca/Si ratios (i.e., Ca/Si > 1.2 [152]).
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295§ MAS NMR

The 2°Si MAS NMR spectra of the C-(N-)A-S-H gels before and after 28 d of water immersion
are shown in Figure 4.9. The spectra are dominated by three resonances at approximately -
79.5 ppm, -82 ppm, and -85 ppm, which correspond to the Q!, Q?(1Als4), and QFZ, sites,
respectively, of the basic structure (Figure 4.8). Additionally, less resolved peaks and
shoulders are observed at lower frequencies, likely originating from Q3(1Al) (~ -90 ppm) and
Q3 sites (-93 ppm) [12]. The two Q3 sites have also been reported in 2°Si NMR spectra of Al-
substituted natural tobermorite [153,154] and synthetic C-(N-)A-S-H phases with a low Ca/Si
ratio [57,59,155]. It should be noted that a second paired site (Qf,b; -86.7 ppm), originating
from paired sites within the middle of octameric or longer silicate units, has been observed in
synthetic C-(A-)S-H phases [145]. However, no indications of this site are seen in the current
295i NMR spectra (Figure 4.9), so it has not been included in the analysis. Following the defect
tobermorite model for C-(N-)A-S-H gels and C-(A-)S-H gels [145], a resonance from the
bridging sites (Qf,) sites is also present at roughly -83 ppm and should exhibit half the intensity
of the Q? sites.

The individual 2°Si NMR spectra were simulated using resonances from the Q%, QFZJ, Qf,,
Q%(1Als), @3 and Q3(1Al4) sites, following the optimised simulation approach previously
described for synthetic C-(A-)S-H phases [145]. This includes maintaining the intensity relation
I(Q%)/I(Q%) = 2. The simulations provide relative intensities for the six distinct SiO4 sites,
enabling the estimation of the mean chain length (MCL) of alumino-silicate tetrahedra in the
synthetic gels before and after leaching. For the MCL calculation, both Als and Si in Q3 sites
were included, but only on the side of the chain to which they belong. The MCL is given by
the following expression:

3
20" + @2+ 502(141)) + @3 + Q3(14L,)) 4.1
Q1
where Q2 = Qg + Qﬁ. Figure 4.10 shows the intensity fractions of the different silicate

environments, based on the optimised simulations illustrated in Figure 4.9, resulting in the
MCL values listed in Table 4.2.

MCL =

The QFZ) resonance dominates the spectra of the C-(N-)A-S-H gel with a Ca/Si ratio of 0.8,
reflecting the presence of longer silicate chains at this low Ca/Si ratio. Moreover, the higher
Al/Si ratio of 0.3 in two of the gels is clearly reflected in the increased relative intensity for
the Q?(1Al4) peak, which increases before leaching for the 0.8_0.1, 0.8_0.3, and 1.2_0.3 gels,
corresponding to the Al/Si ratios of the gels. Comparing the 2°Si MAS NMR spectra of the C-
(N-)A-S-H gels before and after leaching reveals minimal changes (Figure 4.9), indicating that
28 d of water immersion does not significantly alter the main structure of C-(N-)A-S-H gels.
The intensity of the Q2 peaks (Figure 4.10) shows a slight increase in all synthetic gels after
water immersion, with a corresponding decrease in Q* sites. These changes are also reflected
by an increase in MCL after leaching (Table 4.2), attributed to a decalcification of the C-(N-)A-
S-H gels, since an increase in MCL corresponds to a decrease in the Ca/Si ratio. The
decalcification is further supported by a shift in the QFZ) sites from about -85.0 ppm to -85.4
ppm after leaching, consistent with previous 2°Si NMR studies on C-S-H phases synthesised at
different Ca/Si ratios [156]. Interestingly, the increase in MCL after leaching is notably higher
for the C-(N-)A-S-H gel with Al/Si = 0.1 compared to those with Al/Si = 0.3. This suggests that
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the presence of Als in the chain structure of C-(N-)A-S-H gels partly hinders decalcification
during leaching, possibly due to the substitution of Si by Al in the chains, which reduces the
overall charge and allows for the binding of Ca ions.
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Figure 4.9. ?°Si MAS NMR spectra (9.4 T, w = 10.0 kHz) of the three C-(N-)A-S-H gels before
leaching (0 d) and after water immersion for 28 d. The experimental spectra are shown in
black, optimised simulated spectra in red, and difference spectra in grey.
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Figure 4.10. Distribution of intensities for the distinct SiO4 environments for the C-(N-)A-S-H
gels before and after 28 d of leaching, as determined from simulations of the 2°Si NMR spectra
in Figure 4.9.

Table 4.2. Mean chain length (MCL) of aluminosilicate tetrahedra for the C-(N-)A-S-H gels
before and after 28 d of leaching as determined from Equation 4.1 using the simulated
intensities of the 2°Si MAS NMR spectra

0.8_0.1_0d 0.8_0.1_28d 0.8_0.3_0d 0.8.0.3_28d 1.2.0.3_.0d 1.2_0.3_28&d
MCL 13.0 19.2 14.8 16.1 7.5 8.1

The presence of Q3 and Q3(1Al) sites is consistently observed for all three gels before leaching
(Figures 4.10), in agreement with earlier findings from 2°Si NMR studies of C-(N-)A-S-H gels in
AAS pastes [62]. Notably, the gel with a Ca/Si ratio of 0.8 exhibits higher content of Q3 and
Q3(1Al) sites, indicating that a lower Ca/Si ratio promotes the formation of more cross-linked
C-(N-)A-S-H gel structures. Furthermore, a slight increase in Q3 and Q3(1Als) intensities is
observed after 28 d of exposure, reflecting increased cross-linking as a result of decalcification
during the leaching period.

27Al MAS NMR

The Al MAS NMR spectra for the synthetic C-(N-)A-S-H gels, both before and after 28 d of
leaching, are shown in Figure 4.11. These spectra reveal distinct centerband resonances for
Al in tetrahedral (50 — 80 ppm), five-fold (30 — 50 ppm) and octahedral (0 — 20 ppm)
coordination. No indications of secondary phases, as confirmed by powder XRD results (Figure
4.3). The spectra are dominated by tetrahedrally coordinated Al, evidenced by a narrow peak
at 74.5 ppm for the 1.2_0.3 gel, and a broader resonance at roughly 65 ppm for all samples.
Very low-intensity resonances corresponding to five-fold and octahedrally coordinated
aluminium (Als and Alg) are observed in the Ca/Si = 0.8 gel, which aligns with expectations
based on recent studies of C-(A-)S-H phases [145,152]. In contrast, these resonances are
slightly higher in intensity in the Ca/Si = 1.2 gel. This observation supports the approach used
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for simulating the 2°Si NMR spectra (Figures 4.9 and 4.10), which does not account for specific
peaks for Si neighbouring Als or Alg sites within the alumino-silicate chains.

The Al NMR spectra after 28 d of water exposure exhibit very similar intensities to those
observed before leaching, supporting the findings in Figure 4.4 that Al does not leach out from
the C-(N-)A-S-H gel structure. The Als and Als resonances are unaffected by leaching, while
small shifts to lower frequencies are observed for the broad Als resonances. Previous studies
have reported the presence of multiple tetrahedrally coordinated Al sites in C-(A-)S-H phases
with Ca/Si ratios ranging from 0.6 to 1.4 and Al/Si ratios up to 0.3 [145,155]. In a recent study
[145], three different Als sites were identified using 2’Al MAS and multiple-quantum (MQ)
MAS experiments at 14.1 and 22.3 T, all located in bridging site but charge-balanced by
different ions: Als(a) (centre of gravity dcg = 75.4 ppm at 22.3 T) — charge-balanced by a nearby
Na ion, Als(c) (8cg = 66.1 ppm) — an Al site charge-balanced by % Ca ion and H30%, and Als(d)
(8cg =61.3 ppm) — charged-balanced by interlayer Ca ions, either alone or in conjunction with
Na ions. In an earlier study [155], it was suggested that the Al resonance at ~74 ppm
represents Al in a bridging site charge-balanced by Als and Alg species in the interlayer or on
the surface of the C-(A-)S-H gels, while the resonances at ~66 ppm and ~58 ppm originate
from AlO4 Q2 (i.e., a bridging site) and AlO4 Q3 (i.e., a cross-linked site) units, respectively. The
narrow resonance at 74.5 ppm, seen in all spectra before leaching and most clearly for the
1.2_0.3 gel, is assigned to the Als(a) site. In contrast, the broader Als peak may be a
combination of resonances from Als(c), Als(d), and cross-linked Q3 Al sites. Upon leaching, the
intensity of the Als(a) site clearly reduces in the two gels with Ca/Si=0.8.
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Figure 4.11. ?’Al NMR spectra (22.3 T, vk = 25.0 kHz) of the C-(N-)A-S-H gels before (0 d) and
after 28 d of water immersion (28 d).
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Moreover, the shift of the main resonance to a lower frequency (from 65.4 ppm to 64.3 ppm)
for the Ca/Si = 0.8 gels suggests a larger interaction with Ca ions in the interlayer, supporting
the assignment of the Als(c) and Als(d) sites. Similarly, for the C-(N-)A-S-H gel with Ca/Si of
1.2, a shift from 70.1 ppm to 68.6 ppm is observed for the dominant broad resonance after
leaching. This shift may reflect an increased role of Ca ions in charge balancing the Q% and Q3
AlQg4 sites as Na ions are removed from the interlayers. It is noted that there are no discernible
changes in the relative intensities for the Als and Als resonances before and after leaching,
indicating that these Al species remain unaffected by water immersion, particularly at
relatively low Ca/Si ratios.

ZNa MAS NMR

The 22Na NMR spectra of the gels before and after 28 d of water immersion (Figure 4.12) show
a featureless resonance for the central transition around -2 ppm, with no apparent second-
order quadrupolar broadening effects. This might reflect that the spectra are acquired at a
very high magnetic field (22.3 T), eventually in combination with mobility or dynamic
processes for the Na ions present in the C-(N-)A-S-H gels, which average out the second-order
quadrupolar interaction. The 22Na NMR spectra are closely alighed with those reported in a
recent study on synthetic C-(A-)S-H phases [145]. The observed resonance can be assigned to
outer-sphere hydrated sodium ions ([Na(H20)ex]*, X < 6), which are either adsorbed onto the
surface of the C-(A-)S-H particles or present in the interlayer of the structure. A small shift to
lower frequency is observed after leaching in the two Ca/Si = 0.8 samples, which may reflect
a reduction in the average number of water molecules surrounding the Na ion. This could be
due to stronger binding to silanol groups in the C-(A-)S-H structure.
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Figure 4.12. >Na NMR spectra (22.3 T, v = 25.0 kHz) of the C-(N-)A-S-H gels before (0 d) and
after 28 d of water immersion (28 d).
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The 22Na NMR spectra of the gels after leaching show a significant decrease in intensities,
clearly indicating that a large portion of sodium is removed from the C-(N-)A-S-H structure
upon water immersion, which is consistent with the bulk XRF measurements (Figure 4.4). The
2Na NMR intensities reveal that approximately 70% of Na ions (quantified from 22Na NMR
spectra) leached out from the C-(N-)A-S-H gels with Ca/Si = 0.8, and nearly all Na was removed
for the Ca/Si = 1.2 gel.

4.4 Summary and perspectives

The leaching of ions during water immersion and consequent chemical changes in the gels
are accomplished by structural changes of the C-(N-)A-S-H gels, as clearly reflected in the FTIR
and solid-state NMR results. The polymerisation degree of the gels, indicated by the MCL
values (Table 4.2), increases after water immersion as a result of Na leaching. While the
leaching process for conventional C-(A-)S-H gels has been investigated in recent studies [128],
the specific impact of Na leaching on structural changes of C-(N-)A-S-H gels in AAS systems
has not been thoroughly examined. Based on the results of this study, a mechanism is
proposed, schematically presented in the model in Figure 4.13.

In Na-free C-(A-)S-H systems, Ca serves as the primary charge compensator in the interlayer.
The introduction of Na can partially take over the charge-compensating role of Ca, resulting
in a gel structure where Na is present in the interlayers [56,106,155,157] (Figure 4.13A). The
Caions that are substituted by Na as charge compensators can take part in the formation of
the Ca-O sheets, resulting in a reduced fraction of Q? sites and, consequently, shorter average
alumino-silicate chains [158]. Upon exposure to water, Na ions are rapidly released from the
interlayer, which triggers a structural reorganisation where some Ca ions from the Ca-O
sheets migrate to the interlayer to balance the charges (Figure 4.13B). This mechanism is
supported by the 2’Al NMR spectra (Figure 4.11), where a small shift of the Al(4) resonance
to a lower frequency is observed upon leaching, which can be assigned to increasing
coordination to Ca ions in the second-nearest coordination sphere. The reduction of
intralayer Ca ions may explain the increase in Q2 sites [16] and the increased MCL values
(Table 4.2) observed after leaching, as also evidenced by the increase in wavenumbers for the
Q? sites in the FTIR spectra at the early stages (Figure 4.6).

The results from the work provide novel perspectives for understanding the process of Na
leaching during water immersion. It is widely recognised that the MCL or polymerisation
degree of gels is dependent on the Ca content in the intralayer. Previous studies [63,159] have
reported that a reduction in intralayer Ca results in notable volume deformation and a decline
in mechanical properties, commonly occurring after the leaching of interlayer Ca. The results
of this study suggest that the leaching of interlayer Na can trigger a simultaneous
restructuring of intralayer Ca, which affects its properties, following earlier reported results
[52,54].
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Figure 4.13. A schematic model for the impact of Na leaching on the structure of C-(N-)A-S-H
gels as a result of water immersion. The oxygens in the Ca-O sheets are not shown. The SiOq4
and AlO4 tetrahedra are shown as triangles.

4.5 Conclusions

In this chapter, the chemical composition and structural transformations of C-(N-)A-S-H gels
subjected to water immersion were investigated. The results indicated that leaching in these
synthetic C-(N-)A-S-H gels was a rapid process, stabilising within seven days and with minimal
formation of secondary phases, except for a minor presence of calcium carbonate in the
leached gel with a high Ca/Si ratio of 1.2. Na leached occur rapidly within a few hours, with
approximately 70% of Na removed from gels with a Ca/Si ratio of 0.8 after 28 d of immersion.
In contrast, the leaching of other elements was negligible, with the most notable being Ca,
particularly in the gel with a higher Ca/Si ratio.

Interestingly, while the gel with the Ca/Si ratio of 1.2 experienced only limited decalcification
during water immersion, significant Na loss was observed for all gels. Both processes
contributed to an increased polymerisation of aluminosilicate tetrahedra within the gel
structure. | proposed that the mechanism underlying the impact of Na leaching on the gel
structure was related to the change in charge compensation within the interlayer of the C-(N-
JA-S-H gels. As Na leached out from the interlayer, calcium progressively took the role of
charge compensator, resulting in structural modifications. This mechanism was supported by
the findings from 23Na, 2’Al, and 2°Si NMR, as well as from FTIR measurements.



Chapter 5
Leaching mechanisms of AAS pastes

5.1 Introduction

In Chapter 2, it is highlighted that the mechanical properties and durability of AAS materials
diminish when exposed to humid environments, with leaching identified as a primary
contributing factor. However, the specific mechanisms by which leaching affects the
performance of AAS materials remain inadequately understood. In particular, theoretical
explanations are lacking on how leaching influences the reaction kinetics of slag, the evolution
of phase assemblage, paste chemistry and microstructural changes in AAS pastes over
prolonged immersion periods.

Building on the findings from Chapters 3 and 4, where the leaching behaviour of synthetic C-
(N-)A-S-H gels was examined, this chapter investigates the leaching behaviour of AAS pastes
as a composite system. Samples were prepared using sodium hydroxide (NH) and sodium
silicate (NS) solutions, cured for 1 d, and then immersed in tap water for up to 90 d. The ion
concentration of leachate and pore solution, the degree of slag reaction, phase assemblages,
paste chemistry, pore structure, and compressive strength of AAS pastes under sealed and
immersed conditions were compared. The chapter concludes with a discussion on the
degradation mechanisms of AAS paste due to water immersion, providing insights into their
long-term durability in practical applications.

5.2 Materials and methods

5.2.1 Raw materials and mixture design

The slag used in this chapter was supplied by ORCEM in the Netherlands. The chemical
composition of slag, determined through X-ray fluorescence (XRF) using a Panalytical Axios
Max WD-XRF spectrometer, is presented in Table 5.1. A laser diffraction analyser was
employed to assess the particle size distribution of the slag, which ranged from 0.1 to 50 um
with a median particle size (dso) of 17.88 um.

For activator preparation, NaOH solution (solid content of 50 wt.%) and Na;SiOs solution (100
g containing 8.25 g Nay0, 27.5 g SiO», and 64.25 g water) were used. The NH activator was
prepared by diluting the NaOH solution with demineralised water. The NS activator was
prepared by combining Na,SiOs solution, NaOH solution, and demineralised water. The
specific mixture proportions are listed in Table 5.2. NH- and NS-based pastes, both with a
consistent Na,O (in the activator) -to-slag mass ratio of 5%. The mixing process was conducted
using a Hobart mixer, with activators added to the slag during 1 min of low-speed mixing,
followed by 1 min at high speed to ensure homogeneous blending.

Part of this chapter is published on:
C. Liu, X. Liang, Y. Chen, Z. Li, G. Ye. (2023) Degradation of alkali-activated slag subjected to water immersion.
Cement and Concrete Composites.
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Table 5.1. Chemical composition of slag determined by XRF (%).

Ca0O A0z SiO; MgO FeO3  SOs K20 TiO,  other LOI
Slag 38.28 139 3219 9.52 0.31 1.52 0.51 1.27 1.17 1.33

LOI: loss on ignition at 1000 °C
Table 5.2. Mixture proportions of AAS pastes.

Slag (g) SiO2 (mol)  NaxO (mol) Water (g) w/b Ms
NH 1000 0 0.8 430 0.43 0
NS 1000 0.8 0.8 430 0.43 1

Notes: w/b = water-to-binder ratio; Ms = SiO,/Na>O molar ratio (silicate modulus)

An outline of the experimental procedure is provided in Figure 5.1. The experiments in this
chapter were designed to simulate severe environmental conditions to which AAS pastes may
be exposed. To achieve this, samples intended for micro-characterisation were initially sealed
in plastic tubes for 1 d, and then crushed into smaller pieces (2 — 4 mm) before immersion.
For compressive strength testing, AAS specimens were sealed at room temperature (20 °C)
for 24 h. After this initial curing period, half of the hardened specimens were demoulded and
immersed in water, while the other half continued curing under sealed conditions. Both
sealed and water-immersed samples were cured for up to 90 d. For the ion concentration
measurements in leachate and pore solution, distilled water was used to avoid any
interference from ions present in tap water. For all other experiments, tap water was used as
the immersion medium, which was refreshed weekly.

Deionized

water ——> lon concentration of leachate

Reaction degree of slag y N
=——> XRD, TGA, FTIR, SEM, EDX <= . 2-4mm
pore structure

>
Refreshedwater. | ———) Pore solution extraction <—= E

A
Refreshedwater | ——% Compressive strength ¢—=

Water curing Sealed curing

Refreshed water

Figure 5.1. Experimental workflow for this chapter. The characterisation methods include ICP-
OES, XRD, thermogravimetric analysis (TGA), FTIR, and scanning electron microscope (SEM)
with energy-dispersive X-ray spectroscopy (EDX).
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5.2.2 Experimental methods

5.2.2.1 lon concentration measurements

The ion concentration in the pore solution of hardened AAS samples was extracted using the
steel-die method [160]. A pressure of up to 350 MPa was applied to compress the samples
(about ¢ 25 mm x 40 mm, as shown in Figure 5.1) cured under both sealed and water-
immersed conditions. The extracted pore solution was then filtered through the Whatman 41
filter paper (20 um) to remove any particulates. For ICP-OES analysis, the filtered solution was
diluted with 0.2 vol% nitric acid, allowing for accurate measurement of Na, K, Ca, Al and Si
ions using a PerkinElImer Optima 5300DV ICP-OES spectrometer. The concentration of OH"
was determined by titration with 0.1 mol/L hydrochloric acid, using phenolphthalein as an
indicator. For the leaching tests, 10 g of small piece samples (2 —4 mm) were placed in 100 g
of distilled water in sealed plastic bottles at a constant temperature of 20 °C. The bottles were
shaken twice a week. Leachate samples were collected after immersion periods of 7, 28, 60
and 90 d. lon concentrations in the supernatant were measured using the ICP-OES instrument,
and the pH was measured by titration.

5.2.2.2 Selective dissolution

The degree of slag reaction in AAS pastes was determined using the selective dissolution [161],
as SEM image analysis is unsuitable for these samples after water immersion. Leaching in AAS
pastes is depth-dependent, causing variability that prevents obtaining a homogeneous
sample for SEM analysis. Thus, a selective dissolution approach was adopted to measure the
overall reaction degree of slag in AAS pastes. The selective dissolution method, established in
previous studies [162—-164], allows for the chemical extraction of reaction products and
unhydrated cement pastes, leaving behind only unreacted slag. In this chapter, a modified
version of this method, known as the “salicylic acid-methanol” (SAM) extraction, was
employed [165]. In this method, well-ground and reaction-arrested powdered samples (0.3 g)
were mixed with 30 ml of methanol and 2 g of salicylic acid. The mixture was stirred for 1 h
and then filtered. The insoluble residue was washed several times with deionised water and
methanol until a neutral pH was achieved. Finally, the residue was dried at 105 °C until it
reached a constant mass. The reaction degree of slag was calculated based on the mass loss
after SAM extraction. Note that certain components in AAS pastes, such as calcium carbonate
and hydrotalcite, are resistant to dissolution by the SAM method. Therefore, TGA was used
for a more accurate determination of the reaction of slag. Each mixture was tested in
quadruplicate to ensure reproducibility.

5.2.2.3 XRD, TGA and FTIR

XRD and TGA were employed to identify the phase assemblages of AAS pastes under both
sealed and water-immersed conditions, while FTIR was utilised to examine changes in the gel
structure in AAS pastes with and without leaching. Fine powdered samples were used for all
three analyses, and the reaction of slag was stopped using the solvent exchange method
[166]. The samples were ground in a mortar with isopropanol for 0.5 h, and then the powder
was allowed to stand for 15 min to ensure complete solvent exchange. The samples were
then filtered using filter paper and a vacuum pump, with absolute alcohol used to wash the
samples multiple times during filtration. Diethyl ether was used during a final wash, leaving
the powder in an almost dry state. The powder was then transferred into a glassy dish and
stored in a drying oven at 40 °C for 10 min, followed by being placed in a vacuum or desiccator.
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These pretreatments remove all free water from the sample, leaving only the chemically
bound water. XRD was conducted using a Bruker D8 Advance diffractometer with CuKa (1.54
A) radiation. The reaction-arrested powdered samples were scanned between 5° and 70°,
with a step size of 0.02° and a dwell time of 5 s per step. TGA was carried out with a NETZCH
TG-449-F3-Jupiter. The powdered samples were heated from 40 °C to 1000 °C at a rate of 10
°C /min in an argon atmosphere. FTIR was conducted using a Spectrum TM 100 Optical ATR-
FTIR spectrometer with the wavelength of the spectrum ranging between 600 and 4000 cm™
with a resolution of 4 cm™.

5.2.2.4 SEM and EDX

SEM and EDX were performed to characterise the morphology and chemical composition of
AAS pastes. A FEI Quanta FEG 650 electron microscope equipped with a Thermoscientific
MagnaRay wavelength-dispersive spectrometer (WDS) was used for these analyses. The
vacuum-dried samples were impregnated using a low-viscosity epoxy resin. After 1 d of drying,
the sample was polished first with sandpaper with a grit size from 30 um to 10 um and then
with a polishing cloth and diamond pastes (6 um to 1 um) to achieve a smooth surface. To
improve the surface conductivity and imaging quality, a carbon coating was applied before
SEM analyses. SEM imaging was performed in backscattered electron (BSE) mode with an
acceleration voltage of 15 kV under low vacuum conditions. Point analysis of pastes was
applied, with 60 points selected to ensure comprehensive and representative data.

5.2.2.5 Pore structure characterisation

Due to the limitation of mercury intrusion porosimetry (MIP) in detecting ultra-fine
nanopores present in NS pastes, nitrogen absorption (NA) testing was used to characterise
the pore structure within the range of 0.3 to 300 nm. The analysis was conducted on 2—4 mm
reaction-arrested piece samples using a Micrometrics Gemini VIl 2390 instrument, with
relative pressures ranging from 0.05 to 0.998.

5.2.2.6 Compressive strength

The compressive strength of AAS pastes was measured according to NEN-196-1 [167], with a
loading speed of 2.4 kN/s. Six replicate samples were tested for each mixture to calculate an
average value.

5.3 Results and discussion
5.3.1 lon concentrations

5.3.1.1 Leachate

Figure 5.2 shows the elemental concentrations in the leachate of 1 d cured AAS pastes with
time. Generally, the concentration of all detected ions increases with time, with most ions
stabilising by around 60 d. Notably, the pH of the leachate from NH pastes is higher than that
of NS pastes, and trends in Na, K and Al concentrations are consistent with changes in pH as
well. This difference may be attributed to the denser microstructure of NS pastes. In NS
systems, considerable soluble silicon ions like [SiIO(OH)3] and [SiO2(OH)2]? are initially present
in the activator (i.e., initial pore solution). The C-(N-)A-S-H gels can form immediately when
Ca and/or Al species are released from slag [168]. In contrast, NH systems lack soluble Si in
the activator, meaning that Si in C-(N-)A-S-H gels must be derived entirely from slag
dissolution. This difference results in a higher gel formation rate in NS pastes compared to NH
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pastes, as reported in [169,170]. The formation of additional gels in NS pastes has two main
effects: (1) it increases the requirement of Na ions to balance the charge within the gel
interlayer [104] and (2) it contributes to a denser microstructure (Figure 5.14), which restricts
the migration of ions. Additionally, due to the same dosage of Na;O in both activators, the
initial pH of the NH activator is higher than that of the NS activator. This is because sodium
hydroxide is a strong base, while sodium silicate is a relatively weak base. Consequently, the
leachate from NH paste has a higher pH.

The concentration of Si in the leachate of the NS paste is higher than that of the NH paste,
mainly attributed to the soluble silicate initially introduced by the NS activator. However,
unlike other ions, the concentrations of Si and Ca ions fluctuate within 90 d, with both
showing similar trends. This phenomenon is consistent with the “dissolution-reprecipitation
mechanism” proposed by Katrina et al. [171]. The increase in Si and Ca concentrations is likely
driven by the concentration gradient between the leachate and the pore solution. Conversely,
the decreases in Si and Ca concentrations probably result from the reincorporation of Ca or
Si onto dissolving surfaces or the potential formation of reaction products on the paste
surfaces under alkaline conditions. The dynamic equilibrium process of dissolution and
reprecipitation in the leachate accounts for the observed fluctuations in Ca and Si
concentrations. It is also important to note that ion concentrations in real environmental
conditions would likely differ due to the influence of liquid flow and the frequency of water
replacement.
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Figure 5.2. pH and elemental concentrations of the leachate of piece AAS pastes with time.
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5.3.1.2 Pore solution

Figure 5.3 presents the elemental concentrations in the pore solution of AAS cylinders cured
under sealed and water-immersed conditions. Across both curing conditions, Na dominates
the pore solution composition, while much lower concentrations of K, Si, Al and Ca are
observed. Despite the low content of K in the slag (Table 5.1), K readily leaches out, with its
concentration increasing with time. This behaviour is probably due to the weak bonding of K
within the gels and its high mobility [172]. Moreover, the concentrations of Na and K in water-
immersed pastes are approximately half those in sealed pastes, which suggests significant
leaching in immersed pastes. In particular, the looser pore structure of NH pastes provides
more pathways for ion transport, facilitating the leaching of alkali metal ions.

The content of Al is higher in the NS than NH system, which agrees with the results found by
Zuo et al. [69]. The concentration of Si in the pore solution of the sealed NS paste is higher
than that in the sealed NH paste with the same dosage of Na;O. This difference is due to the
inclusion of soluble Si in the NS activator. However, in water-immersed samples, Si
concentrations are significantly lower than in sealed samples, indicating that a substantial
amount of Si is readily available in the pore solution and leaches out at an early stage. In
addition, fluctuations in Ca and Si concentrations are also observed in both types of pastes,
likely due to a dynamic equilibrium between slag dissolution and gel precipitation [171,173].
Notably, the concentrations of all detected elements and the pH in the pore solution of water-
cured paste are considerably lower than sealed pastes. This reduction in ion concentration
due to leaching alters the reaction environment of the slag, potentially affecting its reaction
degree.
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5.3.2 Reaction degree of slag

Figure 5.4 shows the reaction degree of slag in AAS pastes cured under sealed and water-
immersed conditions, respectively. Under sealed conditions, the reaction degrees of slag in
both pastes gradually increase over time, reaching over 50% by 90 d. Initially, at 7 d, the
reaction degree of slag in the NH paste is slightly higher than in the NS pastes, likely due to
the higher pH, which promotes early slag reactions. However, after 7 d, the reaction degree
of slag in the NH paste becomes lower than that in the NS paste, consistent with [104]. This
is because the initial fast reaction in the NH system leads to the formation of a dense layer of
reaction products that covers the unreacted slag, potentially hindering further slag reaction.
Under water-immersed conditions, the reaction degrees of slag in both pastes are
significantly lower than those under sealed conditions. As the leaching of ions and intrusion
of water, the pH of the pore solution gradually decreases over time (Figure 5.3A). Since a
higher pH is beneficial for the disintegration of the glassy phases in slag, the dilution of the
pore solution leads to a reduction in the reaction degree of slag. Additionally, the difference
in reaction degree between sealed and water-immersed samples is more pronounced in the
NH group than in the NS group. This is likely because the more porous microstructure of NH
pastes is more vulnerable to water ingress. Fortunately, although AAS pieces were immersed
in water after only 1 d of sealed curing, the chemical reaction of slag continues, albeit at a
slower rate.
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Figure 5.4. Reaction degrees of slag in AAS pastes under sealed and water-immersed
conditions.
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5.3.3 Phase assemblage

5.3.3.1 XRD analysis

In the early hours of water immersion, flocculent solids were observed accumulating at the
bottom of the container holding the AAS samples. Figure 5.5 shows the morphology and XRD
pattern of these solids, which were identified as calcite. Due to the leaching of alkali ions, the
pH of the leachate of AAS pastes increases gradually, and the leachate can be considered as
an alkaline solution. Given the employment of tap water in this leaching test, CO, (either
originally dissolved in the water or absorbed from the environment) in the leachate will
spontaneously hydrolyse to bicarbonate ions (HCO3’) and carbonate ions (COs%) via a multi-
step reaction sequence (COz + 20H™ - HCO3 + OH = CO3? + H,0) [174,175]. These carbonate
ions subsequently react with leached Ca ions from the AAS pastes, or Ca ions in the tap water,
precipitating CaCOs in the leachate. Furthermore, CaCOs precipitation was also identified on
AAS pastes.

Figure 5.6 shows the XRD pattern of AAS pastes under sealed and water-immersed conditions.
Over time, both sealed NH and NS pastes exhibit increased intensity in the characteristic
peaks of gels and hydrotalcite, with the NH system showing clearer peaks due to the
formation of more crystalline reaction products [61,104]. In contrast, water-immersed pastes
display significantly weaker signals for these components. This may stem from two factors:
the lower reaction degree of slag in water-immersed conditions produces fewer reaction
products, and the substantial leaching of ions disrupts the equilibrium between the pore
solution and reaction products. This leaching likely destabilises the existing products, leading
to their gradual decomposition over prolonged immersion. The next section provides further
evidence supporting this decomposition.
A

A Calcite

T v v 1
20 40 60 80 100
2 theta (°)
Figure 5.5. Morphology and XRD pattern of flocculent solid in the leachate of AAS pastes
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Figure 5.6. XRD patterns of AAS pastes under sealed and water-immersed conditions.

Carbonation appears only in the water-immersed pastes, with peak intensity increasing over
time. This increase is likely due to the rough surface texture of the paste samples, which offers
ample nucleation sites for calcium carbonation [176]. According to [177], approximately 100
g of paste can bind around 40 — 50 g of CO; in a Portland cement system. In these systems,
Ca(OH), often serves as a key hydrate, stabilising the matrix by converting to calcium
carbonate when exposed to CO; [178]. Nevertheless, in AAS systems that lack Ca(OH),, CO>
reacts directly with Ca ions in the pore solution and subsequently with gels [179], leading to
gel decalcification and even potential decomposition [180]. This process of underwater
carbonation in AAS materials warrants close attention due to its implications for durability.

5.3.3.2 TGA

Figure 5.7 shows the TG and DTG curves of AAS pastes under sealed and water-immersed
conditions. According to [104,181-183], different AAS reaction products decompose within
distinct temperature ranges: C-(N-)A-S-H gels between 40 — 200 °C, hydrotalcite-like phases
between 200 — 400 °C and calcium carbonate between 600 — 800 °C. In addition, the total
bound water content, measured as weight loss up to 650 °C, serves as an indicator of the
quality of reaction products [184]. Figure 5.8 shows the weight loss of AAS pastes across
different temperature ranges.

Generally, the contents of gels, hydrotalcite and total bound water are significantly higher in
sealed AAS pastes than in water-immersed ones, which indicates a greater volume of reaction
products in the sealed samples. Notably, in sealed pastes, the quantities of gels, hydrotalcite,
and total bound water increase steadily from 7 to 90 d. In contrast, water-immersed pastes
show an initial increase from 7 to 60 d, followed by a decline at 90 d (Figures 5.8A—C), which
suggests the decomposition of reaction products. This decrease in reaction products in water-
immersed samples is likely due to ion leaching, which alters the pore solution composition
(Figure 5.3). The concentration gradients created by ion leaching can induce osmotic pressure,
causing ions originally integrated within the gel structure to migrate out, resulting in gel
decomposition [185]. Furthermore, consistent ion leaching reduces the reaction degree of
slag (Figure 5.4), leading to lower gel formation. Combined, these effects contribute to the
observed reduction in reaction products at 90 d in water-immersed samples. Moreover, as
shown in Figure 5.8D, the amount of calcium carbonate in water-immersed pastes increases
with immersion time. This trend is likely linked to the ongoing leaching of calcium ions from
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the paste, which promotes calcium carbon
environment.
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5.3.4 Paste chemistry

5.3.4.1 FTIR

The FTIR spectra of AAS pastes are presented in Figure 5.9. According to [58,186], the main
bands around 940 — 970 cm™ represent the asymmetrical stretching vibration of Si-O-T (T=Si,
Al) and/or Si-O-M (M=alkali metal elements), which is the characteristic structure of Q2 units.
A minor shoulder around 1050 cm™ is also assigned to Si-O-T and/or Si-O-M bonds, albeit with
a lower substitution of Al [187]. Another band, at around 900 cm¥, represents the
deformation vibration of Si-O-Al or Si-O-Si. Finally, the bands at 800 — 825 cm™ correspond to
the Si-O stretching vibrations of the Q! unit [107,188].

Figures 5.9A and B show that both NH and NS pastes in sealed conditions exhibit visible signals
for Q! and Q2 units, with no significant changes in intensity or position over time. The Q2 peak
in sealed NS pastes (945 cm™) is higher than in NH pastes (941 cm™), suggesting that gels in
NS pastes are more polymerised than in NH pastes. This interpretation is further supported
by the less pronounced Q' peak in NS pastes. The soluble Si in the NS activator increases Si
participation in gel formation, resulting in lower Ca/Si ratios in C-(N-)A-S-H gels (Figure 5.12).
A lower Ca/Si ratio favours the formation of longer silicate chains, reflected in a higher Q% and
lower Q' content [189].
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Figure 5.9. FTIR spectra of (A) NH and (B) NS pastes under sealed and water-immersed
conditions. (C) and (D) are the insets of FTIR spectra of NH and NS pastes in the range between
920 and 980 cm™. The yellow arrows indicate the increasing shift of peaks in pastes after water
immersion.
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Furthermore, the intensity of Q' and Q2 units is lower in water-immersed pastes than in sealed
pastes. To better illustrate this, Figures 5.9C and D zoom in on the Q2 band (930 — 970 cm™).
Generally, NS pastes display a broader Q2 peak than NH pastes. As reported in [62,190], the
width of the peak is often dependent on the degree of crystallisation of gels. A sharper peak
indicates a more crystalline structure, which correlates with the XRD results (Figure 5.6).
While sealed AAS pastes show minimal changes over time, water-immersed samples exhibit
significantly higher wavenumbers for the Q? peak across all curing ages, indicating increased
polymerisation of C-(N-)A-S-H gels following leaching. This is in agreement with the leaching
results in Chapter 4, where the synthetic C-(N-)A-S-H gels show a higher polymerisation
degree after water immersion. This increase in polymerisation likely results from the leaching
of Na from the gels, which affects charge balance within the interlayer structure. Concurrently,
the leaching of Ca ions, which leads to the formation of calcium carbonate over time, also
impacts the Ca/Si ratio in gels. Lower Ca/Si ratios are associated with lower polymerisation.
Additionally, a peak around 875 cm™, corresponding to the bending (v2) mode of COs2™ [191],
appears in water-immersed samples, confirming the presence of calcium carbonate and
supporting the XRD and TGA results.

5.3.4.2 SEM and EDX

Figure 5.10 shows the surface morphology of NS pastes under sealed and water-immersed
conditions at 28 d. In sealed conditions (Figure 5.10A), the surface of pastes is smooth, with
unreacted slag particles closely encapsulated by the surrounding reaction products. In
contrast, in water-immersed samples (Figure 5.10B), the surface appears rougher and is
covered with solid particles. To identify the chemical composition of these particles, the cross-
section of the exposure front of the NS pastes was observed, and EDX point analysis was
conducted on the surface layer, as shown in Figure 5.11. The result reveals an outer calcium
carbonate layer that covers the internal matrix. This outer layer, however, has a weak bond
with the underlying matrix, resulting in large cracks near the interface.

Figure 5.10. Morphology of the surface of NS pastes under (A) sealed and (B) water-immersed
conditions.
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Figure 5.11. Cross-section of the exposure front of the NS pastes after 90 d of water immersion.

Figure 5.12 shows the atomic Na/Si ratio versus the Ca/Si ratio of the reaction product of AAS
pastes. Due to the high soluble Si content in the initial NS activator, NS pastes generally exhibit
a lower Ca/Si ratio and a higher Na/Si ratio compared to NH pastes. This indicates a
competitive role of Ca and Na in charge balancing within the gel structure. The Na/Si ratio in
sealed NS pastes significantly decreases from 7 d to 90 d, while sealed NH pastes show
minimal change over the same period. In NS pastes, the abundance of soluble Si ions
promotes early gel formation. However, with the limited reaction of slag, Ca remains
insufficient, resulting in a greater reliance on Na for charge balance within the C-(N-)A-S-H
gels at early ages. With the extension of time, as more Ca ions dissolve from the slag, they
gradually replace Na [192]. In contrast, the NH system, with no additional Si beyond that in
the slag, maintains a more stable Ca/Si ratio close to that of the slag composition from 7 d to
90 d. After 90 d of water immersion, both NH and NS pastes show nearly zero Na/Si ratios,
indicating that Na is weakly bound in the gel and can significantly leach out over time. This
observation is consistent with the leaching of Na in synthetic gels in Chapters 3 and 4, though
the leaching process in pastes is slower. The Ca/Si ratio in sealed and immersed pastes is
comparable.

Figure 5.13 shows the atomic Na/Si ratio versus the atomic Ca/Si ratio of the reaction product
of AAS pastes under sealed and water-immersed conditions. A linear correlation between the
Mg/Si and Al/Si ratios in AAS pastes, which implies the presence of hydrotalcite-like phases,
as previously reported [103,104,193,194]. The positive X-axis intercept reflects the level of Al
incorporation within gels. The average Al/Si ratio in both NH and NS pastes is comparable,
with no evident differences between sealed and water-immersed pastes. This indicates a
proportional dissolution between Si and Al from gels. The slopes of the trendlines, referring
to the Mg/Al ratio, range from 1.92 to 4.35, which is consistent with hydrotalcite formed in
AAS pastes [195,196]. The Mg/Al ratio in both pastes slightly increases with time, with NH
pastes showing a marginally higher Mg/Al ratio than NS pastes. The overlapping trendlines
for sealed and water-immersed pastes suggest that hydrotalcite is stable under immersed
conditions.
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Figure 5.12. Atomic Na/Si ratio versus atomic Ca/Si ratio of the reaction product of AAS pastes
under sealed and water-immersed conditions.

16 16
NH o o7s NH « *90s
* o 7w © e 90w
12 1.2 4 IR
_ Mg/Al=1.8 F,
(Y an -®
goo.s ;’ goo.s ole—
“:' .‘{ Mg/Al=1.9
0.4 - ° 0.4 - p
L
0 $ } - - 0 ‘ L . >
0 0.4 0.8 1.2 16 0 0.4 0.8 12 16
(A) Al/Si (B) Al/Si
16 16
NS °7s NS * 90s
1.2 . Tw 1.2 4
L ]
n ° n
os A Wos >
S «  Mg/Al=1.86 2 e ® Mg/A=Le
e L ]
el
0.4 P4 0.4 ? &
& 7
3
0 | : . . 0 / — .
0 0.4 0.8 12 16 0 0.4 0.8 12 16
(€) Al/Si (D) Al/Si

Figure 5.13. Atomic Mg/Si ratio versus atomic Al/Si ratio of the reaction product of AAS pastes
under sealed and water-immersed conditions.
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5.3.5 Pore structure

Figures 5.14A and B show the pore volume and pore size distribution of NH pastes,
determined by NA, respectively. As reported in [197], pores in AAS pastes can be classified as
gel pores (0 —10 nm) and capillary pores (10 — 100 nm). In sealed NH pastes, the pore volume
decreases with time, while in water-immersed pastes, the pore volume increases, indicating
a coarsening of the pore structure. Due to the limitation of the NA test (1 — 300 nm), pores
larger than 300 nm are excluded in these experiments. Notably, the pore volume in the water-
immersed paste at 90 d appears lower than at 60 d, likely because larger capillary pores,
exceeding 300 nm, dominate in the 90 d sample and thus fall outside the measurement range.
As shown in the pore distribution (Figure 5.14B), both gel pores and capillary pores in water-
immersed NH pastes increase with time, confirming that immersion significantly coarsens the
pore structure in these samples.

Figure 5.14C shows the pore volume of NS pastes. Under sealed conditions, the pore volume
between 1 —300 nm is minimal at 60 and 90 d, while the paste under immersed conditions is
much higher than that of the sealed one. This suggests a pronounced effect of water exposure
on porosity. Despite this, NS pastes appear less affected by leaching than NH pastes, as the
microstructure of water-immersed NS pastes remains relatively dense up to 60 d, likely due
to the inherently denser structure of NS pastes. After 90 d, the pore volume in water-
immersed NS pastes surpasses that at 7 d, reflecting microstructural degradation due to
prolonged immersion. Figure 5.14D shows the pore size distribution of NS pastes, with water-
immersed samples displaying a higher content of gel pores compared to sealed samples,
consistent with findings in other studies [10,11]. Since gel formation is lower in water-
immersed pastes, the gel structure is looser, resulting in more nano-sized pores.
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Figure 5.14. Pore volume and pore size distribution of AAS pastes under sealed and water-
immersed conditions, determined by nitrogen absorption.
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Gel decomposition over time is evident in the increased gel pores at 90 d, aligning with the
trends observed for gel content in Figure 5.8. In addition, gel decomposition contributes to
an increase in capillary pores. As shown in Figure 5.14D, capillary pores within the 10 — 100
nm range increase considerably with time, especially at 60 d and 90 d, further indicating that
water immersion significantly degrades the microstructure by enlarging the pore network in
NS pastes.

5.3.6 Compressive strength

Figure 5.15 shows the compressive strength of AAS pastes over time. NS pastes consistently
exhibit higher compressive strength than NH pastes under both sealed and water-immersed
samples, due to a lower porosity of NS pastes. However, water immersion reduces the
compressive strength of NH and NS pastes by approximately 15% and 12% at 90 d,
respectively, indicating that water exposure has a detrimental effect on strength.

It is notable that water-immersed samples, particularly NS pastes, show larger deviations in
compressive strength compared to sealed samples, a trend also observed in previous studies
[11]. This variability is likely caused by stress gradients within the samples [14]. NS pastes are
prone to shrinkage and cracking due to the emptying of small capillary pores [198-201]. To
relieve these stresses, water must migrate from the surface to the interior at a specific rate
to counteract the autogenous shrinkage that results from ongoing chemical reactions. This
migration rate is highly dependent on the permeability and dimensions of the sample. The
dense microstructure of NS pastes limits the rate at which water can diffuse inward, leading
to an uneven stress distribution. This stress gradient increases the likelihood of cracking
compared to the more uniform stress in sealed samples. Further analysis of the cracking of
AAS pastes subjected to water immersion is covered in Chapter 7.
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Figure 5.15. Compressive strength of AAS pastes under sealed and water-immersed
conditions.
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5.4 Summary and perspective

The degradation of AAS pastes under water-immersed conditions is revealed and the
underlying mechanisms can be summarised in Figure 5.16, including low reaction rate, gel
decomposition and carbonation.

Low reaction rate

When an immature hardened AAS paste is immersed in water, large amounts of alkali (metal)
ions are liable to leach out. The ion concentrations in the leachate generally increase while
the ion concentrations and pH of the pore solution decrease over time. The reduced pore
solution alkalinity limits the reaction of slag, resulting in a decreased formation rate of
reaction products. As a result, water-immersed AAS pastes have a higher content of both gel
and capillary pores compared to sealed pastes.

Gel decomposition

The dilution of the pore solution disrupts the equilibrium between liquid and solid phases,
leading to gradual changes in gel chemistry over time. Under water-immersed conditions, the
gels in AAS pastes show a higher degree of polymerisation than under sealed conditions, along
with lower Na/Si ratios. These changes indicate a transformation in the C-(N-)A-S-H gels
during prolonged water exposure, ultimately contributing to gel decomposition. This
degradation is evident in the decrease in gel content from 60 d to 90 d, which correlates with
increased porosity, particularly in NS pastes immersed for extended periods.

Carbonation

As alkali metal and hydroxide ions leach out from AAS pastes, the pH of the leachate rises
above 13, making it easier for atmospheric CO; to dissolve into an alkaline solution. The
dissolved CO; hydrolyses into COs*, which can then react with Ca?*, forming calcium
carbonate in the leachate. Additionally, a calcium carbonate layer develops on the surface of
AAS pastes and continues to accumulate over time. While Ca in this carbonate layer can stem
from environmental water, it can also originate from the paste itself. This internal
decalcification should be monitored closely, as it can lead to further gel decomposition,
compromising the structural integrity of the material.

Carbonation

[ -

. . . Na . .
Water immersion — lons leaching —— Low reaction rate — Less reaction products

[Si and Al species

L. Long-term immersion . .
Gel decomposition Deteriorated microstructure

Figure 5.16. Flowchart of degradation mechanisms of AAS pastes subject to water immersion.
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5.5 Conclusions

In this chapter, the properties of AAS pastes immersed in tap water are investigated. The
degradation of pastes was found, and the underlying mechanisms were unveiled. Based on
the results and discussion, the findings are summarised as follows:

1.

Under water-immersed conditions, considerable leaching of Na and hydroxide ions from
AAS pastes occurred, leading to a gradual drop in the pH of the pore solution. This
reduction in pH inhibited the slag reaction, resulting in a lower formation rate of reaction
products and impeding microstructure development.

C-(N-)A-S-H gels in water-immersed conditions showed a higher degree of polymerisation
than in sealed conditions. Both Ca/Si and Na/Si ratios in the gels decreased with time,
with nearly complete leaching of Na after 90 d of immersion. Prolonged leaching led to
gel decomposition, as evidenced by the decline in gel content from 60 d to 90 d in water-
immersed samples.

Hydroxide ions released from AAS pastes increased the pH of the leachate, which
promoted the absorption of external CO.. The dissolved CO; reacted with Ca ions,
forming calcium carbonate both in the leachate and on the paste surface.

The combination of reduced slag reactivity, gel decomposition and carbonation
deteriorated the pore structure of water-immersed AAS pastes. Consequently,
compressive strengths of NH and NS pastes were 15% and 12% lower under water-
immersed conditions compared to sealed conditions.
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Prediction of pore structure deterioration of AAS pastes
due to long-term leaching

6.1 Introduction

Leaching, a process significantly influenced by the structural scale, necessitates consideration
of transport processes within bulk structures. While extensive research has addressed
chloride penetration [202—-205], sulfate attack [206—208] and acid corrosion [209-211] in AAS
materials, the effects of leaching under water immersion remain underexplored. Although
water is less aggressive than salts or acids, the degradation of AAS pastes has been confirmed
in Chapter 5. Therefore, leaching in water is a fundamental issue that warrants prioritised
investigations.

In this chapter, NH and NS pastes were prepared in the same manner as described in Chapter
5, but cast into cylindrical shapes to investigate the deterioration of AAS pastes with depth.
The samples were sealed for 28 d, followed by 90 d of immersion in deionised water. SEM
combined with EDX was employed as the main experimental method to characterise the pore
structure and elemental composition of pastes at different depths from the exposure front.
Additionally, a diffusion-dissolution model was developed to provide deeper insights beyond
the experimental observations and to predict the depth of microstructural degradation
induced by long-term leaching.

6.2 Experiments
6.2.1 Materials and sample preparation

The materials and mixture proportions, detailed in Chapter 5, were used without alteration
(Table 5.2). AAS pastes were cast into small polyethene moulds (¢ 25 mm x 40 mm) and
sealed for 28 d to ensure phase and microstructure maturity. After demolding, the sides and
bottoms of the cylindrical samples were sealed with aluminium tape and immersed in
deionised water (2 L), refreshed weekly, for up to 90 d (Figure 6.1A). Unlike the tap water
used in Chapter 5, deionised water was chosen to eliminate interference from ionic
contaminants.

Four sample types were prepared: “NH_28d,” “NH_90d,” “NS_28d,” and “NS_90d,” where
“NH” and “NS” denote the type of alkali activator, and the suffix indicates immersion duration.
For example, “NH_28d” refers to NH paste immersed for 28 d. After water immersion, the
aluminium tape was removed, and the cylinders were halved along their height (Figure 6.1B).
The halves were immersed in isopropanol for 7 d to halt slag reactions, dried, and
impregnated with low-viscosity epoxy resin. Once the resin hardened (24 h), the cross-section
of the samples perpendicular to the top and bottom surfaces (Figure 6.1C) was polished using
sandpaper and diamond paste.

Part of this chapter is published on:
C. Liu, Z. Xu, S. He, G. Ye. (2025) A reactive transport model to predict microstructural deterioration of alkali-
activated slag induced by leaching. Cement and Concrete Research. (under review)
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Figure 6.1. Schematic diagram of the preparation of samples and the positioning of BSE
images and EDX point analyses. The dark grey part in (C) and (D) represents the deteriorated
microstructure near the exposure front of the paste.

6.2.2 SEM characterisations

Prior to SEM tests, the polished surface was carbon-coated to enhance the conductivity and
imaging quality. SEM analysis operates in backscattered electron (BSE) mode at 15 kV and a
10 mm working distance under a high vacuum. BSE images were captured frame by frame
from the exposure surface inward, using a magnification of 1000. Imagel software was used
to stitch images [212]. For porosity quantification, BSE images were converted to 8-bit
grayscale, with standardised brightness and contrast adjustments. Threshold values of 70 and
120 were selected to identify different pores from the exposure surface. The rationale for
selecting these thresholds is detailed in Section 6.4. The segmented images classified regions
into pores and solid materials, with porosity calculated as the proportion of pixels below the
threshold to the total pixels at each depth. This analysis was conducted on 10 stitched images
to determine porosity at various depths. EDX point analyses were conducted near the
exposure front to assess elemental distribution. Three BSE images—representing “close,”
“medium,” and “far” distances from the exposure front—were obtained at 1000x
magnification. Each image was divided into three sections (approximately 120 um in height),
and 25 EDX point analyses were performed in each section (Figure 6.1E).

6.3 Modelling

When AAS pastes are immersed in water, the gradient of ion concentrations between exterior
water and interior pore solution triggers the leaching of ions through ion diffusion. This
leaching process can destroy the thermodynamic equilibrium between the pore solution and
reaction products, resulting in the decomposition of reaction products and subsequent
microstructural deterioration. To better understand these processes and predict degradation
due to leaching, a thermodynamics-based diffusion-dissolution model was developed. The
modelling approach was divided into three key modules: (1) microstructure formation of the
initial AAS pastes, (2) ion diffusion during water immersion, and (3) pore structure
deterioration caused by leaching.
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Figure 6.2. Schematic diagram of the modelling procedure of AAS pastes subjected to water
immersion.

Figure 6.2 shows the modelling procedure of AAS pastes under water immersion. The initial
microstructure of AAS pastes was constructed by the Geomicro3D model [213]. This model
replicates the spatial distribution of real-shape slag particles within the alkaline activator
(Figure 6.2A 1), simulates slag dissolution in the alkaline solution (Figure 6.2A Il), models the
formation of reaction products (Figure 6.2A Ill), and generates the final microstructure of AAS
pastes (Figure 6.2A 1V). GeoMicro3D also provides detailed data on ion concentrations in the
pore solution and solid reaction products, which is crucial for simulating ion diffusion and



76| Page Chapter 6

microstructure degradation. Experimental results (Section 6.4) indicate that NH pastes exhibit
higher porosity and greater vulnerability to leaching compared to NS pastes. Consequently,
the simulations primarily focus on NH pastes.

To balance computational efficiency and cost, the modelling of ion diffusion and
microstructure degradation was conducted on a one-dimensional continuum scale (Figure
6.2B). This approach divided the model into numerous microstructural units, which
represented the microstructure of AAS pastes. This one-dimensional approach aligned with
the experimental setup (Figure 6.1C), where AAS cylinders can be approximated as fitting
within a one-dimensional percolation model. At this continuum scale, porosity and diffusion
coefficients, obtained from the GeoMicro3D model, were utilised to simulate the transport
and degradation processes [213].

6.3.1 Microstructure formation

The input of simulated NH pastes was identical to the mixture design in the experiments
(Table 5.2). Using the GeoMicro3D model, the initial microstructure of the NH paste was
generated. This included simulating the spatial distribution of slag particles within the alkaline
activators, slag dissolution, nucleation and growth of reaction products, and the spatial
arrangement of these products. Each microstructural unit was defined as 95 pum x 95 um x 95
pum, with a voxel size of 1 umx 1 um x 1 um. The effectiveness of this model for AAS materials
has been validated in prior studies [213]. Since constructing the initial microstructure is not
the primary focus of this chapter, further details are available in [213].

Figure 6.3A presents the simulated microstructure of NH pastes at 28 d, showcasing the
coexistence of liquid and solid phases, including unreacted slag and reaction products. The
evolution of the volume fractions of these phases over time is shown in Figure 6.3B. The
primary phases in the NH paste include unreacted slag, C-(N-)A-S-H gels, hydrotalcite (MA-
OH-LDH), absorbed water, gel pore water, and agueous solution. The C-(N-)A-S-H gels are
regarded as ideal solid solutions comprising eight tobermorite-like end-members (CNASH_ss)
[214], while hydrotalcite is treated as a solid solution with Mg/Al ratios of 2, 3, and 4 (MA-
OH-LDH_ss) [215]. Table 6.1 outlines the thermodynamic properties of these solid solutions.

In this model, absorbed water refers to the water surrounding C-(N-)A-S-H gels, with 0.3 moles
of water assigned to every mole of gel [213]. For gel pore water, Thomas et al. [216] proposed
an H,0/SiO, molar ratio of 4 for water retained within the gel pores of C-S-H gels during
cement hydration. In the CNASH_ss model, the H,0/SiO, ratio varies between 0.797 and 2.5,
necessitating the addition of water to maintain a ratio of 4 moles of water per mole of C-
(N-)A-S-H gel [213].
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Figure 6.3. (A) Simulated 3D microstructure (95 um x 95 um x 95 um) of the NH paste at 28 d.
(B) Simulated volume fraction of liquid and solid phases of the NH paste with time. (C)
Simulated pore structure of the NH paste at 28 d. (D) Simulated porosity of the NH paste during
28 d of reaction.

The microstructure generated by GeoMicro3D is represented as voxel-based three-
dimensional data. Each voxel simultaneously contains pore solution, unreacted slag, and
reaction products. Numerical testing [213] has shown that a voxel was considered
impermeable and classified as solid when its solid volume fraction exceeded 0.688. In the
simulation, if the solid content of a voxel was below 0.688, its porosity was calculated as its
actual value. Conversely, if the solid content was 0.688 or higher, the voxel was considered
impermeable, and the porosity of this voxel was set to zero. The total porosity of the
microstructural unit was then determined by averaging the porosity values of all voxels. Using
this criterion, the solid structure of NH paste at 28 d is shown in Figure 6.3C, while the
evolution of porosity over time is depicted in Figure 6.3D. With this assumption, the
calculated porosity of the generated microstructure would be lower than the actual porosity.
However, the underestimation of the porosity was limited. For example, the calculated
porosity of NH paste at 28 d was 15.7% (shown in Figure 6.3D), while the actual porosity of
the generated NH paste was 16.1%. The subsequent leaching and transport simulations were
based on the microstructure simulated at 28 d, under the assumption that no further slag
reactions occur during leaching. This assumption is reasonable, as slag reactions stabilise after
28 d, as mentioned in Chapter 5 (Figure 5.4).

Although the voxel resolution of the generated microstructure was 1 pumx 1 pm x 1 um, it
should be noted that the voxel porosity above 0.312 (1 — 0.688) was taken into account.
Therefore, the resolution of the generated microstructure can be equivalent to about 300 nm.
This resolution was generally consistent with that of BSE images (400 nm), making the
comparison between experimental and simulated porosity reasonable.
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Table 6.1. Thermodynamic properties of CNASH_ss and MA-OH-LDH_ss at 289.15 K and 1 bar.

V(em®*mol?)  AHg°(kimol™)  AGf°(kJmol™)  s°(Jmol™K?)  C,°() mol* K?)

CNASH_ss model [214]

5CA 57.3 -2491 -2293 163 177
INFCA 59.3 -2551 -2343 154 181
5CNA 64.5 -2569 -2382 195 176

INFCNA 69.3 -2667 -2474 198 180
INFCN 711 -2642 -2452 186 184

T2C 80.6 -2721 -2465 167 237

T5C 79.3 -2780 -2517 160 234
TobH 85 -2831 -2560 153 231

MA-OH_LDH_ss model [215]

MaAH10 219 -7160 -6358 549 648
MeAH12 305 -9007 -8023 675 803
MgAH14 392 -10853 -9687 801 958

6.3.2 lon diffusion

The intrinsic diffusion coefficient (D¥), also referred to as the effective diffusion coefficient
[217], describes the diffusion rate of ions in a free solution. In porous materials such as AAS
pastes, ion diffusion is significantly slower than in free solution. This reduction is due to the
tortuous pathways and the limited cross-sectional area available for transport. The
relationship between the diffusion coefficient of an ion k in the pore solution (D;,‘) of AAS
pastes and D is given by Equation 6.1.

1
D¥ = —DJ (6.1)
Fo
where F; is the formation factor, which depends on the pore structure geometry of AAS
pastes. F, can be calculated from the diffusive flux across the AAS paste (/) and the diffusive

flux across a free zone (J¢), expressed by Equation 6.2.

_Jr

Jo
Due to the complex geometry of AAS pastes, ], cannot be directly calculated using Fick’s law.
It can only be calculated by numerical simulation of ion diffusion in AAS paste. A lattice
Boltzmann method (LBM) was adopted to simulate ion diffusion in the AAS paste
microstructure [213]. Then, the formation factor can be obtained by Equation 6.2. Normally,
the formation factor is highly dependent on the porosity of the samples. According to [218],
the relationship between the formation factor and the porosity (¢p) can be described by
Equation 6.3.

F, (6.2)
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Fy = ag? (6.3)
where a and b are fitting constants. Figure 6.4 shows the relationship between the formation
factor and porosity for NH pastes over the first 28 d. It can be seen that the formation factor
and porosity can be well correlated by Equation 6.3.

Since the quantity of ions is conservative, the diffusion of ions in AAS paste can be described
by the continuity equation, which is written as:

o¥
il ] = 6.4
T +V-Jj=S (6.4)

where ¥ is the quantity of ions per unit volume, J is the ionic flux and S is the source term. S
represents the generation of ions per unit volume per unit time. In a simple diffusion, S is
equal to 0. However, the transport of ions breaks the thermodynamic equilibrium between
liguid and solid phases, which results in the dissolution of ions from the decomposition of
reaction products. Thus, the source term should be considered. In this case, ¥ can be
calculated according to Equation 6.5.

Y = ¢ . Ck (6.5)
where ¢ is the porosity of the AAS paste and C¥ is the concentration of ion k.

J is a vector representing both orientation and quantity of ionic flux. As mentioned in Section
6.2.1, the cylindrical AAS paste sample has been sealed with aluminium tape except for the
top surface. It is rational to assume that the ion diffusion is one-dimensional. Therefore, the
ionic flux J can be treated as a scalar variable and expressed as:

L OCk

il 6.6
o (6.6)

J=-D
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Substituting Equations 6.5 and 6.6 into Equation 6.4, it gives the governing equation of ion
diffusion for AAS pastes immersed in deionised water, as shown in Equation 6.7.

a(pcx) o ack

——~=—|(DF——)+S 6.7,
at dx dx (6.7)

Since the AAS paste is exposed to deionised water, the boundary condition at the exposed

surface is described by:

CHly=0 =0 (6.8)

Equation 6.7 is then solved by the finite volume method to obtain the distribution of ion
concentrations.

6.3.3 Pore structure deterioration

The formation of AAS paste involves two key thermodynamic interactions: the dissolution of
slag and the precipitation of solid reaction products. As slag dissolves, the concentration of
ions in the pore solution increases. Once the pore solution becomes saturated or
supersaturated, the ions begin to precipitate, forming solid reaction products, which
decreases the ion concentration in the solution. These interactions establish a dynamic
equilibrium between the pore solution and the solid reaction products. However, when AAS
paste is exposed to water, ion leaching occurs, reducing ion concentrations in the pore
solution and disrupting the established equilibrium. This imbalance creates an unstable
thermodynamic environment, leading to the decomposition of the solid reaction products
and initiating the degradation of AAS pastes. As the decomposition progresses, the solid
reaction products gradually dissolve, increasing the concentration of dissolved ions in the
pore solution.

Figure 6.5 shows the overall flowchart of the modelling process for pore structure
deterioration induced by leaching. To simulate this process, accurate thermodynamic
properties of the reaction products were required. In addition to the CNASH_ss and MA-OH-
LDH_ss models, the CEMDATA18 database [219] was used as the basic thermodynamic
database. The dissolution of reaction products was simulated using GEM-Selektor [220,221],
a Gibbs Energy Minimisation program package for thermodynamic modelling. The simulation
was conducted under standard conditions (20 °C and 1 bar). After completing the
thermodynamic modelling, the reaction products were updated to calculate the porosity and
ion concentrations in the pore solution. Using the updated porosity values, the diffusion
coefficients of ions were recalculated. The iterative process continued until the target
simulation time was reached.
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Figure 6.5. Flowchart of the modelling process for pore structure deterioration
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6.4 Experimental results and discussion
6.4.1 Pore structure analyses of AAS pastes subjected to water immersion

Figure 6.6 shows SEM images of the cross-sections of AAS pastes near the exposure front after
28 and 90 d of water immersion. The inner part of the NS paste exhibits no visible pores,
indicating a denser microstructure compared to the NH paste. This increased density is
attributed to the presence of soluble silicates in the NS activator, which facilitates the
formation of C-(N-)A-S-H gels. This observation aligns with the MIP data in Chapter 8. Notably,
the regions near the exposure front appear darker in all four pastes. This darkened area is
more extensive in NH pastes than in NS pastes, and it increases over time, as demonstrated
by the larger darkened region in NH_90d paste compared to NH_28d.

The grayscale level in BSE images corresponds to the intensity of the detected backscatter
electrons, which are influenced by several factors: (1) Surface topography: raised areas emit
more backscatter electrons and appear brighter. (2) Chemical composition: regions
containing heavier elements (higher atomic mass) emit more electrons, resulting in brighter
areas, whereas lighter elements or regions with lower atomic density appear darker. (3)
Detector settings: parameters such as bias voltage and gain can affect the grayscale intensity,
though these were kept consistent in this study.

Figure 6.6. Representative BSE images of the cross-section of the exposure front of AAS pastes
exposed to deionised water immersion for 28 and 90 d. (A) NH_28d; (B) NH_90d; (C) NS_28d;
(D) NS_90d. The prefix denotes the type of alkaline activator, while the suffix refers to the
duration of water immersion. The images have been adjusted to the same levels of brightness
and contrast. The dirty black cluster indicates the presence of carbon from the coating process.
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Given that the samples were thoroughly polished to ensure flatness at the local scale and
imaged under identical conditions, the grayscale variations primarily reflect differences in the
average atomic mass of the detected regions. The darker areas near the exposure front thus
indicate a lower atomic mass. As mentioned in Chapter 5, the leaching of alkali ions lowers
the pH of the pore solution of AAS pastes, which hinders further slag reactions and reaction
product formation. On the other hand, continuous leaching can cause the decomposition of
C-(N-)A-S-H gels. These processes result in a darker appearance (low greyscale intensity) in
regions affected by leaching. Additionally, with the extension of exposure time, leaching
progressively affects deeper regions of pastes, as evidenced by the more pronounced
darkened region in NH_90d compared to NH_28d (Figures 6.6A and B).

Figure 6.7 shows the magnified images of the exposure front of NH and NS pastes after 28
and 90 d of water immersion. As shown in Figures 6.7A and B, the paste of NH_90d is more
porous and appears darker than that of NH_28d, which is attributed to the longer exposure
time. Additionally, the darkened region near the exposure front comprises not only visible
pores but also areas of darkened paste, which indicate coarsening of undetectable small
capillary and gel pores. At the magnification used (1000x), the pixel size in BSE images is
approximately 400 nm, making pores smaller than this threshold indistinguishable. As shown
in Figures 6.7C and D, the samples of NS_28d and NS_90d exhibit comparable depths of
darkened pastes near the exposure front. However, the rim of slag in NS_90d is more evident
than in NS_28d, probably due to the decomposition of gels or hydrotalcite-like phases around
the slag particles [222].

N .

Figure 6.7. BSE images of the exposure front of NH and NS pastes after 28 and 90 d of water
immersion. The images have been adjusted to the same levels of brightness and contrast.
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To quantify porosity at different depths, an image processing method was applied to segment
BSE images based on greyscale thresholds. This approach distinguishes visible pores and
darkened paste, compensating for the pixel size limitations. Figure 6.8 shows the
segmentation process for the NH_90d sample using thresholds of 70 and 120. It is observed
that different thresholds can screen different regions within the image. The region defined by
a threshold below 70 (Figure 6.8B) encompasses the visible pores and cracks of the sample,
along with a portion of the resin near the edge of the sample. In contrast, the region defined
by a threshold below 120 (Figure 6.8C) is larger than that of 70, consisting exclusively of the
darkened paste, as observed in Figure 6.6. These regions can be considered the coarsened
small capillary and gel pores. Consequently, according to the thresholds of 70 and 120, the
regions in AAS pastes can be segmented into three categories: 0 — 70 (large capillary pore),
70— 120 (small capillary and gel pores), and 120 — 255 (dense paste region). Note that 255 is
the upper limit of a greyscale image. This categorisation enables the quantification of porosity
changes at varying depths and highlights the progression of microstructural deterioration due
to leaching.

Figure 6.9A shows the content of large capillary pores in AAS pastes at different depths. The
porosity of NH_28d and NH_90d pastes stabilises between 400 pm and 600 pum,
approximately four to six times higher than that of NS_28d and NS_90d, which stabilises
around 100 pum. This suggests that the matrix with a dense microstructure shows better
resistance to water immersion.

Figure 6.9B shows the content of small capillary and gel pores at different depths. The NH_90d
near the exposure front shows higher porosity than the NH_28d, indicating that the pore
structure deterioration progresses over time. Both NS_28d and NS_90d show higher porosity
near the exposure front than their inner parts, while their overall porosities are lower than
those of NH_28d and NH_90d. This can be attributed to the decomposition of reaction
products, as evidenced by the darkened slag (Figure 6.7D). Although NS pastes maintain a
dense microstructure, the decomposition of reaction products occurs in the long term,
increasing the small capillary and gel pores. Furthermore, the inner part of NH_90d shows
lower porosity than NH_28d, attributed to the continued reaction of slag or the discrepancy
of the general greyscale between the two pastes.

Figure 6.8. (A) Original BSE image of the exposure front of the NH_90d sample; (B) The image
segmented by the greyscale threshold of 70; (C) The image segmented by the greyscale
threshold of 120. The region highlighted in red represents that below the respective threshold
values.
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Figure 6.9. (A) porosity of large capillary pores; (B) porosity of small capillary and gel pores;
(C) total porosity of AAS pastes at different depths from the exposure front. The porosities are
determined by the greyscale range of 0 — 70, 70 — 120 and 0 — 120, respectively. It should be
noted that the porosity at zero distance is nearly 1, attributed to the resin beyond the edge of
the sample.

Figure 6.9C shows the total porosity of pastes, including both capillary and gel pores. The
observed increase in total porosity is attributed to the synergistic effects of reduced reaction
of slag and decomposition of reaction products. As discussed in Chapter 5, the leaching of
alkali ions lowers the pH of the pore solution, inhibiting slag reactions and reducing the
formation of reaction products. This results in a coarsened microstructure. In the meantime,
the leaching of ions can disrupt the thermodynamic equilibrium between the reaction
products and the pore solution, resulting in the decomposition of gels. Overall, the NS paste
shows a better resistance to water immersion than the NH paste.
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6.4.2 Elemental composition of AAS pastes subjected to water immersion

The EDX point analysis was conducted to examine the impact of leaching on the elemental
composition of AAS pastes at three depths from the exposure front: “close” (0 — 360 um),
“medium” (360 — 720 um), and “far” (720 — 1080 um). Figures 6.10A and B show the
relationship between the Na/(Si+Al) ratio and the Ca/(Si+Al) ratio in NH pastes. The Ca/(Si+Al)
ratios remain relatively stable across the three regions in both NH_28d and NH_90d, ranging
from 0.5 to 1.2, suggesting that 90 d of water immersion has little effect on this ratio. In
contrast, the Na/(Si+Al) ratio shows greater variability. NH_90d pastes exhibit a lower
Na/(Si+Al) ratio compared to NH_28d, indicating that Na ions are more susceptible to leaching
than Caions in the gels. This finding aligns with MD simulation results from Chapter 3, where
Ca demonstrated a higher dissolution free energy than Na in the same gel. Overall, no
characteristic relationship between the Na/(Si+Al) and Ca/(Si+Al) ratios was observed.
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Figure 6.10. Elemental ratios of NH pastes at different depths from the exposure front after
28 d and 90 d of water immersion. The detected region ranges from 0 to 1080 um away from
the exposure front, which is further divided into three sections, namely “close” (0 — 360 um),
“medium” (360 — 720 um) and “far” (720 — 1080 um), respectively.
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Figures 6.10C and D show the relationship between the Mg/Si ratio and the Al/Si ratio in NH
pastes. A linear correlation between these ratios suggests the formation of hydrotalcite-like
phases [222]. As described in Chapter 5, the slope of the trend line represents the Mg/Al ratio
in the hydrotalcite, while the intercept on the X-axis reflects the Al/Si ratio in the rim of the
slag. Data points from NH_28d and NH_90d overlap and follow a similar trend across all
regions. The Mg/Al ratio decreases from 1.91 at 28 d to 1.69 at 90 d, indicating a reduction in
the crystalization degree of hydrotalcite [222]. A similar phenomenon has also been observed
in AAS paste under sealed conditions [194], though the underlying mechanism remains
unclear. One possible explanation is the uptake of constantly dissolved Al by hydrotalcite. The
Al/Si ratio of gels in the slag rim remains stable at approximately 0.25 for both NH_28d and
NH_90d. This suggests the proportional dissolution of Si and Al from the gels.

Figures 6.11A and B show the Ca/(Si+Al) ratio of NH pastes at different depths after 28 and
90 d of water immersion. The Ca/(Si+Al) ratio of the NH_28d paste remains generally stable,
with a slight reduction in the “0 — 120 um” region compared to deeper regions. However, in
NH_90d pastes, a more pronounced reduction is observed in the entire “close” region and
the front portion of the “medium” region, indicating decalcification caused by the leaching of
Caions. Figures 6.11C and D illustrate the Na/(Si+Al) ratio of NH pastes at different depths. In
NH_28d pastes, the Na/(Si+Al) ratio is stable across all depths, fluctuating around 0.2. In
contrast, NH_90d pastes show a noticeable decrease in the Na/(Si+Al) ratio compared to
NH_28d, except in the “960-1080 um” region, where the ratio is relatively higher. This trend
confirms significant leaching of Na at 90 d, underscoring its lower stability compared to Ca.

Figures 6.10E and F show the Al/Si ratio of NH pastes at different depths. The Al/Si ratio
remains stable during both 28 and 90 d of immersion, fluctuating around 0.4. This suggests a
proportional dissolution of Si and Al from gels. Theoretically, the maximum Al/Si ratio in an
aluminosilicate chain of gels should not exceed 0.33, as Al substitution can only occur at the
bridging sites. The slightly higher observed Al/Si ratio (0.4) likely results from the coexistence
of hydrotalcite and gel phases. Figures 6.10G and H show the Mg/Si ratio of NH pastes at
different depths. The Mg/Si ratio remains relatively constant, ranging from 0.2 to 0.3. In AAS
systems, the mobility of Mg is extremely low, being present in the slag rim (in the form of
hydrotalcite-like phases) and in unreacted slag. Therefore, a constant Mg/Si ratio during 90 d
of exposure implies a stable Si content in gels.

Figures 6.12A and B show the relationship between the Ca/(Si+Al) ratio and the Na/(Si+Al)
ratio in NS pastes after 28 and 90 d of water immersion. In the NS_28d paste, the Ca/(Si+Al)
ratio in the “medium” and “far” regions is comparable, ranging from 0.6 to 1.2, and is
generally higher than in the “close” region. Some data points in the “close” region fall below
0.6, indicating paste decalcification. This decalcification is more pronounced in the NS_90d
paste. Regarding the Na/(Si+Al) ratio, values in all regions of the NS_28d paste are comparable,
ranging from 0.1 to 0.5, and are generally higher than those in NS_90d. The Na/(Si+Al) ratio
in the close region of NS_90d is significantly lower than in the far region.

Figures 6.12C and D show the relationship between the Al/Si ratio and the Mg/Si ratio in NS
pastes. The Mg/Al ratio in hydrotalcite decreases from 2.09 at 28 d to 1.63 at 90 d, consistent
with the trend observed in NH pastes. The reduction is attributed to the uptake of Al by
hydrotalcite [222]. The Al/Si ratio of gels in the slag rim is approximately 0.2 at both 28 and
90 d, slightly lower than the ratio observed in NH pastes (0.25). This difference is likely due to
the additional Si introduced by the NS activators.
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Figure 6.11. Box plot of the elemental ratio of NH pastes at different depths from the exposure
front after 28 d and 90 d of water immersion. The top and bottom values of the box denote
the 25t and 75 percentiles, respectively. The whiskers extend to the maximum and minimum
data points, which are within the 1.5 times interquartile range. The white star in the box

represents the average value of elemental ratios.
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Figure 6.12. Elemental ratios of NS pastes at different depths from the exposure front after 28
d and 90 d of immersion. The detected region ranges from 0 to 1080 um away from the
exposure front, which is further divided into three sections, namely “close” (0 — 360 um),
“medium” (360 — 720 um) and “far” (720 — 1080 um), respectively.

Figures 6.13A and B show the Ca/(Si+Al) ratio of NS pastes at different depths after 28 and 90
d of water immersion. A notably lower Ca/(Si+Al) ratio of NS pastes is observed within 120
pum at 28 d, with a further decrease at 90 d at the same depth. This indicates progressive paste
decalcification over time. The depletion of Ca, being a heavier element than Na, Al, and Si,
prominently affects the greyscale of BSE images, contributing to the darkened areas near the
exposure front of NS pastes (Figures 6.6C and D). Figures 6.13C and D show the Na/(Si+Al)
ratio of NS pastes at different depths. At 28 d, the Na/(Si+Al) ratio remains stable, fluctuating
between 0.2 and 0.3 across different depths. However, at 90 d, significantly lower values are
observed in the “close” and “medium” regions, indicating substantial Na leaching. While Na
can leach even through the dense structure of NS pastes, the depth of the leached region in
NS pastes (0 — 720 um) is shallower than in NH pastes (0 — 960 um).

Figures 6.13F and F show the Al/Si ratio of NS pastes at different depths. At 28 d, the Al/Si
ratio remains stable across all regions. However, at 90 d, higher values are observed at depths
of “0—120 um” region. A similar trend is noted for the Mg/Si ratio, as shown in Figures 6.13G
and H. The darker appearance of NS pastes near the exposure front (Figure 6.7) is attributed
to the predominance of slag rims and unreacted slag, with minimal outer reaction product
gels. This darkened region is characterised by a high hydrotalcite content and a low gel
content, resulting in elevated Al/Si and Mg/Si ratios within 120 um. As discussed in Chapter
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4, the synthetic C-(N-)A-S-H gel with a lower Ca/Si ratio shows a higher leaching loss of Si.
Compared to NH pastes, the gel in NS pastes has a lower Ca/Si ratio, thereby leading to higher
leaching losses of Si and higher Al/Si and Mg/Si ratios.
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Figure 6.13. Box plot of the elemental ratio of NS pastes at different depths from the exposure
front after 28 d and 90 d of water immersion. The top and bottom values of the box denote
the 25t and 75 percentiles, respectively. The whiskers extend to the maximum and minimum
data points, which are within the 1.5 times interquartile range. The white star in the box
represents the average value of elemental ratios.
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6.5 Modelling results and discussion

6.5.1 Model validation

The chemical composition of the pastes, as measured in Section 6.4, consists of a mixture of
different phases, making it challenging to compare the simulated phase composition with
experimental data directly. To address this, porosity was used as the primary parameter for
validating the model, as it is a critical indicator of microstructural degradation.

Figure 6.14 compares the simulated and experimental porosity of NH paste after 90 d of water
immersion across different depths. It is observed that the porosities of the interior (or
unaffected) part of the experimental and simulated pastes are comparable, demonstrating
that Geomicro3D effectively simulates the porosity of NH pastes. However, the experimental
porosity near the exposure front is significantly higher than the simulated porosity. This
discrepancy could be attributed to a higher leaching rate of ions near the exposure front in
experiments, leading to more severe degradation. Additionally, during sample preparation,
solid particles at the edge of the sample might have been more extensively removed than
those in the interior, leading to an uneven surface texture and artificially elevated porosity
near the exposure front.

Despite these differences, the deterioration depths of the pore structure between the
experimental and simulated results are consistent. This parameter is crucial for evaluating the
extent of degradation caused by leaching. As shown in Figure 6.14, the depth at which
porosity increases significantly is approximately 600 — 800 um for both experimental and
simulated results. Moreover, the porosity values in the inner regions of the paste are closely
aligned between the two datasets. These findings confirm that the model is validated against
experimental results, demonstrating its reliability for further analysis.
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Figure 6.14. Comparison of simulated and experimental porosity of the NH paste at different
depths from the exposure front. “exp”: experimental results; “sim”: simulated results. The
porosity in this figure refers to the total porosity as shown in Figure 6.9C.
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6.5.2 Pore solution

Directly measuring the ion concentration of the pore solution at different depths is
challenging for experiments, but simulations provide a viable alternative. To determine ion
concentrations at different depths, the initial ion concentrations of the NH paste at 28 d,
without leaching, were first simulated using the Geomicro3D model. The simulated
concentrations of key ions — Na, OH, Al, Si and Ca — are 2767, 2566, 6.96, 1.02 and 0.64
mmol/L, respectively. These values are comparable to the experimentally measured pore
solution results of the NH paste in Chapter 5.

Figure 6.15 shows the simulated ion concentrations in the pore solution of NH pastes at
different depths and exposure times. The concentrations of Na, OH and Al (Figures 6.15A—C)
increase with depth while decreasing with exposure time. After 10 y of leaching, the ion
concentrations in the simulated 100 mm of the NH paste are significantly lower than those of
pastes without leaching. The trends in Si concentration (Figure 6.15D) follow a similar pattern
to those of Na, OH and Al, whereas distinct peaks appear within the depth of 0.1 -3 mm at 1,
5 and 10 y. These peaks become more pronounced over time, mainly due to the ion leaching
from both the pore solution and reaction products. Specifically, in the early stages (before
180 d), the steep gradient of ion concentrations between the external water and the pore
solution drives the leaching process, with ions in the pore solution contributing
predominantly to leaching. However, with the extension of time, the chemical environment
surrounding gels changes, probably leading to the decomposition and reorganisation of gels.
The humps near the exposure front in Figure 6.15D can be attributed to the dissolved Si
species released from gels. Similarly, the accumulation of Ca is observed near the exposure
front, with a more pronounced effect than that of Si, suggesting the leaching of Ca from gels.

-=without leaching -*-28d —+90d -+180d -¢1ly -<+2y -5y -—*10y
3.0 3.0 0.010
= =
%2.5- 2.5 %ooos—
£
= 20 2.0 ] £
o S 0.006
® 15 1.5 ] B
= ‘€ 0.004
] o
O 1.0 1.0 ]
H c
S S 0.002
@ 0.5] 0.5 ] 2 e
2 <
0.0 ] 0.0 ] 0.000 -} —
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
(A) Depth (mm) (B) Depth (mm) () Depth (mm)

0.0012

0.004
< 0.0010 <
o g 0.003
£
< 0.0008 =
s s
+ 0.0006 ® 0.002
- S
=} -
c c
@ 0.0004 ] 3
s § 0.001 |
.2 0.0002 ] &
g [$)
0.0000 -F i i 0.000 i . |
0.1 1 10 100 0.1 1 10 100
(D) Depth (mm) (E) Depth (mm)

Figure 6.15. Simulated ion concentrations in the pore solution at different depths of the NH
paste with leaching time. y: year.
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6.5.3 Phase assemblage

Figure 6.16 shows the simulated phase assemblage of the NH paste at different depths from
the exposure front with time. Generally, the volume of the aqueous solution increases with
time, indicating the coarsening of the pore structure. This is attributed to the decomposition
of reaction products (gels and hydrotalcite). The hydrotalcite-like phases remain relatively
stable, with only slight reductions observed within 0.8 mm depth after 10 y of water
immersion (Figure 6.16F). This stability aligns with the experimental results discussed above.
On the contrary, gels are more prone to decomposition, initiating after 90 d of immersion
(Figure 6.16B), consistent with the observation in Figure 6.6. By 10 vy, gels have completely
dissolved within the top 1 mm, leading to a reduction in both absorbed water and gel pore
water contents.

The decomposition ratios of gels, absorbed water and gel water in the NH paste at different
depths with time were calculated according to their initial contents before leaching, as shown
in Figure 6.17. The decomposition behaviour of the gels closely resembles that of absorbed
water due to the fixed proportion (i.e. 0.3 mol of water per mole of C-(N-)A-S-H gels). However,
gel water shows a distinct trend, with a higher decomposition rate compared to gels and
absorbed water at 90 d, 180 d and 1 y. This discrepancy suggests a volume change in gels
caused by prolonged water immersion. To gain deeper insights, the evolution of gel phases
with time was investigated.
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Figure 6.16. Simulated phase assemblage of the NH paste at different depths from the
exposure front with time.
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Figure 6.17. Decomposition ratio of gels, absorbed water and gel water in the NH paste at
different depths from the exposure front with time.

Figure 6.18A shows the simulated volume of eight C-(N-)A-S-H end-members in the NH paste
after 90 d of water immersion within a depth of 100 mm. The phase assemblage of gels
changes with depth, stabilising at approximately 10 to 20 mm. Near the exposure front (within
20 mm), the paste shows lower contents of 5CNA, INFCNA, INFCN and T2C phases but higher
contents of T5C, INFCA and 5CA phases compared to the inner part. According to the formulae
and molar ratios of the eight C-(N-)A-S-H end-members in Table 6.2, this reorganisation of gel
phases reflects the leaching of Na and Ca from gels. This finding is consistent with the EDX
results presented in Figures 6.11B and D.

Moreover, as presented in Table 6.2, Na-containing gels show lower chemically bound water
than other gels, indicating higher gel water content (the definition of simulated gel water is
mentioned in Section 6.3.1). The leaching of Na triggers the transformation of gels into Na-
free forms, which subsequently reduces the content of gel water. This reduction in gel water
content explains the lower gel pore water contents observed in Figure 6.17C. Notably, the
peaks in Ca and Si concentrations near the exposure front (Figures 6.15D and E) can also be
attributed to this gel reorganisation process.
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Figure 6.18. Simulated volume fraction of eight C-(N-)A-S-H end-members in the NH paste
after (A) 90 d and (B) 10 y of water immersion within the depth of 100 mm.
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Table 6.2. Formulae and molar ratios of eight C-(N-)A-S-H end-members.

Names Formulae Molar ratios
Ca/Si Al/Si Na/Si
C-A-S-H gels 5CA (Ca0)1.25:(Al203)0.125°(Si02)1+(H20)1.625 1.25 0.25 0
INFCA (Ca0)1(Al203)0.15625(Si02)1.1875(H20)1.65625 0.84 0.26 0
C-N-A-S-Hgels  5CNA (Ca0)1.25(Na20)0.25(Al203)0.125(Si02)1(H20)1.375 125 025 0.5
INFCNA  (Ca0)1(Na20)o.34375(Al203)0.15625(Si02)1.1875(H20)1312s  0.84 0.26  0.58
INFCN  (Ca0)1(Na20)o.3125(5i02)1.5(H20)1.1875 0.67 0 0.42
C-N-S-Hgels  T2C (Ca0)15(Si02)1(H20)s.5 150 0 0
C-S-H gels T5C (Ca0)1.25(Si02)1.25(H20)2.5 1.00 0 0
TobH (Ca0)1(Si02)15(H20)2.5 0.67 0 0

Figure 6.18B shows the simulated volume of eight C-(N-)A-S-H gel phases in the NH paste after
10 y of water immersion within a depth of 100 mm. The content of gels shows a substantial
reduction within a depth of 1 mm. The region affected by the gel reorganisation extends to
approximately 80 mm, much broader than at 90 d. While this reorganisation has minimal
impact on the overall porosity of the paste, it could potentially affect the mechanical integrity
of the matrix, particularly in the presence of microcracks. Specifically, the redistribution of gel
phases may contribute to microcrack propagation, a concern that will be further discussed in
Chapter 7.

6.5.4 Pore structure

Figure 6.19 shows the simulated porosity of NH pastes at different depths from the exposure
front over time. As shown in Figure 6.19A, the porosity increases both as the distance to the
exposure front decreases and with prolonged exposure time, emphasising that leaching is a
depth- and time-dependent issue. After 10 y of water immersion, the porosity within 1 mm
of the exposure front is 6 to 7 times higher than that at 28 d. As indicated by Figure 6.16F,
this significant increase in porosity is primarily attributed to gel decomposition, leaving only
unreacted slag and hydrotalcite behind.

Additionally, Figure 6.19A shows substantially increased porosity of pastes within about 1.5
mm from the exposure front after 10 y of water immersion, implying significant
microstructural deterioration. Beyond this depth, long-term immersion appears to have
minimal visible impacts. However, Figure 6.19B, which plots porosity between 0.14 and 0.18
on a linear x-axis, reveals that long-term immersion affects the interior as well. After 10y, the
paste exhibits increased porosity throughout the simulated 100 mm depth than that without
leaching, indicating subtle but measurable interior degradation.

As outlined in section 6.3.3, the diffusion coefficient of ions is closely correlated with porosity.
The leaching of ions promotes the dissolution of reaction products, progressively coarsening
the microstructure. This coarser microstructure further accelerates ion dissolution, which in
turn exacerbates the coarsening process. In summary, prolonged water exposure leads to
substantial degradation of the paste close to the exposure front, while inducing a minimal
coarsening of the pore structure in the inner part.
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Figure 6.19. Simulated porosity of the NH pastes at different depths from the exposure front
with time. (A) plotted on a logarithmic x-axis (Log10); (B) plotted on a linear x-axis.

6.6 Conclusions

In this chapter, the degradation of AAS pastes induced by water immersion at different depths
was studied experimentally and numerically. In the experiments, NH and NS pastes were
sealed for 28 d, followed by immersion in deionised water for up to 90 d. Pore structure
deterioration was observed near the exposure front in both NH and NS pastes. For large
capillary pores (those larger than 400 nm), the degraded depth in the NH paste after 90 d of
water immersion reached 600 um, approximately 6 times higher than that of the NS paste.
However, when small capillary and gel pores were included, the degraded depth of the two
pastes became comparable at 90 d, though the total porosity of the NS paste was still lower
than the NH paste. Additionally, significant reductions in the Na/(Si+Al) ratio and slight
decalcification were identified near the exposure front in both pastes. Hydrotalcite remained
generally stable, though with a reduction in the Mg/Al ratio. The stability of Si in the C-(N-)A-
S-H gels of the NS paste was lower than that in the NH paste. Overall, NS pastes demonstrated
better resistance to leaching compared to NH pastes.

A thermodynamics-based diffusion-dissolution model was developed to further understand
and predict the impact of leaching on NH pastes to a depth of 100 mm. The ion concentration
in the pore solution generally decreased over time, with the entire 100 mm depth being
affected after 10 y of leaching. The leaching of ions disrupted the equilibrium between the
reaction products and the liquid phases. Significant decomposition of gels was identified
within the depth of 1.5 mm at 10 y, leading to substantial degradation of the paste close to
the exposure front. While the leaching of Na induced the reorganisation of gel phases
throughout the whole 100 mm depth at 10 v, it resulted in only minimal coarsening of the
microstructure across the simulated region. Generally, the simulated results aligned with the
experimental findings, making this model an effective tool for predicting the degradation of
AAS materials subjected to water immersion.



Chapter 7
Cracking of AAS pastes induced by water immersion

7.1 Introduction

In Chapter 5, the degradation of AAS pastes subjected to water immersion has been
investigated. Leaching was identified as the primary factor driving this degradation, as it
reduces the pH of the pore solution, diminishes the reaction of slag and triggers the
decomposition of gels. Building on this, Chapter 6 introduces a diffusion-dissolution model to
further explore the microstructural deterioration in AAS pastes with depth, offering essential
insights for predicting the durability of these materials in aqueous environments. Additionally,
as summarised in Chapter 2, previous studies [14,15,50] have documented cracking problems
in AAS materials under humid conditions. However, the underlying mechanisms remain
unclear.

In this chapter, the cracking mechanisms of AAS pastes induced by water immersion are
studied by means of experiments and modelling. AAS pastes were produced using alkaline
activators with different silicate moduli (0, 0.5, 1, 1.5). First, the compressive and flexural
strength of pastes cured with and without water immersion were compared. Second, the
chemical properties of AAS pastes before and after immersion were analysed, including phase
assemblage, paste chemistry, gel structure and the leaching stability of gels. Transport
properties, such as pore volume, pore size distribution, and saturation degree, served as
inputs for modelling the water transport in AAS materials. Based on the experimental and
modelling results, this chapter elucidates the chemical and physical mechanisms driving
cracking in AAS pastes and proposes potential strategies to mitigate this issue.

7.2 Methodology
7.2.1 Outline of this chapter

The outline of Chapter 7 is presented in Figure 7.1. In terms of chemical aspects, firstly, the
phase assemblage of AAS pastes before and after immersion in deionised water was analysed
using XRD, which was used to identify any newly formed phases during immersion. Secondly,
the paste chemistry before water immersion was measured by SEM with EDX detectors.
Thirdly, leaching tests on powdered AAS pastes were conducted to specifically investigate the
leaching behaviour of gels in different AAS pastes. Finally, FTIR was performed to assess the
structural change of gels in AAS pastes induced by leaching. As for physical aspects, the finite
element method (FEM) was used to simulate water ingress via capillary suction in AAS pastes.
To gain the input, the water content (or saturation degree) of AAS pastes before water
immersion was measured. The porosity and pore size distribution of pastes were
characterised by MIP and N, absorption tests. Eventually, based on experimental and
simulated results, some potential mitigation strategies to address the cracking issue of AAS
materials subjected to water-exposed conditions were proposed.

Part of this chapter is published on:
C. Liu, J. Xie, Z. Li, G. Ye. (2025) An experimental and numerical study on the cracking of alkali-activated slag
pastes induced by water immersion. Cement and Concrete Research.
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Figure 7.1. Outline of Chapter 7.

7.2.2 Materials and mixtures

Chapter 7

The physical and chemical properties of slag used in this chapter are consistent with those in
the above chapters (Table 5.1). Four types of alkaline activators with silicate modulus of 0,
0.5, 1 and 1.5 were prepared, using NaOH solution (50 wt.%), Na,SiOs solution (8.25 wt.%
Nay0, 27.5 wt.% SiO,, and 64.25 wt.% water), and deionised water. The mixture design of AAS
pastes is presented in Table 7.1. The slag is activated using alkali activators with different
silicate moduli, referred to asm =0, 0.5, 1 and 1.5, respectively. This aims to cover the range
of silicate moduli used in AAS materials as much as possible. The fresh AAS pastes were
prepared at room temperature using a Hobart mixer. The paste was then castin 4 cm x4 cm
x 16 cm moulds for the flexural and compressive strengths and polyethene bottles (¢ 35 mm
x 70 mm) for other characterisations.

Table 7.1. Mixture proportions of AAS pastes.

Slag (g) SiO2 (mol) Na,O0 (mol) Water (g)
m=0 1000 0 0.8 430
m=0.5 1000 0.4 0.8 430
m=1 1000 0.8 0.8 430
m=1.5 1000 1.2 0.8 430
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7.2.3 Experimental methods

Flexural and compressive strength tests

The 4 cm x 4 cm x 16 cm AAS prisms were initially sealed for 7 d and subsequently exposed
to either sealed or water-immersed conditions for an additional 7 d. The strength of
specimens labelled as “7 s”, “7 s+ 7 s” and “7 s + 7 w” was measured. These labels refer to “7
d of sealed curing”, “7 + 7 d of sealed curing” and “7 d of sealed curing followed by 7 d of
water immersion”, respectively. For flexural strength, a loading rate of 0.05 kN/s was applied,
with three replicates per mixture. Following the flexural strength test, the six halves of the
prisms were used to measure compressive strength, using a loading rate of 2.4 kN/s. Detailed

procedures of flexural and compressive strengths were shown in [167].
XRD tests

AAS samples were first sealed in the aforementioned polyethene bottles for 7 d. Then, the
samples were crushed into approximately 2 —4 mm pieces before being exposed to deionised
water for 7 d. Finally, the piece samples after exposure were immersed in isopropanol and
ground into fine powder to stop the reaction. After being dried in a vacuum oven at 25 °C for
7 d, the powdered sample underwent scanning within the range of 5 — 70° with a step size of
0.02° and a swell time of 5s per step.

SEM and EDX tests

The elemental composition of AAS pastes sealed for 7 d was analysed. The sample preparation
process and equipment used were identical to those described in Chapter 6.

ICP-OES and FTIR tests

ICP-OES was performed to investigate the leaching behaviour of gels in AAS pastes using a
PerkinElmer Optima 5300DV. To isolate the effects of gel leaching from the influence of pore
solution, reaction-arrested powdered samples (sealed for 7 d) were employed. As for leaching
tests, precisely 0.500 g (£ 0.03) of the samples was added to a polyethene bottle containing
30.0 g (+ 0.1) of deionised water. After standing for 7 d, the leachate was filtered and the
concentration of Si, Al, Ca and Na was measured. The solid residue was dried in a vacuum
oven at 25 °C. After that, FTIR was carried out to detect the structural change of gels with and
without leaching.

MIP and N absorption tests

MIP was conducted using a Micrometrics PoreSizer 9500 to obtain the open porosity and pore
size distribution of AAS pastes. The correlation between pore diameter (D) and pore pressure
(P) is built by the Washburn equation [223] as presented in Equation 7.1.

4y cos 6
p=—— 7.1
5 (7.1)

where the y is the surface tension of mercury, 0.485 N/m at 25 °C; 6 is the contact angle
between samples and mercury, 141° in this work.
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Figure 7.2. Schematic representation of effective porosity, ink-bottle porosity and threshold
pore diameter obtained from MIP results.

Three procedures were involved in each measurement, including mercury intrusion at low
pressure from 0 to 0.170 MPa; mercury intrusion at high pressure from 0.170 to 210 MPa;
and mercury extrusion. According to Equation 7.1, the pore diameter detectable by this
method ranged from 7 nm to 400 um. The “effective porosity”, “threshold/critical pore
diameter”, and “ink-bottle porosity” can be deduced from the MIP results as presented in
Figure 7.2. Effective porosity refers to pore volume that is interconnected and capable of
contributing to fluid flow or permeability. "Ink-bottle" is connected to the surface or other
pores through narrower throats. These pores can retain mercury due to the smaller throats
that prevent its egress during pressure release. The threshold/critical pore diameter
corresponds to the point on the intrusion curve where a significant increase in cumulative
intrusion is observed, indicating the entry of mercury into a dominant pore size range. Since
the pore diameter of m = 1 and m = 1.5 AAS pastes was below the detection limit of MIP
equipment, N, absorption tests were conducted by a Micrometrics Gemini VII 2390 V1.03 to
identify pores ranging from 0.3 nm to 300 nm. The detailed N, absorption test method can be
found in Chapter 5.

Water content tests

The water content (or saturation degree) of AAS pastes was measured before water
immersion. The samples were sealed for 7 d, crushed into 2 — 4 mm pieces, and their initial
mass (m;) was recorded with an accuracy of 0.001 g. Then, the samples were dried in an oven
at 40 °C to a constant mass (mg). Finally, the samples were fully submerged in deionised water
under vacuum conditions until saturation, with the saturated mass (mg) recorded. Notably,
the leaching loss of Na (my,) was also taken into account during the test, due to its significant
leaching as observed in previous chapters. The ion concentration of Na in the leachate was
measured, and the leaching amount was incorporated. As a result, the saturation degree of
AAS samples was calculated using Equation 7.2.
m; — Mgy

S = X 1009
mg —myg + Myg o (7.2)
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Using this method, the saturation degrees of AAS pastes with silicate moduli of 0, 0.5, 1 and
1.5 after 7 d of sealed curing were determined to be 94.6%, 93.8%, 92.3% and 90.2%,
respectively.

7.2.4 Numerical simulation

7.2.4.1 Governing equations

Richards’ equation describes the water flow in an unsaturated porous medium, driven by
gravity and capillary force while neglecting the movement of the non-wetting phase, typically
air [224,225]. Richards’ equation is a simplified form of the standard two-phase flow model
for gas and liquid phases in a porous medium. It assumes that the pressure gradient needed
to drive the flow of the gas phase can be neglected, owing to the significant mobility contrast
between the water and gas phases. Generally, Richards’ equation is presented in three
different forms: (1) the ““mixed form”, which incorporates both water saturation and pressure
head; (2) the “head-based form”, which is expressed entirely in terms of pressure head; and
(3) the “saturation-based form”, which focuses on water saturation rather than pressure
head. In this case, water movement in AAS pastes is driven by the capillary suction (pore
pressure). The pressure head was not considered in this study, as it was negligible compared
to the capillary pressure. The transient state formulation of Richards’ equation used in this
study is expressed as:

26
o7 = V" (Kep) (7.3)

where 0 is the water content (m3/m3), Ky is the unsaturated water permeability of pastes
(m?/s), and p is the pore pressure (N/m?).

If the capillary diffusivity (Dg) is defined as Equation 7.4 [226], the Richards’ equation can also
be formulated as Equation 7.5.

0

a0
— =V-(DyVO 7.5
T (DgVO) (7.5)
Zhou et al. [229] studied the correlation between unsaturated water permeability (Ky), open
porosity (@) and water content (8) in PC-based materials. Given that AAS materials share a
similar morphology of pore distribution with PC-based materials [230], Ky of AAS pastes can
be calculated via Equation 7.6.

K, = 50([1)322;1 a-|1-m (1 - %)] (1 - %))2 (7.6)

where u is the dynamic viscosity of water.

By substituting Equations 7.5 and 7.6 into Equation 7.4 and performing some algebraic
manipulations, the resulting expression for the capillary diffusivity (Dg) is obtained:

_ Cycosé, @?

Do = ~Sepn ((p—9)ln2(1—%)(1_[1_ln<1_g)]<1_g>)2 (7.7)
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7.2.4.2 Numerical implementation

A 2D finite element model was developed to simulate water transport across a 4 cm x 4 cm
cross-section in the middle of the prism. This model was implemented using ABAQUS
software, which has been validated in previous studies for simulating water and chloride
diffusion in cementitious materials [227,228]. Water transport in porous media was modelled
using the heat transfer module in ABAQUS. This approach leveraged the similarity between
water transport (based on Fick's second law) and heat transfer phenomena. The comparison
between heat transfer and water transport is shown in Appendix A Equations A1 and A2, and
Table Al.

The non-steady state of unsaturated water transport was simulated using a 4-node linear
quadrilateral element. The porosity and water content of AAS pastes obtained from
experiments were used as inputs. Since the samples were initially cured under sealed
conditions before being exposed to water, the porosity and water content were assumed to
be homogeneously distributed across the entire simulated cross-section. The pore structure
was also assumed to be constant, and all the pores in the media were permeable during
capillary suction.

According to Equation 7.7, the capillary diffusivity (Dg) of AAS pastes was calculated based on
variations in water content (6). Since the saturation degree (8/¢) in Equation 7.7 cannot
reach 1, it is capped at 0.999 for calculations. Appendix A Figure A2 shows the relationship
between Dy and 08 of AAS pastes with different silicate moduli. Detailed input parameters for
the water transport model of four AAS pastes are listed in Appendix A, Table A2. Given the
observed cracking in m = 1.5 AAS paste prisms after 1 h of water immersion (Appendix A,
Figure A1) and the rapid nature of the capillary suction process, | will concentrate on
simulating the water content distribution during the first hour for all four pastes. In this
modelling, an iterative nonlinear solver based on the Newton-Raphson method was
implemented in ABAQUS to address the material nonlinearity problem.
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7.3 Experimental results
7.3.1 Strength

Figure 7.3A shows the flexural strength of AAS pastes under different conditions. Under
sealed conditions, the flexural strength of all four pastes increases with time but does not
show an increasing trend with the increase of silicate modulus. In principle, a higher silicate
modulus provides a higher content of soluble Si, promoting gel formation and microstructural
densification [126]. This densification is theoretically associated with higher flexural strength.
However, the finer microstructure resulting from higher silicate moduli also generates
significant pore pressure from unsaturated menisci, leading to high internal stress and
shrinkage [229,230]. Consequently, microcracks frequently develop in pastes with higher
silicate moduli. As the flexural strength is sensitive to microcracks, the flexural strengths of m
=1and m = 1.5 are lower than those of m = 0.5 at the same ages. Additionally, the paste of
m = 0 exhibits the lowest flexural strength among all groups, attributed to its relatively porous
microstructure.

The flexural strength of AAS pastes after water immersion exhibits different trends compared
to those under sealed conditions. For the m=0 paste, the flexural strength under “7 s + 7 w”
is higher than that under “7 s + 7 s”, while the flexural strength of the other three prisms
activated by sodium silicate is lower than that before immersion. This is because water ingress
into the relatively porous paste (m = 0) can mitigate the shrinkage, reducing internal stress
and minimising the development of microcracking. As a result, water immersion is conducive
to the flexural strength development of pastes with a low silicate modulus at early ages. In
contrast, the flexural strength of the other three pastes (m = 0.5, m =1, m = 1.5) decreases
after immersion, with the extent of the reduction correlating with an increase in silicate
modulus.
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Figure 7.3. Flexural and compressive strengths of AAS pastes under sealed and water-
immersed conditions. The “7 s” indicates 7 d of sealed curing, while the “7 w” refers to 7 d of
water immersion.



104|Page Chapter 7

As shown in Figure 7.4, the m = 1 paste fractures into two halves, while the m = 1.5 paste
completely fragments into smaller pieces after 19 h of water immersion. Both pastes show
no measurable flexural strength after immersion, clearly demonstrating the detrimental
impact of water immersion on sodium silicate-based AAS pastes. This trend is consistent with
the findings from previous works [14,47,126,231]. Interestingly, pastes with m = 1.5 are not
only fragmented into several sections like the prisms of m = 1 but even into smaller pieces,
especially at the corners of prisms (highlighted in dashed red circles in Figure 7.4). Similar
observations have been reported in [15]. This phenomenon indicates severe structural
problems of AAS pastes under immersed conditions, which have been scarcely reported in
previous research and warrant significant attention.

Figure 7.3B shows the compressive strength of AAS pastes under sealed and water-immersed
conditions. Unlike flexural strength, the compressive strength of AAS pastes increases with
both curing time and silicate modulus under sealed conditions. This behaviour can be
attributed to the fact that compressive strength is predominantly influenced by the porosity
of the microstructure instead of microcracks. As the silicate modulus increases, the formation
of gels densifies the matrix, reducing porosity and enhancing compressive strength. Moreover,
water immersion for 7 d results in only a slight reduction in compressive strength compared
to sealed conditions at the same age. This suggests that short-term water immersion does not
significantly change the overall porosity of AAS prisms. Due to the complete damage of the
prismatic samples, the compressive strength of m = 1.5 prisms after immersion is
unmeasurable.
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Figure 7.4. Fracture of the AAS prismatic pastes with m = 1 and m = 1.5 after 19 h of water

immersion. The photo was taken immediately after the samples were removed from water,
without undergoing the drying process.
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7.3.2 Phase assemblage

Figure 7.5 shows the XRD pattern of AAS pastes with different silicate moduli under sealed
and immersion conditions. Generally, gels and hydrotalcite are the two main reaction
products in an AAS paste, consistent with the results in Chapter 5. The characteristic peaks of
gels are more pronounced in the paste with a low silicate modulus. This is because the gel in
a high-modulus paste normally shows a low Ca/Si ratio, resulting in a more crosslinked and
amorphous structure, which obscures the reflections of some representative crystal planes in
the Si-Al tetrahedra. Additionally, the characteristic peaks of hydrotalcite diminish with the
increase of silicate modulus, indicating that a high silicate content hinders the formation of
crystalline hydrotalcite.

In the comparison of sealed and water-immersed samples, the phase assemblage of pastes
remains stable. However, in the m = 0 paste, the characteristic peak of gels “«” becomes less
evident after 7 d of water immersion, suggesting partial decomposition of some chemical
units within the gels. Despite this, no secondary phases are identified in any paste after 7 d of
immersion, eliminating the possibility of cracking caused by the expansion of crystalline

phases.
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¢ Hydrotalcite

10 20 30 40 50 60
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Figure 7.5. XRD pattern of AAS pastes with different silicate moduli under sealed and water-
immersed conditions. The curves with colours from dark to shallow in each group represent

the sample of “7 s”, “7 s + 7 s” and “7 s + 7 w”, respectively. The “+” marks the characteristic
peak of gels only existing in the m = 0 paste.
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7.3.3 Paste chemistry

Figure 7.6A shows a representative BSE image of the AAS paste with m = 1 after 7 d of sealed
curing. The microstructure typically contains unreacted slag, inner products, outer products
and pores. The inner products, identifiable as the dark rim of slag, are predominantly
composed of hydrotalcite-like phases, along with C-(N-)A-S-H gels [222]. Due to the
dissolution and diffusion of Ca and Si species from slag, the greyscale of these rims is usually
higher than slag particles [222,232]. In contrast, the outer products consist exclusively of C-
(N-)A-S-H gels due to the limited mobility of Mg [232,233]. Therefore, to focus on the chemical
composition of gels, the outer product regions were selected for point analysis.

Figure 7.6B shows the atomic ratio of Ca/Si versus Na/Si in the outer product of AAS pastes.
A negative correlation is observed between these ratios, attributed to the competitive role of
Ca and Na in charge balancing [58]. The gel in the paste with a higher modulus shows a lower
Ca/Si ratio and a higher Na/Si ratio. This can be ascribed to the additional soluble Si ions
supplied by sodium silicate-based activators, which react directly with dissolved Ca and Al
from the slag to form gels. The extensive gel formation results in higher absorption of Na in
the pore solution. Consequently, this results in a heightened Na/Si ratio of gels in the outer
products of the m =1 and m = 1.5 matrices. As reported in [234], the bulk modulus of gels is
partially determined by the interlayer density, with higher interlayer Ca content contributing
to increased bulk stress at a comparable basal spacing. This means that the gel with a lower
Ca/Si ratio shows a lower intrinsic mechanical property. Therefore, it can be inferred that the
gels in m = 1.5 and m = 1 pastes are mechanically weaker than those inm=0.5and m=20
pastes. This reduced mechanical strength of gels likely promotes the propagation of cracks.
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Figure 7.6 (A) A representative BSE image of AAS paste with m = 1 sealed for 7 d; (B) Atomic
ratios of Ca/Si against Na/Si in the outer products of 7 d sealed AAS pastes with different
silicate moduli.
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7.3.4 Leaching behaviour

The leaching behaviour of powdered AAS pastes can reflect their thermodynamic stability
during water immersion. Considering the minimal dissolution loss of slag and hydrotalcite in
deionised water [126], the ions leached into the solution mainly originate from the
decomposition of C-(N-)A-S-H gels. Figure 7.7 shows the concentrations of Si, Al, Ca and Na in
the leachate of AAS powdered samples after 7 d of water immersion. The concentrations of
Si and Ca are comparable across the four samples, with pastes containing higher silicate
moduli generally showing higher values. Si and Ca are essential components of gel structures,
the leaching of which is detrimental to the stability of gels [20]. This indicates that the gels in
the pastes with high silicate moduli are more vulnerable to leaching.

Furthermore, the concentration of Al in the leachate decreases with increasing silicate
modulus. This trend is likely due to the lower content of Al in the paste with a higher silicate
modulus. A higher content of sodium silicate in the activator reduces the pH at a constant Na
dosage, which would impede the decomposition of slag and the dissolution of Al. Additionally,
the leached ions are predominantly composed of Na, as an indicator of its weak bond with
gels and high mobility in aqueous conditions. The concentration of Na in the leachate of the
paste with a higher silicate modulus exhibits a higher Na/Si ratio in gels (Figure 7.6B). As
discussed in Chapter 4, the leaching of Na in the interlayer can trigger the migration of
intralayer Ca to the interlayer for charge compensation. This subsequently results in the
decalcification of the intralayer and the formation of a more crosslinked gel structure.
Therefore, this considerable leaching of Na in the paste of m = 1.5 could suggest a substantial
change in its gel structure. To further understand the structural change of gels induced by
leaching, FTIR tests were performed.
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Figure 7.7. lon concentration of Si, Al, Ca (on the left Y) and Na (on the right Y) in the leachate
of AAS powdered samples after 7 d of water immersion.
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7.3.5 Gel stability

The infrared spectra of AAS pastes are depicted in Figure 7.8. As demonstrated in Figure 7.8A,
the paste with a higher silicate modulus exhibits a less pronounced absorption peak
compared to that with a lower modulus, particularly near 890 cm™. This finding matches the
XRD results, indicating that the gel in high-modulus pastes is less ordered, with less distinct
chemical group features. 7 d of water immersion has a limited impact on the main gel
structure, which is consistent with Chapter 5. However, there are subtle variations with regard
to the wavenumber of Q2 units.

Figure 7.8B shows the peak value of the Q? unit in the four AAS pastes before and after water
immersion. A higher wavenumber of the Q? peak indicates a higher degree of polymerisation
of gels. The wavenumber of the Q? peak increases with the increase of silicate moduli, which
suggests that the gel in the high-modulus paste has a more crosslinked structure [235]. As
shown in Figure 7.6B, the gel in the pastes of m = 1 and m = 1.5 shows a lower Ca/Si ratio,
which implies a lower content of Ca in the Ca-O of the intralayer. A lower content of Ca in the
intralayer is conducive to a prolonged silicate chain. In contrast to the sealed AAS pastes, the
gel in pastes after water immersion shows a higher wavenumber, indicating a higher
polymerisation degree. As discussed above, this is mainly due to the leaching of Na. Moreover,
the increase in the wavenumber of the Q2 unit is more pronounced inm =1 and m = 1.5 pastes
compared to m = 0 and m = 0.5 pastes. This discrepancy can be ascribed to the variation in
Na leaching across different systems (Figure 7.7). A greater loss of Na corresponds to a more
significant structural evolution. Among these four pastes, the gel in the m = 1.5 paste shows
the highest Na loss and thereby undergoes the most severe structural change when subjected
to water exposure. This structural evolution of gels can promote the development of
microcracks, compromising the underwater stability of the materials.
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Figure 7.8. (A) FTIR pattern of powdered 7 d AAS pastes before and after 7 d of water
immersion. The curves in dark and light colours represent the sample with and without

exposure, respectively. (B) The peak value of wavenumbers of the Q? units in gels of different
AAS pastes.
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7.3.6 Pore structure

Figure 7.9 shows the cumulative mercury intrusion and pore size distribution of 7 d AAS pastes.
It is observed that the open porosity of pastes decreases from 26.5% to 7.9% as the silicate
modulus increases from 0 to 1.5. This indicates that the presence of soluble Si in initial
activators can effectively densify the microstructure. The effective porosity, referring to the
ratio of interconnected pores allowing fluid flow, is also lower in the paste with a higher
silicate modulus, further declining as the modulus increases. This implies that a high-modulus
paste has low water permeability.

Moreover, the threshold pore diameter, defined as the pore diameter with the highest rate
of mercury intrusion per change in pressure or diameter (dV/dP or dV/dD), also decreases
with increasing silicate modulus. It drops from 36.25 nminm=0t02.63 nminm=1.5. Powers
et al [236] found that the permeability of cement pastes dramatically decreases when the
threshold pore diameter falls below a critical value. In such cases, water transport shifts from
capillary pores (10 nm — 100 um) to gel pores (1 — 10 nm), which are over an order of
magnitude smaller [237]. Therefore, the water transport in m = 1 and m = 1.5 pastes is
considerably lower than that in the m = 0 and m = 0.5 pastes, since the water flow in the
former two systems is governed by gel pores while that in the latter two is controlled by small
capillary pores. The distinct pore structures in different pastes will result in different
behaviours of water transport.
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Figure 7.9. Pore structure information of AAS pastes obtained from MIP (A-D) and N;
absorption ((e) and (f)) results. The percentages in each inset indicate the effective porosity
and ink-bottle porosity.
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7.4 Simulation results

With the reaction of slag in AAS pastes, the water content within the pore structure decreases
over time. After 7 d of sealing, the initial water content of the four pastes was measured at
94.6%, 93.8%, 92.3%, and 90.2%, respectively. The paste with a higher silicate modulus
exhibited lower initial water content. This trend is attributed to the increased Si content in
activators, which consumes more water during gel formation. As water is consumed, the
pores become unsaturated, enabling water ingress through capillary suction. However,
conventional experimental methods like CT struggle to capture the rapid capillary-driven
water movement. To address this, simulations were conducted on the cross-section of AAS
pastes within 1 h (Figure 7.10). The results revealed that water content increased over time,
with pastes of higher silicate moduli (e.g., m = 1 and m = 1.5) showing slower water ingress
rates. After 1 h of exposure, the pastes with m =0 and m = 0.5 reached near saturation, while
those with m =1 and m = 1.5 remained largely unsaturated in the centre, indicating an uneven
spatial distribution of water.

This non-uniform water distribution poses challenges for AAS materials. As noted in [240], C-
S-H gels in PC-based materials initially shrink during water loss and swell upon rehydration,
suggesting that water ingress and swelling are interdependent processes. Quantifying this
expansion experimentally is challenging, and specific parameters for simulating such
behaviour remain unavailable. To conceptualise the phenomenon, a schematic diagram
(Figure 7.11) illustrates how uneven water-induced swelling could generate localised stresses
within the matrix.
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Figure 7.10. Distribution of the water content (unit: %) of the cross-section (4 cm x 4 cm) of
AAS prisms subjected to water immersion within 1 h. The water content of 7 d pastes of m =
0, 0.5, 1 and 1.5 before water immersion was measured as 94.6%, 93.8%, 92.3% and 90.2%,
respectively.
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Compression
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Figure 7.11. Schematic diagram of the cross-section of AAS pastes induced by water ingress.

Figure 7.11 shows a schematic representation of the cross-section of AAS pastes induced by
water immersion. In a high silicate modulus paste (e.g., m = 1 and m = 1.5), the dense pore
structure hinders rapid inward water penetration via capillary suction (Figure 7.10). This result
creates a pronounced gradient of water content between the surface and the centre of the
matrix. The wetted part relaxes pore pressure locally, inducing compressive stress at the
surface and tensile stress at the centre. Cementitious materials, being inherently weaker in
tension than compression, are particularly vulnerable to such tensile stresses. When the
tensile stress exceeds the material’s tensile strength, cracking initiates at the centre, as
observed in Figure 7.4 for the m = 1 paste, where fractures perpendicular to the prism’s cross-
section are evident. In severe cases (notably for m = 1.5), these central cracks propagate
outward toward the surface, leading to corner spalling—a phenomenon where fragments
break away from the corner of the sample.

7.5 Discussion
7.5.1 Cracking mechanisms of AAS materials underwater

7.5.1.1 Chemical perspective

Although no expansive reaction product forms and no evident phase decomposition are
identified in AAS pastes after short-term water immersion, the C-(N-)A-S-H gels can undergo
structural evolution due to the leaching of Na ions. This structural change is dependent on
the chemical composition of gels. With the increase of silicate modulus, the content of Si in
the gels increases, resulting in a lower Ca/Si ratio and a higher Na/Si ratio. These gels are more
amorphous and exhibit lower intrinsic mechanical properties [234]. More importantly, gels in
the paste with high silicate moduli lose more Na ions when exposed to water immersion,
leading to more severe structural changes. It is plausible that the cracking propagation in the
paste with high silicate moduli is more likely to happen since the gels experience more
significant structural changes underwater.
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7.5.1.2 Physical perspective

As discussed in Section 7.4, the cracking mechanisms from a mechanical perspective are
primarily driven by centre tension induced by surface swelling. To simplify the modelling
process, it is assumed that the pores in the media are fully interconnected and can be entirely
percolated over a sufficient period. However, in a real AAS paste, especially those with high
silicate moduli, some small capillary pores or gel pores remain disconnected and impermeable.
These impermeable pores retain high pore pressure even after water ingress into surrounding
areas, as depicted in Figure 7.12. In the case of the paste with low silicate modulus, the
material is porous and the pores are interconnected (Figure 7.12A). After water ingress, the
pores on the surface of the material become saturated and the pore pressure can decrease
to almost zero (Figure 7.12B). However, in pastes with high silicate moduli, the material is
dense and some pores are impermeable (Figure 7.12C). Even after water ingress, these pores
remain unsaturated with high pore pressure (Figure 7.12D), contributing to internal gradients.
Besides, as implied in flexural strength results (Figure 7.3A), some microcracks might exist in
sealed pastes with high silicate moduli. If the residual stress in the impermeable pore exceeds
the limit of the paste, it will promote microcrack propagation. This can also explain why the
paste with m = 1.5 fractures into pieces after water immersion.

@ 7" (D)

Figure 7.12. Representation diagrams of AAS pastes with low (A and B) and high (C and D)
porosities before and after water percolation. The unreacted slag and reaction products are
omitted from the paste. The pore pressure of o in red is higher than that in green due to the
different radii of the menisci in different matrices.
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7.5.2 Potential mitigation strategies

Based on the identified cracking mechanisms, some potential strategies can be proposed to
mitigate this problem. From the chemical perspective, it is imperative to increase the Ca/Si
ratio of C-(N-)A-S-H gels for the reduction in the leaching of Na and structural evolution of
gels. For plain slag systems, decreasing the silicate modulus is an effective approach to
decreasing the content of Si and increasing the Ca/Si ratio in gels. For slag blended systems,
incorporating a high proportion of slag, which is richer in Ca than other precursors, can further
elevate the Ca/Si ratio of C-(N-)A-S-H gels. From the physical perspective, while denser
matrices may improve mechanical properties under sealed conditions, they are not
necessarily ideal for mitigating cracking problems caused by water immersion. Moderate
dosages of sodium silicate and slag can result in a matrix with sufficient permeability to reduce
stress gradients while avoiding overly dense or highly porous structures. Incorporating
relatively inert aluminosilicate precursors, such as fly ash, can moderate reaction rates and
coarsen the microstructure. This enhances the material’s ability to accommodate water
transport without excessive stress buildup.

Additionally, the addition of fine aggregate can partially address this problem. Given that
flexural strength is highly sensitive to cracks, it serves as a reasonable indicator for evaluating
cracking problems. In this chapter, the flexural strength of AAS mortars with different silicate
moduli (Appendix A Figure A3) was also measured. The flexural strength of m = 1.5 mortars
subjected to water immersion was measurable but lower than that under sealed conditions.
This indicated that cracking problems persisted in mortars, even though they were less
evident than in pastes. In my previous work [241], the m = 1 mortar showed a decreasing
flexural strength trend under high-humidity conditions with time, while showing an increasing
trend under ambient and sealed conditions. These findings suggested that while the addition
of aggregates mitigates cracking to some extent, it does not completely eliminate this
problem. The optimal solution lies in refining the mixture design, considering both the paste
chemistry and pore structure. In terms of experimental and computational results, a silicate
modulus of no higher than 0.5 is recommended for plain AAS materials.
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7.6 Conclusions

In this chapter, the behaviour of AAS pastes with varying silicate moduli subjected to water
immersion was investigated. The experimental and simulation results revealed that the
pastes with high silicate moduli are prone to cracking and even fragmentation under such
conditions. The mechanisms behind these phenomena were unveiled chemically and
physically. Some conclusions can be drawn as follows:

1.

2.

Apart from the prism with m = 0, the flexural strength of the other three AAS prisms (m =
0.5, m=1and m =1.5) decreased to varying extents after 7 d of water immersion. Notably,
the prisms of m = 1 fractured into halves, while those of m = 1.5 were fragmented,
resulting in no measurable flexural strength. However, other than the prism of m = 1.5,
AAS pastes exhibited minimal adverse effects from water immersion in terms of
compressive strength.

The phase assemblage of all four AAS pastes before and after 7 d of water immersion was
comparable, without the formation of new crystals being observed. The gel in the paste
with a higher silicate modulus showed a higher leaching loss of Na, due to initially higher
Na contents. The heightened leaching of Na can trigger more severe structural change
and deterioration of gels, potentially contributing to crack propagation.

Simulated results indicated that the pastes with m = 1 and m = 1.5 showed significantly
lower permeability than those with m = 0 and m = 0.5. This led to an uneven spatial
distribution of water content in the matrix. The wetted part relaxed pore pressure locally,
generating compressive stress at the surface and tensile stress at the centre. Once the
tensile stress exceeded the material’s inherent tensile strength, cracking initiated at the
centre. In severe cases, particularly for m = 1.5, these central cracks propagated outward,
culminating in extensive fractures and corner spalling.

Considering both chemical and physical perspectives, a low silicate modulus (no higher
than 0.5) was recommended to address the cracking issue of AAS materials underwater.
In such a system, the gel would show fewer structural changes and the matrix may show
lower internal stress subjected to water immersion.
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Efflorescence mechanisms of AAS pastes

8.1 Introduction

As mentioned in Chapter 2, efflorescence refers to the formation of fluffy white deposits on
the surface of materials, posing both aesthetic and structural problems. In general,
efflorescence is considered a derivative problem of leaching, caused by the leaching of Na
and its reaction with CO; in the atmosphere. However, the mechanism of efflorescence of
AAS materials is not fully understood. The environmental factors influencing the efflorescence
of AAMs, such as relative humidity, have been rarely reported. Additionally, there is a lack of
research on the efflorescence of plain slag-based AAMs. Most studies focus on fly ash- or
metakaolin-based materials [21,22,25], as they are considered more porous and vulnerable
to efflorescence problems compared to AAS materials. However, significant efflorescence,
accompanied by cracks, has been observed in previous work [72]. The underlying cracking
mechanisms and their relationship with efflorescence seem to be unknown. Additionally, an
effective quantification method for efflorescence is still lacking, which inhibits a precise
assessment of this phenomenon.

To address these issues, efflorescence experiments were conducted on cylindrical AAS pastes
with their bottom in contact with water. First, the effects of alkalinities (Na;O content of 3%,
5% and 7% to slag) and alkali activators (NH and NS), exposure atmospheres (ambient, N, and
0.2 vol.% CO;) and relative humidities (40%, 60% and 80%) on visual efflorescence of AAS
pastes were investigated. Then, leaching tests of AAS pastes in different sizes under different
conditions were examined. The Na amount in efflorescence products of AAS pastes was
guantitatively determined. The distributions of absolute amount and relative proportion of
Na in AAS cylinders were calculated. The relationship between efflorescence and leaching was
then established. Subsequently, the phase assemblage of efflorescence products of NH and
NS pastes under ambient conditions and the impacts of efflorescence on the phase
assemblage, gel structure and pore structure of AAS cylinders at different heights were
comprehensively studied. The compressive strengths of AAS pastes with and without
efflorescence were compared. Finally, the efflorescence process of AAS pastes was specified
and the mechanism of efflorescence of AAS pastes has been clarified.

Part of this chapter is published on:
C. Liu, Z. Li, G. Ye. (2025) Mechanisms of efflorescence of alkali-activated slag. Cement and Concrete Composites.
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8.2 Methodology
8.2.1 Materials and mixtures

Slag and commercial alkali activators used in this chapter were the same as those in previous
chapters. The mix proportions of AAS pastes are shown in Table 8.1. To compare the impact
of alkali activators on the efflorescence of AAS pastes, sodium hydroxide and sodium silicate
were used, both with an alkali dosage of 5% to the weight of slag, denoted as the “NH” and
“NS” groups. To assess the effect of alkali dosage on the efflorescence of AAS pastes, NH
pastes with alkali dosages of 3% and 7% were also prepared, referred to as “NH_3%"” and
“NH_7%", respectively.

Table 8.1. Mix proportions of AAS pastes.

AAS Slag (g) SiO2 (mol)  NazO (mol)  Water (g) Na,O dosage (wt.%)
NH_3% 1000 0 0.48 430 3%
NH (NH_5%) 1000 0 0.8 430 5%
NH_7% 1000 0 1.13 430 7%
NS (NS_5%) 1000 0.8 0.8 430 5%

The AAS pastes were prepared at room temperature (about 20 °C) with a Hobart mixer. The
freshly prepared pastes were poured into polyethene cylindrical moulds (with dimensions of
¢ 35 mm x 70 mm) for efflorescence and leaching tests, and 4 cm x 4 cm x 16 cm prism moulds
for compressive strength tests.

8.2.2 Efflorescence tests under different conditions

AAS cylindrical samples were first sealed for 7 d and then cut into the shape of ¢ 35 mm x 50
mm. The cut side of the cylinders was submerged in deionised water, maintaining a depth of
10+ 1 mmiin a glassy dish until 28 d. The environmental conditions for efflorescence tests are
shown in Figure 8.1, including (A) ambient condition (air, T = 20°C and RH = 55%), (B) N2
condition in a glove box (N2, T = 20 °C and RH = 55%, 1 atm), (C) CO; condition in a CO;
chamber (0.2% CO,, T = 20 °C and RH = 55%, 1 atm) and (D) different RH conditions in a tank
with vents (air, T = 20 °C and RH = 40%, 60% and 80%).

The RH of N2 and CO; conditions were controlled by an oversaturated Mg(NOs), solution. The
different RH conditions were controlled using oversaturated solutions of MgCl,, Mg(NOs)s,
and KCI in a tank, respectively, and vents located on the cover of the tanks allowed the
exchange of CO; with outside air. The RH inside the tank was monitored using an Extech®
humidity/temperature data logger. RH levels of approximately 40%, 60% and 80% at 20 °C
were achieved by the three solutions. The efflorescence of AAS cylinders was captured by a
mobile phone for up to 28 d.
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Figure 8.1. Schematic diagram of the efflorescence tests for AAS cylindrical pastes exposed to
different atmospheres. The samples were sealed for 7 d and then exposed to the above
conditions for another 28 d. (A) ambient condition (air, T = 20°C and RH = 55%), (B) N>
condition in a glove box (N2, T=20°Cand RH=55%, 1 atm), (C) CO; condition in a CO, chamber
(0.2% CO,, T=20°Cand RH = 55%, 1 atm) and (D) different RH conditions in a tank with vents
(air, T=20°C and RH = 40%, 60% and 80%).

8.2.3 Leaching tests

Leaching tests of AAS pastes were carried out to establish the relationship between leaching and
efflorescence and quantitatively determine the efflorescence of AAS pastes. The ion concentration of
Na in different leachates (Figure 8.2) was measured using a PerkinEImer Optima 5300DV ICP-OES
spectrometer. In Figure 8.2A, a cylindrical sample (¢ 35 mm x 50 mm, 80 + 1 g) was first sealed for 7
d and then directly immersed in 150 ml of deionised water for 28 d. The leachate was referred to as
“lea_cyl”. In Figure 8.2B, AAS pastes were first sealed for 7 d and then crushed into 2 — 4 mm pieces.
15 g of the pieces were submerged in 150 ml of deionised water for 28 d, with the resulting leachate
labelled as “lea_pie”. The above two leachates were used to determine the relationship between
leaching and efflorescence.
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Figure 8.2. Four types of leachates for the measurement of the ion concentration of Na in the leaching
tests. (A) An AAS cylinder is immersed in 150 ml of deionised water for 28 d. The leachate is denoted
as “lea_cyl”. (B) 15 g of piece AAS pastes are immersed in 150 ml of deionised water for 28 d. The
leachate is denoted as “lea_pie”. (C) The bottom leachate of three AAS cylinders after 28 d of
efflorescence under ambient conditions is referred to as “lea_bot”. (D) The solution that dissolves the
efflorescence products of three AAS cylinders is labelled as “lea_eff”.

Figure 8.2C illustrates the efflorescence test of three 7 d AAS cylinders under ambient conditions
(Figure 8.1A). After 28 d of efflorescence, the solution in the dish was collected and diluted to a total
volume of 150 ml, which was denoted as “lea_bot”. After the collection of the bottom solution, the
three AAS cylinders attached by efflorescence products were immersed in 150 ml of deionised water
sequentially for ultrasonic cleaning, as shown in Figure 8.2D. This process aimed to dissolve the
efflorescence products on or beneath the surface of the cylinders. The resultant leachate was labelled
as “lea_eff”. It should be noted that the cleaning process lasted only 30 s to minimise the influence of
excessive Na leached from AAS cylinders. The amount of Na in the efflorescence products can be
calculated, which was considered a quantitative approach to evaluating efflorescence.

The Na concentration of four leachates was used to quantify the amount of leached Na from AAS
pastes and the amount of Na in the efflorescence products. Then, | can use these values to further
calculate the distribution of Na in a cylinder during the efflorescence process. Prior to this, the Na
amount in the leachate per cylinder should be known. The calculation is shown as follows. Noted that
[“lea_xxx"] refers to the Na concentration in the leachate of “lea_xxx".

Na amount in the leachate of “lea_cyl” per cylinder = [“lea_cyl”] x 0.15

Na amount in the leachate of “lea_pie” per cylinder = [“lea_pie”] x 0.15 + 15 x 80
Na amount in the leachate of “lea_bot” per cylinder = [“lea_bot”] x 0.15 + 3

Na amount in the leachate of “lea_eff” per cylinder = [“lea_eff”] x 0.15 + 3

The Na amount in the leachate of “lea_pie”, “lea_bot” and “lea_eff” per cylinder was used to calculate
the distribution of Na. More specifically, the total amount of leachable Na in a cylinder was equal to
the ‘Na amount in the leachate of “lea_pie” per cylinder’, assuming that all the free and weakly bound
Na in the pore solution and gels can be leached away from the piece samples after 28 d of immersion.
The Na distributed in the efflorescence products per cylinder was equal to the ‘Na amount in the
leachate of “lea_eff” per cylinder’, while the amount of Na leached away from the bottom per cylinder
was equal to the ‘Na amount in the leachate of “lea_bot” per cylinder’. Finally, the distribution of the
relative proportion of Na (wt.%) in a cylinder was calculated using the obtained distribution of the
absolute amount of Na per cylinder.
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8.2.4 Paste characterisations

The impacts of efflorescence on the properties of AAS cylinders at different heights under
ambient conditions (Figure 8.1A) were investigated. Similarly, the samples were first sealed
for 7 d and then exposed to ambient conditions for 28 d. Subsequently, the cylinders were
ultrasonically cleaned (Figure 8.2D) and evenly sliced into 4 thick sections, namely “bot”,
“low”, “med”, and “top”, from the bottom upwards, as shown in Figure 8.3. The exposed
slices were immersed in isopropanol for 7 d to arrest the reaction, and then dried in a vacuum
oven until constant weight. Some of the slices were crushed into 4 — 6 mm pieces for MIP
tests using a Micrometrics PoreSizer 9500. A high-pressure mercury intrusion process ranging
from 0.17 to 210 MPa, with a contact angle of 141°, enabling the pore size distribution ranging
from 400 um to 7 nm. Some of the slices were crushed into pieces and then ground into
powder for chemical characterisations, including XRD, TGA and FTIR. It is noted that the AAS
pastes under sealed conditions were also characterised as the reference, namely “seal”. XRD,
TGA and FTIR tests were conducted on AAS pastes at different heights. The detailed testing
procedures are described in Chapter 5.

The compressive strength of AAS prisms was measured under three conditions: (1) ambient
condition, (2) ambient condition with one side of the prism (4 cm x 16 cm) in contact with
water at a depth of 10 mm, and (3) N2 condition with one side of the prism in contact with
water. The specimens sealed for 7 d and then exposed to the aforementioned three
conditions for an additional 7 d (labelled “7 d”) and 28 d (labelled “28 d”) were measured.
The measuring procedures were in accordance with NEN-196-1 [242].

Slice into four sections

AAS

Figure 8.3. Sample preparation before paste characterisations. The 7 d sealed cylinders after
28 d of efflorescence under ambient conditions are first ultrasonically cleaned, and then are

7

sliced into four sections, designated “bot”, “low”, “med” and “top”.

8.3 Results
8.3.1 Visual observation of efflorescence

8.3.1.1 Effect of alkali dosages in the activator

To investigate the impact of alkali dosages on the efflorescence of AAS pastes, NH cylinders
with varying alkali dosages of 3%, 5% and 7% were sealed for 7 d and then exposed to ambient
conditions (Figure 8.1A). As shown in Figure 8.4, the NH_3% group exhibits a lower severity
of efflorescence compared to the NH_5% and NH_7% groups at both 7 d and 28 d, which
indicates that the paste with a lower alkali content shows less efflorescence. This finding
agrees with previous research [25,71,72], which is ascribed to a lower Na content in the
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cylinder of NH_3%. Additionally, it is interesting to observe that the “efflorescence front” (the
position at which the white deposits begin to form) of the NH_3% cylinder is higher than that
of the NH_5% and NH_7%. The height of the efflorescence front might be associated with the
transport of water and ions in the cylinder. A decreased alkali dosage leads to a more porous
and permeable pore structure of AAS materials, allowing an increased amount of water at the
bottom to be absorbed upwards. This may result in a higher water penetration height in the
NH_3% than in the NH_5% and NH_7%. With a constant temperature and sufficient raw ions
supply, a proper RH for the formation of efflorescence should be the same in three cylinders
and an excessive RH can dissolve the efflorescence products (sodium (bi)carbonate).
Therefore, due to a higher water penetration level, the efflorescence front of NH_3% is higher
than NH_5% and NH_7%.

Figure 8.4. Visual observation of efflorescence of NH cylinders with alkali dosages of 3%, 5%
and 7% exposed to ambient conditions for 7 d and 28 d.
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8.3.1.2 Effect of activator types

Figure 8.5 shows the efflorescence of NH and NS cylinders under ambient conditions. The
severity of efflorescence in both groups increases over time, with NH pastes exhibiting a more
rapid development than NS pastes, as evident from photos captured after 1 d of exposure.
These observations are consistent with an earlier work [22]. The presence of soluble silicate
promotes the formation of gels, which is effective in reducing the porosity and pore
connectivity of the matrix. A dense microstructure can impede the transport of water and Na,
resulting in a lower efflorescence rate of NS samples.

In addition to the efflorescence rate, NH and NS cylinders also show distinct growth patterns
of efflorescence products. As indicated in Figure 8.5 at 3 d, white deposits on NH cylinders
initiate from the second red line from the bottom, higher than that of NS cylinders beginning
from the middle between the first and second red lines. In conjunction with the preceding
observations illustrated in Figure 8.4, the lower efflorescence front of the NS cylinder is due
to a denser microstructure. Additionally, on NH samples, fluffy white deposits only
progressively accumulate around the second red line, whereas those on NS samples can
spread upwards until the top. Significant cracks are also observed at the top of NS cylinders.
Similar observations regarding the efflorescence of alkali-activated phosphorus slag were also
reported in [72]. While the amounts of deposits grown on NH samples differ apparently with
different alkali contents (Figure 8.4), those on NH and NS samples are hard to compare
quantitatively. The white deposits on NH samples are more concentrated, while those on NS
samples cover a larger area but are thinner. Therefore, a quantitative manner for assessing
the severity of efflorescence is necessary.

After 28 d of efflorescence, the samples were cleaned with an ultrasonic bath to remove the
white deposits. The appearance of the side and top surfaces of AAS cylinders is presented in
Figure 8.6. Interestingly, as shown in Figure 8.6A, discolouration is identified on both NH and
NS cylinders. The middle section of the NH cylinders, as well as the entirety of the NS cylinder
above the immersed portions, displays a darker colour than the immersed sections.

21d 28d

Figure 8.5. Visual observation of efflorescence of NH and NS cylinders under ambient
conditions with time. The cylindrical samples are marked by parallel red lines at 1 cm intervals
to clearly show the location of efflorescence products.
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mmersed parts

W

Figure 8.6. Side and top surfaces of ultrasonically cleaned NH and NS cylinders after 28 d of
efflorescence under ambient conditions.

As reported in [243], the dark colour (dark green/blue) of slag-based materials is attributed
to the presence of trisulfur radical anion (S37). These ions are vulnerable to oxidation under
ambient conditions, resulting in surface discolouration. Compared with Figure 8.5, the
blue/green regions in Figure 8.6A are exactly the regions where efflorescence forms. So far,
no research has claimed the underlying mechanisms behind this phenomenon. It can be
considered that there is a competition between efflorescence formation and oxidation of
trisulfur anions, and the latter reaction might be hindered by the former.

Moreover, it can also be seen that more significant cracks are observed on both the top and
sides of the NS cylinders. In fact, large drying shrinkage of AAS materials has been extensively
confirmed in early studies [244,245], which can lead to severe cracking problems under
ambient conditions. In addition, the magnitude of dry shrinkage is dependent on the RH of
exposure conditions, with a lower RH exhibiting a more substantial shrinkage. The scenario of
the bottom of cylinders in contact with water can induce an uneven distribution of RH and
thus an uneven distribution of shrinkage, which in turn, significantly heightens the cracking
potential of AAS cylinders. As reported in [72], similar cracks on the upper sides of the
phosphorus slag activated by sodium silicate are also observed during efflorescence. They
hypothesise this phenomenon to the growth of efflorescence products. To better understand
this cracking issue, | conducted the efflorescence tests under N, conditions as well.

8.3.1.3 Effect of exposure to atmospheres

N, atmospheres can eliminate the influence of CO, and efflorescence formation on AAS
cylinders. As shown in Figure 8.7, no efflorescence products but some cracks are observed on
AAS cylinders under an N, atmosphere. In addition, the magnitude of cracks appears to be
smaller than that under ambient conditions (Figure 8.6). This indicates that the semi-
immersed condition is the main reason triggering the cracking of NS cylinders, and the
accumulation of efflorescence products along the cracks under ambient conditions can
further exacerbate the cracking problems.
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Figure 8.7. (A) and (B): NH and NS cylinders exposed to N, atmosphere under semi-contact
water conditions. (C) and (D): Top surfaces of NH and NS cylinders after exposure for 28 d.

Figure 8.8. Visual observation of efflorescence of NH and NS cylinders exposed to 0.2% CO,
conditions for 7 and 28 d.
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To understand the impact of CO; concentration on the efflorescence of AAS pastes, cylinders
exposed to a 0.2% CO; atmosphere are also observed, as shown in Figure 8.8. Consistent with
the observations in Figure 8.5, the efflorescence front of NH cylinders is higher than that of
NS ones. However, the white deposits appear thicker and denser on both types of cylinders
under CO; conditions than under ambient conditions. This indicates that an elevated CO;
concentration can promote the formation of efflorescence products. Additionally, it can be
seen that the white deposits on NS cylinders under CO; conditions tend to accumulate at low
positions rather than developing towards the top, as observed under ambient conditions
(Figure 8.5), while cracks are also observed on NS cylinders. A possible reason for this
phenomenon could be the internal circulation system in the CO; cabinet, which may provide
a more significant drying process on the top of samples than under ambient conditions. The
top sections of NS cylinders with cracks in the CO, chamber can be dried more quickly and
intensively than under ambient conditions. However, efflorescence products fail to form
under dry conditions. Therefore, the white deposits can predominantly form at the low and
medium parts of NS cylinders.

8.3.1.4 Effect of relative humidities

Figure 8.9 displays the efflorescence of NH cylinders under different RH conditions. As
observed in Figures 8.9A—C, the NH cylinder under RH = 40% has already shown efflorescence
after 1 d of exposure, whereas those stored under RH of 60% and 80% do not. This indicates
that the sample exposed to a lower RH environment undergoes a more rapid efflorescence
process. With the extension of exposure time, white deposits gradually emerge and
accumulate on cylinders under RH of 60% and 80%. During 28 d of exposure, the efflorescence
on NH_40% samples is constantly more intensive than that on NH_60% and NH_80% ones. In
addition, some drops of liquid are discernible on NH_80% samples (Figures 8.9F and /). This
implies that moisture under high RH environments may condense on the surface of cylinders,
which results in a reduced formation of visible efflorescence. Therefore, it is evident that RH
plays a significant role in both the rate and severity of efflorescence.

It should be noted that the white deposits on NH cylinders in Figure 8.9 develop at both the
medium and top sections of the cylinder, contrasting with the observation in Figure 8.5. This
distinction probably arises from the distribution of CO; within the experimental setups. Under
ambient conditions (Figure 8.1A), cylinders are exposed to fresh air, among which CO; is
evenly and constantly distributed around the cylinders at different heights. However, under
different RH conditions, fresh CO; is only supplied through the vents of the tank (Figure 8.1D),
potentially resulting in a higher concentration of CO; at the top of the cylinders than at low
positions. This uneven distribution of CO. contributes to a preferential formation of
efflorescence products at the upper regions of cylinders.
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Figure 8.9. Visual observation of efflorescence of NH cylinders subjected to different RH
conditions of 40%, 60% and 80% for 1, 7, and 28 d.

8.3.2 Leaching tests of AAS pastes

8.3.2.1 Na amount in different leachates

Leaching is regarded as a derivative problem of efflorescence, which partly reflects the
efflorescence potential of materials [22]. Figure 8.10 shows the Na amount in four types of
leachates per cylinder calculated from Na concentration tested by ICP-OES (Section 8.2.3).
The “lea_cyl” and “lea_pie” refer to the leachates of AAS pastes in cylinder and piece shapes,
respectively. The Na amount in the leachate of “lea_pie” is significantly higher than that of
“lea_cyl”, attributed to the size effect of materials. Additionally, the paste with a higher alkali
dosage shows a higher leaching amount of Na, consistent with the above efflorescence
observation (Figure 8.4). Interestingly, the Na amount in the “lea_pie” of NS_5% is slightly
lower than that of NH_5%, while the Na amount in the leachate of “lea_cyl” of NS_5% is much
higher than NH_5% and even NH_7%. Regarding the former result, it is due to the higher
content of C-(N-)A-S-H gels in NS pastes than in NH pastes. These gels require more Na ions
to counterbalance the charge in the interlayer, resulting in a lower concentration of free Na
ions in the pore solution (Chapter 5). As for the latter result, the leaching of cylinders is a
transport issue, closely correlated with surface microstructure. While a higher silicate
modulus results in reduced porosity, the surface of the NS cylinder suffers from the cracking
problem under immersed conditions, which is the main reason why the cylinder of NS_5%
exhibits a higher leaching amount of Na than NH_5%.



126 |Page Chapter 8

10000 —

.Iea_cyl .Iea_pie Dlea_bot Dlea_eff

2586

1795 1577

118 133

Na amount in the leachates (mg per cylinder)

NH_3% I NH_5% I NH_7% I NS_5%
Figure 8.10. Na amount in different leachates of AAS pastes per cylinder.

The leachate of “lea_bot” refers to the solution in contact with the bottom of the cylinders.
It is shown in Figure 8.10 that the leached Na amount increases with the increase in alkali
dosages in NH pastes. Different types of pastes with the same alkali dosage show comparable
leaching amounts of Na in the leachate of “lea_bot”. This indicates that the leached amount
of Na from the bottom of cylinders during efflorescence depends on the initial alkali contents.
The Na amount in the leachate of “lea_eff” indicates the amount of Na in the efflorescence
products (sodium (bi)carbonate), serving as a quantitative indicator for evaluating the
severity of efflorescence of AAS cylinders. As can be expected, the NH_7% paste shows a
higher Na amount than NH_5%, followed by the NH_3% paste, which aligns with the
observations presented in Figure 8.4. Moreover, the Na amount in the leachate of “lea_eff”
per NH cylinder (NH_5%) subjected to different RH conditions is shown in Figure 8.11. It is
evident that the Na amount in the leachate of “lea_eff” increases with the decrease of RH,
which matches the observation in Figure 8.9. The feasibility of this quantitative method is
validated again. It is also seen that the Na amounts in the leachate of “lea_eff” under different
RH conditions are all lower than that of NH_5% under ambient conditions. This is probably
due to an insufficient CO; supply from the vents of the tank.
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Figure 8.11. Na amount in the leachate of “lea_eff” per NH cylinder (NH_5%) under RH = 40%,
60% and 80% conditions.
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8.3.2.2 Na distribution in AAS cylinders during efflorescence

Figure 8.12A shows the distribution of the absolute amount of Na in an AAS cylinder by mass.
It is observed that the total leachable Na (“bottom-leached” + “efflorescence” + “remained”)
in NH cylinders increases with the increase of the alkali content in the activator. The remained
amount of leachable Na in the paste with a higher alkali dosage is also higher than that with
a lower alkali dosage. This part of Na can be regarded as the efflorescence potential, and it is
recommended to utilise this method for predicting the efflorescence potential of AAS
materials.

Figure 8.12B shows the distribution of the relative proportion of Na in AAS cylinders under
ambient conditions. It can be seen that the majority of leachable Na (90.5 — 92.6%) remains
in the cylinder after 28 d of efflorescence. A minor fraction of Na (5.1 — 8.7%) is present in the
efflorescence products, while a small proportion of Na (0.8 — 2.3%) leaches from the bottom.
Compared with NH_5% and NS_5%, the fractions of “bottom-leached”, “efflorescence” and
“remained” Na are comparable. Even though the presence of Si can densify the
microstructure, it appears that it fails to significantly hinder the leaching of Na. As for the
three NH pastes, it is interesting to note that the proportion of Na in the “efflorescence” part
decreases with an increase in alkali dosages, while the proportion of Na in the “bottom-
leached” part increases with the increase in alkali dosages.
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Figure 8.12. (A) Distribution of the absolute amount of Na in AAS cylinders under ambient
conditions. (B) Distribution of the relative proportion of Na in AAS cylinders under ambient
conditions. “bottom-leached” indicates the Na leached away from the bottom of the cylinder
during efflorescence tests. “efflorescence” denotes the Na in efflorescence products.
“remained” refers to the Na remaining in the cylinder after efflorescence tests. The sum of
“bottom-leached”, “efflorescence” and “remained” Na is the total leachable Na in an AAS
cylinder.
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In fact, the relative Na distribution in AAS cylinders can reflect the mobility of Na, with a higher
proportion of Na indicating a higher mobility of Na. It is plausible that the porosity contributes
more than alkali dosages to impacting the mobility of Na in terms of efflorescence. Conversely,
the alkali dosages have a greater influence on the mobility of Na concerning leaching than the
porosity does. This indicates different main driving forces between leaching and efflorescence.
The former is more related to the gradient of ion concentration, while the latter is more
dependent on the transport of moisture and ions.

8.3.2.3 Relationship between leaching and efflorescence

Figure 8.13 shows the relationship between the Na amount in the efflorescence products and
the leachate of “lea_pie” and “lea_cyl”. As shown in Figure 8.13A, the Na amount in the
leachate of NH pieces shows a positive linear relationship with that in efflorescence products.
This suggests that the leaching of Na from piece pastes can reflect the severity of the
efflorescence of AAS cylinders. The leaching amount of Na of NS_5% is slightly lower than that
of NH_5%, due to a lower porosity of NS_5%. As shown in Figure 8.13B, the Na amount in the
leachate of cylinders is also positively related to that in the efflorescence products. However,
the Na amount in the leachate of NS_5% is significantly higher than that of NH_5%, although
both of the pastes show the same alkali dosage. As mentioned above, this is mainly attributed
to the cracking of NS cylinders when subjected to water immersion (Chapter 7), which
increases the permeability of the surface pastes and promotes the leaching of Na. Therefore,
it is better to use the leaching result of piece samples to compare the efflorescence potential
of AAS materials to minimise the size effect and cracking problem:s.
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Figure 8.13. Relationship between the Na amount in efflorescence products per cylinder and
the Na amount in the leachate of “lea_pie” and “lea_cyl” per cylinder. The Na amount in
efflorescence products is obtained from the leachate of “lea_eff”.
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8.3.3 Characterisations of AAS pastes

In this section, the impact of efflorescence on the properties of NH and NS cylinders with an
alkali dosage of 5% under ambient conditions was investigated, representing two typical types
of AAS materials. First, the component of efflorescence products of NH and NS cylinders was
identified. Then, the phase assemblage, gel structure and pore structure of AAS cylinders at
different heights after 28 d of efflorescence were examined. Finally, the compressive strength
of AAS pastes with and without efflorescence was compared.

8.3.3.1 XRD

Figure 8.14 shows the XRD pattern of the white deposits on NH and NS cylinders after 28 d of
efflorescence under ambient conditions. In agreement with previous works
[22,24,74,79,91,95,246], the primary efflorescence product of both groups is identified as
hydrated sodium carbonate. However, the efflorescence product of the NH pastes is
dominated by Na>CO3-7H,0, whereas that of NS pastes is Na,COs-H;0. This indicates a higher
presence of chemically bound water in the white deposits of NH cylinders. As stated in [247],
the chemically bound water of sodium carbonate is dependent on the humidity of its growth
environments. As both types of pastes are exposed to the same ambient conditions (Figure
8.1A), the distinction of chemically bound water in efflorescence products is mainly due to
the water supply from the bottom of the cylinder. Specifically, the NH paste shows a more
porous structure, allowing it to absorb more water from the bottom. A higher water content
in the pore structure is therefore conducive to the increase of chemically bound water in
efflorescence products.
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Figure 8.14. XRD patterns of the efflorescence products on the NH and NS cylinders under
ambient conditions for 28 d.
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Figure 8.15A shows the XRD pattern of 7 d NH pastes subjected to 28 d of efflorescence under
ambient conditions and 28 d of sealed conditions, respectively. In general, C-(N-)A-S-H gels
[248] and hydrotalcite-like phases [60] are the two main phases dominated in NH pastes
under sealed conditions, while calcite and vaterite, two CaCOs polymorphs [183], are the CO»-
bearing phase detected in the sample under ambient conditions. Additionally, the phase
assemblage of the pastes exhibits slight differences at different heights of cylinders. For
instance, while the “top”, “med”, “low” and “bot” pastes are all exposed to ambient
conditions, they experience carbonation to different degrees. It appears that the top of the
cylinder is subjected to more severe carbonation than the other parts, as indicated by more
pronounced characteristic peaks. This is due to different mechanisms between dry and wet
carbonations. In the “bot” part, the paste is submerged in deionised water. Due to the
gradient of ion concentration, Ca, Na and OH ions can leach away from the bottom of
cylinders, which increases the pH of the leachate. Under alkaline conditions, gaseous CO; can
hydrolyse to CO3%, which then reacts with Ca ions to the precipitation of CaCOs on the surface
of cylinders or in the leachate (Chapter 5).

In the “low” part, despite not being fully immersed in water, the paste at this location also
has a relatively high saturation degree, which may follow the same wet carbonation
mechanism as that in the “bot” part. However, on the “top” part of the cylinders, the paste is
situated at a relatively high position and exposed to dry air, which is vulnerable to dry
carbonation [191,249,250]. As reported in [251], calcium carbonate and carbonated
hydrotalcite-like phases are the two main CO;-bearing phases upon dry or ambient
carbonation. Due to a probably higher concentration of CO; in the air than in the leachate and
the higher diffusion coefficient of CO; in the dry matrix, dry carbonation appears to be more
intensive than wet carbonation during the same exposure time. This is supported by more
evident peaks of calcite in the “top” paste.
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Figure 8.15. XRD pattern of 7 d (A) NH and (B) NS pastes subjected to 28 d of efflorescence
under ambient conditions and 28 d of sealed conditions. The labels “top”, “med”, “low” and
“bot” represent the top, medium, low and immersed parts of the AAS cylinder under ambient

conditions, respectively. The label “seal” denotes the AAS paste under sealed conditions.
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Interestingly, calcium carbonate is rarely detected in the paste located at the “med” position,
at which the efflorescence product of sodium carbonate emerges (Figure 8.5). This implies
that the dissolved or dried CO; in this region has an affinity for the formation of Na,COs rather
than CaCOs. This is likely due to a conducive RH for the growth of Na,COs in the “med” region
and a considerably higher concentration of Na ions than Ca ions in an AAS system.
Furthermore, the characteristic peaks of gels in the pastes under sealed conditions remain
more evident than those under ambient conditions, and the reflection of gels of paste at the
“top” is less intense than the others. These can be attributed to gel decalcification caused by
wet and dry carbonation to different extents. As for hydrotalcite-like phases, no significant
differences are identified among the five pastes, as the characterisation peak of hydrotalcite
is almost the same as that upon carbonation [252]. This indicates that hydrotalcite is stable
to wet or dry carbonation.

Figure 8.15B shows the XRD pattern of 7 d NS pastes subjected to 28 d of efflorescence under
ambient conditions and 28 d of sealed conditions, respectively. Despite the two phases of gels
and hydrotalcite being the same as identified in NH pastes, their characteristic peaks in NS
pastes are less evident, indicating a more amorphous structure of reaction products in the NS
system [61,104]. Different from that in NH samples, calcium carbonate is only identified in
the “bot” part of the NS cylinder. On one hand, this suggests that NS pastes are less
susceptible to dry carbonation, consistent with results reported in [253,254]. The primary
reason is a lower content of free Ca ions in both the pore solution and interlayer of gels
[104,126], leading to reduced formation of calcium carbonate compared to NH systems. In
addition, calcium carbonate formed in the interlayer of gels is more amorphous, which is
hardly detected by XRD. On the other hand, as shown in Figure 8.5, the efflorescence products
on NS cylinders initiate from the “low” position and develop to the top gradually. This
observation again proves that CaCOsz does not form in the region where efflorescence
happens. Regarding the gel and hydrotalcite-like phases, NS pastes at different levels show
limited discrepancies.

8.3.3.2 TGA

Figure 8.16 shows the TG and DTG curves of 7 d NH and NS pastes subjected to 28 d of
efflorescence under ambient conditions and 28 d of sealed conditions. According to the
literature [255], weight loss below 200 °C corresponds to the release of water from gels, while
hydrotalcite-like phases mainly undergo decomposition at around 200 — 250 °C and 300 — 400
°C [252]. Due to the different chemical structures of calcium carbonate, amorphous/poorly-
crystallised CaCOs, aragonite, vaterite, and calcite are decomposed at temperatures around
450 -530°C, 530 - 650 °C, and 650 — 950 °C, respectively [183,256].

Figure 8.16A shows the TG and DTG curves of NH samples. The peak of gels is more significant
in the sealed sample than in the exposed samples. This weight loss in gels is associated with
both a higher content of gels and a higher content of chemically bound water in gels. The
former lies in the fact that the sealed condition is conducive to the reaction of slag and the
formation of gels, while the latter results from the reduction of interlayer Ca or Na in gels
caused by carbonation or efflorescence, which subsequently decreases the chemically bound
water in the gels. In addition to the sealed condition, the cylinder under ambient conditions
contains different contents and types of CaCOs; at different heights. Specifically, the
decomposition peak of calcium carbonate in the “top” of NH cylinders ranges from 450 °C to
750 °C. Combined with the above XRD results (Figure 8.15A), this indicates the presence of
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amorphous CaCOs, vaterite and calcite, which resembles that in NH pastes upon natural
carbonation [179,254,255].

In the “bot” and “low” parts, the pastes undergo wet carbonation, and the decomposition
peak of calcium carbonate is much higher than that in the “top” region, indicating a more
stable polymorph. The formation of different polymorphs of CaCOs under dry and wet
carbonation is probably dependent on the specific location of the carbonation reaction. In a
dry condition, the pore structure is less saturated. The carbonation reaction happens in both
the pore solution and gel structure. The free Ca ions in the pore solution have a relatively
large space for the formation of CaCOs, which contributes to the formation of crystalised
CaCOs, like vaterite and calcite (Figure 8.15A). However, the interlayer Ca located in the basal
spacing of gels has less space for CaCO3 formation, allowing only the formation of amorphous
CaCOs with a smaller size than crystallised CaCOs [257]. Under wet conditions, the water
content in pores becomes higher, which leads to the leaching of interlayer Ca in gels. The
leached Ca migrates to the pore solution and promotes the formation of vaterite and calcite.
Moreover, the content of CaCOs in the “top” part is much higher than that in the “bot” and
“low” parts and no evident decomposition peak of calcium carbonate is found in “med”. These
observations align well with the above XRD results (Figure 8.15A).

Figure 8.16B shows the TG and DTG curves of NS pastes. Generally, the total weight loss of
NS pastes is comparable to that of NH pastes. Two decomposition peaks corresponding to
gels and hydrotalcite-like phases are observed in sealed NS pastes, and the intensity of the
gel peak is also higher than the others, similar to NH pastes. Additionally, CaCOs is exclusively
detected in the “bot” part of cylinders, which matches well the XRD results (Figure 8.15B).
Interestingly, the water-immersed part of the cylinder (“bot”) exhibits a lower content of gels
than the other three groups. This is probably due to the leaching and carbonation of gels

[20,126].
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Figure 8.16. TG and DTG curves of 7 d (A) NH and (B) NS pastes subjected to 28 d of
efflorescence under ambient conditions and 28 d of sealed conditions. Ht: hydrotalcite-like
phases; cc: calcium carbonate.
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8.3.3.3 FTIR

Figure 8.17 shows the FTIR pattern of AAS pastes subjected to 28 d of efflorescence under
ambient conditions and 28 d of sealed conditions. It is observed that all the FTIR pattern is
dominated by a hump around 950 cm?, which is associated with the asymmetric stretch of
Si-O bonds generated by Q2 units in gels [254]. A shoulder on the low-frequency side of this
hump is located at 895 cm™, referring to the bending vibration of Si-O. In addition, the peak
at around 875 cm™ is assigned to the out-of-plane bending of COs? in calcium carbonate.

Figure 8.17A shows the FTIR pattern of NH pastes. It is observed that the peak value of Q?
units ranges from 943 cm™ to 960.9 cm™ in the five pastes. A higher wavenumber of the Q?
peak indicates a higher polymerisation degree of gel structure [235]. The peak value of Q2
units in the “top” paste is much higher than that in the remaining four pastes. This is mainly
due to gel decalcification caused by dry carbonation [258]. Additionally, the peak values of
the “med”, “low” and “bot” pastes are comparable and higher than those of the paste under
sealed conditions. The elevated polymerisation of gel structure in “low” and “bot” can be
attributed to gel decalcification caused by wet carbonation. However, in the “med” part,
carbonation of pastes is rarely detected in XRD, TGA and FTIR results, thereby this
phenomenon cannot be directly ascribed to carbonation. As discussed in Chapter 4, the
leaching of interlayer Na prompts the movement of Ca from intralayer to interlayer, which
results in the decalcification of the Ca-O sheet in silicate chains. In the “med” region of NH
cylinders, efflorescence products form considerably, as shown in Figure 8.5. The leaching of
Na in gels may occur for the formation of sodium carbonate, resulting in an increased length
of gels. Moreover, the reflection of C-O units at 875 cm™ is prominently present in the “top”
part of the NH cylinder, as an indicator of a substantial presence of calcium carbonate. The
presence of C-O units in “low” and “bot” pastes is also identified, but the content is very low.
These observations are all in agreement with XRD and TGA results.
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Figure 8.17. FTIR pattern of 7 d (A) NH and (B) NS pastes subjected to 28 d of efflorescence
under ambient conditions and 28 d of sealed conditions.
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Figure 8.17B shows the FTIR pattern of NS cylinders. The peak value of Q2 units ranges from
948.4 cm™t0 954.1 cm™ in the five NS pastes, which is generally higher than that of NH pastes,
except for the “top” of NH cylinders. With equivalent alkali dosage, gels in NS pastes have a
lower Ca/Si ratio than NH pastes, resulting in a higher polymerisation of gels in NS pastes
[126]. Additionally, the peak values of “top”, “med”, “low” and “seal” are comparable, which
are lower than that of “bot”. Integrating the results of XRD, TGA and FTIR, it can be found that
calcium carbonate is only identified in the “bot”, which is immersed in water. Therefore, the
elevated polymerisation degree of gels is due to the wet carbonation of gels and the leaching
of Na. The out-of-plane bending of C-O in calcium carbonate is detected in the “bot” part of
NS cylinders, consistent with XRD and TGA results.

8.3.3.4 MIP

Figure 8.18 shows the cumulative pore volume and pore size distribution of 7 d NH and NS
pastes subjected to 28 d of efflorescence under ambient conditions and 28 d of sealed
conditions. Table 8.2 presents the porosity of AAS pastes, considering the pores ranging from
7 nm to 400 um. Normally, pores in building material are broadly categorised into gel pores
(0.001 — 0.01 um), small capillary pores (0.01 — 1 um), big capillary pores (1 — 100 um) and
voids or cracks (>100 um) [237]. Generally, the porosity of NS pastes is significantly lower than
that of NH pastes, due to the presence of silicates in the activator of NS systems.

”n u

In terms of NH pastes, the porosity of “top”, “med”, “low” and “bot” is comparable, ranging
from 22% to 24%, which is lower than that of “seal”. This result is consistent with findings
reported in [47,254], where the NH paste under ambient conditions shows lower porosity
than under sealed conditions. This is attributed to the presence of Ca in the pore solution,
which promotes the formation of calcium carbonate under ambient conditions — a volume
expansion reaction that subsequently densifies the pore structure. This might be validated by
Figure 8.18B, in which the paste under sealed conditions shows a higher volume of large pores
(0.1 = 0.01 um) than that under ambient conditions. These pores are probably due to the
formation of calcium carbonate under ambient conditions.

The total porosity of NS paste under sealed and ambient conditions is comparable (Figure
8.18C and Table 8.2). However, the pore size distribution between them is different, as shown
in Figure 8.18D. Specifically, the NS paste under sealed conditions shows a high volume of
large pores but a lower volume of small capillary pores and gel pores, which is also consistent
with the pore size distribution of NH paste. This indicates that the refinement of voids and
cracks is compromised by the coarsening of small capillary pores and gel pores. However, the
pore refinement by carbonation is not that efficient in NH pastes, since there is less Ca
available to be carbonated to form calcium carbonate, as presented in XRD, TGA and FTIR
results. Even worse, as discussed above, the cracking of NS cylinders can be exacerbated by
the formation of efflorescence products, which may further compromise the positive effect
of calcium carbonate formation. Overall, 28 d of efflorescence shows limited influence on the
total porosity of both NH and NS pastes, but can affect their pore size distributions.
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Figure 8.18. Cumulative pore volume and pore size distribution of 7 d NH and NS pastes
subjected to 28 d of efflorescence under ambient conditions and 28 d of sealed conditions.

Table 8.2. Porosity of NH and NS pastes considering the pores ranging from 7 nm to 400 um.

Porosity (%) Porosity (%)
NH_top 23.7 NS _top 10.3
NH_med 24.5 NS_med 8.9
NH_low 22.4 NS_low 9.4
NH_bot 24.5 NS_bot 10.1
NH_seal 25.9 NS_seal 9.9

8.3.3.5 Compressive strength

Figure 8.19 shows the compressive strength of NH and NS pastes under ambient,
“ambient_bot” and “N,_bot” conditions. Generally, the compressive strength of NS pastes is
significantly higher than that of NH pastes, corresponding to the MIP results. As shown in
Figure 8.19A, the compressive strengths of NH prisms exposed to three conditions all increase
with time. The compressive strengths of NH prisms exposed to the “ambient_bot” condition
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at 7 and 28 d are slightly lower than those under ambient and “N,_bot” conditions, which
suggests that efflorescence barely shows an adverse impact on the compressive strength of
NH pastes. As shown in Figure 8.6, the NH cylinders, after exposure to “ambient_bot” and
“N,_bot” conditions for 28 d, exhibit no visible surface cracks. These results imply that neither
the uneven distribution of humidity nor the crystallisation pressure induced by efflorescence
formation leads to significant structural problems in the matrix of NH pastes.

However, efflorescence shows significantly adverse impacts on the compressive strength of
NS pastes. As shown in Figure 8.19B, the compressive strength of NS specimens under the
“ambient_bot” condition is significantly lower than that under ambient conditions. This
decline is mainly due to the problem of cracking. On one hand, the “ambient_bot” condition
can induce an uneven distribution of water content, which further leads to an uneven
distribution of internal stress and the formation of cracks [14,50,126]. On the other hand,
excessive formation of efflorescence products along the cracks results in volume expansion
and crack propagation. The compressive strength of NS pastes under the “N,_bot” condition
can support this statement. At 7 d, the compressive strength of prisms under the “N,_bot”
condition is lower than that under both the “ambient” and “ambient_bot” conditions. This
indicates that even without efflorescence, the semi-contacted water condition has already
induced significant reductions in compressive strength. In addition, the slightly lower value of
“N;_bot” compared to “ambient_bot” at 7 d is probably because the early-formed
efflorescence products can partially densify the cracks. Noted that the samples with
efflorescence products were not ultrasonically cleaned before compressive tests. However,
at 28 d, the compressive strength of NS samples exposed to the “ambient_bot” condition is
lower than that under the “N;_bot” condition. This implies that prolonged formation of
efflorescence products can exacerbate the cracking issue. Therefore, AAS paste with a high
silicate modulus is more susceptible to efflorescence in terms of compressive strength.
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Figure 8.19. Compressive strength of NH and NS pastes sealed for 7 d followed by exposure to
ambient, “ambient_bot”, and “N,_bot” conditions for 7 and 28 d. “ambient” represents a
room environment with T =20°C and RH = 55%. “ambient_bot” refers to the bottom of prisms
in contact with water under ambient condition. “N;_eff” denotes the bottom of prisms in
contact with water under N conditions.
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8.4 Discussion
8.4.1 Efflorescence process of AAS pastes

Accordingly, the efflorescence of AAS cylinders under ambient conditions is observed, and
the impact of efflorescence on AAS pastes is investigated. Based on these findings, the
efflorescence process of NH and NS pastes can be deduced. Figure 8.20 depicts a schematic
representation of the process of efflorescence of AAS pastes under ambient conditions. Given
the different chemical composition and pore structure between the NH and NS pastes, it is
necessary to discuss them separately.

Figure 8.20A demonstrates the efflorescence process of NH pastes. Generally, the paste with
its bottom in contact with water can be divided into underwater and overwater parts by the
waterline. In the underwater part, the paste is subjected to leaching. Due to the gradient of
ion concentration, Na, Ca and OH ions in the pore solution can leach away from the bottom,
which can increase the pH of the leachate. An alkaline condition facilitates the dissolution of
gaseous CO; and contributes to the formation of CO3% by hydrolysis. The resulting CO3% can
further react with Ca ions to the precipitation of CaCOs attached to the “bot” of the samples.

Once the underwater region has been entirely infiltrated, moisture continues to migrate
upward. In the area nearly above the waterline (“low” sections), a water film on the surface
of the sample forms. Gaseous CO; can dissolve into this water film and hydrolyse to COs%, in
the meantime, Na and Ca ions can migrate to the surface from the matrix, contributing to the
formation of Na,COs and CaCOs. However, as a result of the high humidity at the “low”
position, the efflorescence product of Na,COs crystals is soluble in this zone, hence the main
CO-bearing phase is CaCOs.

As the increase of the height of the cylinder, the RH around the pastes would gradually
diminish. There is an area in which sodium carbonate is more likely to form. In the case of the
NH pastes, the efflorescence front is located in the medium part, while that of the NS paste
is located at a lower position. This is due to a more porous structure of the NH paste,
contributing to an increased water sorptivity of cylinders and a higher fraction of high-
humidity regions. Additionally, CaCOs is barely identified at the region where efflorescence
emerges, which indicates a preferential formation of Na,CO3 over CaCOs. NH pastes after 28
d of efflorescence show limited cracks on the surface. The efflorescence products accumulate
progressively around the efflorescence front. As for the “top” part, the paste at this location
is relatively dry, akin to dry carbonation, where CaCO3 emerges as the main CO;-bearing
product.

Figure 8.20B depicts the efflorescence process of NS paste. Similar to the NH pastes, calcium
carbonate is detected in the “bot” of the NS cylinder, resulting from the leaching of Ca ions in
the matrix and the solvent CO3? from the air. Due to the lower porosity of the matrix, the
efflorescence front of the NS paste is lower than that of the NH paste. However, the
efflorescence product of NS pastes can develop toward a higher position than NH pastes. This
phenomenon is probably attributed to the cracking of NS cylinders under such semi-contact
water conditions, which can promote the transport of water and alkali ions. Additionally, the
crack problem can be exacerbated by the formation of efflorescence products. Similar to NH

pastes, calcium carbonate is absent in the efflorescence regions of NS cylinders (“low”, “med”
and “top”). This again indicates a competition between efflorescence and carbonation.
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Figure 8.20. Schematic representation of the process of efflorescence of NH and NS pastes
under ambient conditions. The white cloud-like shape refers to the efflorescence products
(sodium carbonate), and the golden cubic shape refers to the carbonation products (calcium
carbonate).

8.4.2 Efflorescence mechanisms of AAS pastes

For a better understanding of the mechanisms of efflorescence of AAS pastes, it is essential
to focus on the formation of efflorescence products (hydrated sodium carbonate). Figure 8.21
shows the chemical reaction of efflorescence formation. It can be seen that Na*, CO3% and
H,O are the three main components contributing to the formation of sodium carbonate. Their
availability is influenced by alkali dosages, pore structure and environmental conditions.

CO, concentration
Relative humidity

Alkali dosages

2Na* + CO;% + xH,0 - Na,CO,°xH,0

Transport
Pore structure

Figure 8.21. Formation mechanisms and influential factors of efflorescence products of AAS
pastes.
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Alkali metal ion (Na)

The Na in efflorescence products stems from the leaching of Na in AAS pastes, with most of
the Na ions deriving from the pore solution and a minor portion from C-(N-)A-S-H gels [72].
The overall amount of Na that can reach the water film surrounding the paste is governed by
both the alkali content in the pore solution (or the initial alkali dosage in activators) and the
transport of Na within the pore structure. As for the same type of AAS pastes, although a
higher alkali content contributes to a denser microstructure, which can partly hinder the
transport of Na ions, the alkali content seems to play a more significant role than the pore
structure as observed in efflorescence experiments among “NH_3%", “NH_5%" and “NH_7%".
Additionally, at the same alkali dosage, a compact microstructure can impede efflorescence
during early ages. Nevertheless, due to the cracking of NS pastes, the transport of Na is
enhanced and the severity of efflorescence of NH and NS cylinders at 28 d becomes
comparable. This highlights the importance of pore structure in influencing the efflorescence.

CO:

The concentration of CO; remains constant in the air at around 0.04% by volume, while that
in a liquid is not fixed. As for efflorescence, it is important to understand the dissolution of
CO: in the water film on the surface of pastes. Therefore, it is imperative to understand the
dissolution behaviour of CO; in an aqueous condition. Typically, CO; can first react with water
to form H,COs3 molecules slowly, as shown in Equation 8.1 [174,175]. Under weak alkali
conditions with a pH < 8, these H,CO3; molecules react with OH" to yield bicarbonate ions
(HCO3), as expressed in Equation 8.2 [259]. In cases where the alkali solution is fairly
concentrated with a pH > 10, CO; can directly react with OH™ to form HCOs", which further
reacts with OH" to form COs3%, as shown in Equation 8.3. If the alkali is depleted or the
atmospheric CO; is in high concentration, the COs% can react with CO, once again, forming
HCOs again, leading to the decrease of pH of solutions (Equation 8.4) [174,260].

COs(aq) + H20(l) = H2COs(agq) (8.1)
HCOs(aq) + OH(aq) - HCOs (aq) + H20(l) (8.2)
HCOs(aqg) + OH (aq) — COs*(aq) + H20(l) (8.3)
CO5*(agq) + H20(l) + CO2(aq) - 2HCOs5 (aq) (8.4)

According to these equations, it can be found that the type and amount of hydrolysed CO;
species are closely dependent on the pH of the water film and the concentration of gaseous
CO. Under ambient conditions, external CO, concentration is relatively low and can be
regarded as a constant, thereby the pH of the water film on the paste plays a more vital role.
The pH level is altered by the leaching of OH™ from the matrix, which is associated with both
the alkali dosage and transport. Additionally, the phase assemblage of efflorescence products
is also impacted by the concentration of CO,. As shown in Appendix Figure B1, Trona
(NasH(C0Os3);:2H,0), considered a combination of NaHCO3 and Na;COs, is identified on NH
cylinders under 0.2% CO. conditions. This indicates that a higher CO, concentration is
conducive to the conversion from Na;CO3 to NaHCOs. Therefore, considering the complexity
of the anions of efflorescence products, it is better to quantify efflorescence by determining
the amount of Na.



140 | Page Chapter 8

Water (or RH)

Water serves as the medium of chemical reactions, significantly impacting the visibility and
chemically bound water of efflorescence products. A relatively low RH is favourable for both
the rate and severity of efflorescence formation of AAS pastes, particularly when the bottom
of the samples is in contact with water, as observed in the efflorescence tests among
“NH_40%", “NH_60%" and “NH_80%". Conversely, a high RH results in the dissolution of
efflorescence products and a reduction in visible efflorescence. Additionally, water transport
can affect the chemically bound water of efflorescence products. Sodium carbonate on the
NH paste shows a higher content of chemically bound water compared to the NS one. This is
related to the porous pore structure of the NH pastes, which can provide the crystallisation
of sodium carbonate with more water.

8.5 Conclusions

In this chapter, the effects of alkali dosages, activator types, exposure atmospheres, and
relative humidity on the efflorescence of AAS pastes were observed. The leaching tests of
pastes in different sizes were performed. The influence of efflorescence on phase assemblage,
gel structure, pore structure and compressive strength of AAS pastes was examined as well.
Based on the above results, the process and mechanism of efflorescence of AAS pastes have
been clarified. The conclusions are summarised as follows.

1. Atthe same alkali dosage, NH pastes had more porous microstructures and showed faster
efflorescence rates than NS pastes. The NH paste with a higher alkali dosage showed more
severe efflorescence. The NH paste subjected to a lower RH environment showed a more
rapid and significant efflorescence. NS pastes suffered from cracking problems when the
bottom contact with water under both N, and ambient conditions. Furthermore, the
formation of efflorescence products can exacerbate this cracking problem.

2. The efflorescence front of AAS pastes was associated with the pore structure. The paste
with a higher porosity shows a higher efflorescence front. The efflorescence products of
NH pastes accumulated near the efflorescence front, while those of NS pastes can develop
on the top. This was attributed to the cracking of NS cylinders, which promoted the
transport of water and alkali ions and the formation of efflorescence products.

3. It was feasible to quantitatively determine the efflorescence of AAS pastes by calculating
the amount of Na in efflorescence products. The quantitative results were not only
consistent with visual observations but also correlated with the leaching results of AAS
pastes. However, it should be noted that the leaching results of NS cylinders failed to
establish a good relationship with efflorescence due to the cracking problem under
immersed conditions. Therefore, to evaluate the efflorescence potential of AAS pastes, it
was recommended to use the leaching results of piece samples.

4. While the efflorescence products of NH and NS pastes were both dominated by sodium
carbonate, their chemically bound water was different. Sodium carbonate in NH pastes
had a higher content of chemical-bound water. This was due to a more porous structure
of NH pastes, which allowed for a greater supply of water from the bottom of cylinders
for the formation of sodium carbonate. A higher CO; concentration was conducive to the
conversion of sodium carbonate to sodium bicarbonate.

5. The water-immersed part of the pastes was subjected to wet carbonation, while the
overwater part was subjected to both efflorescence and dry carbonation. However, these
two chemical processes seemingly cannot happen simultaneously and appear to compete
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with each other. Calcium carbonate was rarely found in the efflorescence region where
sodium carbonate formed. Additionally, 28 d of efflorescence showed limited influence
on the total porosity but can affect the pore size distribution of AAS pastes.

6. The impact of efflorescence on the compressive strengths of NH pastes was minimal, but
it was significant for NS pastes. The compressive strength of NS specimens after 28 d of
efflorescence was lower than that under ambient conditions, which was even lower than
that after 7 d of efflorescence. The reduction was owing to cracking by heterogeneous
internal stress coupled with the expansion caused by the formation of efflorescence
products. Since efflorescence was detrimental to the development of long-term
mechanical properties of AAS materials, a mitigating method will be proposed in the next
chapter to address this problem.
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Chapter 9

Mitigating the efflorescence of AAS mortars by
aluminosilicate-based lightweight fine aggregates

9.1 Introduction

According to Chapter 2, various mitigation strategies for efflorescence have been developed.
Among these, the most commonly employed and effective approach is the addition of
admixtures, which can be classified into Al-rich admixtures [50,81], cation exchange
admixtures [84,85], nanoparticles [86,90], hydrophobic agents [24,93] and other chemical
admixtures [95,96]. All of these methods focus on the modification of the paste or binder,
while mitigation strategies at an upper level, such as sand or gravel, are rarely considered.
Given the substantial volume and quantity of aggregates used in real constructions, it is
promising to address this issue from the perspective of aggregates. However, conventional
fine aggregates employed in mortar and concrete include river sand [261], sea sand [262] or
manufactured sand [263], primarily composed of quartz. Quartz is highly crystalline and
exhibits inert chemical properties under even high alkalinity conditions. Lightweight fine
aggregates (LWFA) are manufactured by sintering selected clay, shale or fly ash, followed by
rapid cooling treatment. This special aluminosilicate-based aggregate not only exhibits an
internal curing effect [264,265] due to its porous structure but also pozzolanic reactivity [266—
268]. Considering the depletion of natural sand resources, despite being relatively expensive,
LWFA is a promising candidate for mitigating the efflorescence problem, based on the
experience in Chapters 3 and 8.

In this chapter, AAS mortars with 0%, 20% and 50% volume substitutions of sand by LWFA
were prepared using NH solutions. Efflorescence was observed under controlled conditions,
with the bottoms of the cylindrical mortars in contact with water. Leaching tests were
conducted to assess Na leachability from both pore solutions and gels. Additionally, the
dissolution behaviour of various ions from LWFA in alkali activators was examined. Finally, the
impact of LWFA on the pore solution, reaction products, gel structure, chemistry, pore
structure, and mechanical strengths (compressive and flexural) was analysed. The mitigation
mechanisms of LWFA on the efflorescence of AAS mortars from the aspects of gels, pore
solution and microstructure were examined. The potential for LWFA application in AAMs was
also critically assessed.

9.2 Materials and methods
9.2.1 Raw materials

The slag used was the same as that referenced in previous chapters. Standard sand (EN 196-
1) and LWFA with particle sizes ranging from 0 and 4 mm were used. The chemical
composition of aluminosilicate-based LWFA is presented in Table 9.1, while Figure 9.1 shows
the phase assemblage determined by XRD.

Part of this chapter is published on:
C. Liu, Z. Li, G. Ye. (2025) Mitigating the efflorescence of alkali-activated slag mortars by aluminosilicate-based
lightweight fine aggregate. Cement and Concrete Research.
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Figure 9.1. XRD pattern of LWFA. Figure 9.2. Pore structure of LWFA.

Table 9.1. Chemical composition of aluminosilicate-based LWFA. (wt.%)

CaO Al;O3 SiO; I\/IgO Fe,03 K20 Na,O TiO; other
LWFA 3.8 18.4 58.2 3.8 9 3.4 1.2 11 11

The aluminosilicate-based LWFA employed in this study was a kind of expanded shale, mainly
consisting of quartz (SiO2) and hercynite (FeAl,04). A small hump ranging from 20° to 35°
suggested the presence of amorphous phases. Figure 9.2 shows the pore volume and pore
size distribution of LWFA determined by MIP. The total pore volume of LWFA was around
49%, with the pores primarily distributed across two size ranges: 0.1 — 10 um and = 100 pm.
The extrusion curve indicated a significant volume of ink-bottle pores, contributing to the
excellent water retention properties of LWFA. The saturated water absorption of LWFA was
approximately 14% by mass. The bulk densities of sand and LWFA were 2600 kg/m3 and 1530
kg/m?3, respectively. Since efflorescence tended to occur more rapidly in porous materials, as
noted in Chapter 8, an NH solution was used as the alkali activator. The use of NH solution
also provided a simplified AAS system, allowing for a focused analysis of the effects of LWFA
without interference from other anions such as silicate, carbonate, or sulfate, which were
often present in alkaline activators.

9.2.2 Mortar preparation

The mixture design of AAS mortars is presented in Table 9.2. The alkali dosage was 5%. Fine
aggregate, consisting of sand and LWFA (55 vol.% of the total mixture). The percentage
indicated on the label refers to the volume of LWFA within the total fine aggregate. For
example, “LWFA_20%" means that 20% of the fine aggregate in the AAS mortars was LWFA.

Table 9.2. Mixture design of AAS mortars.

Slag (g) Sand (g) Dry LWFA (g) Activator (g) w/b
LWFA_0% 1000 2500 0 554.6 0.505
LWFA_20% 1000 2000 294.2 554.6 0.505
LWFA_50% 1000 1250 735.6 554.6 0.505
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Prior to casting, dry LWFA was immersed in water for 1 d to prevent excessive water
absorption during mixing, which could otherwise affect the workability of fresh mortars
[176,269,270]. After 1 d of water immersion, the wet LWFA was surface-dried with a towel.
The slag, sand and wet LWFA were mixed in a Hobart mixer for 1 min at a slow speed. Then,
the NH solution was added, followed by 1 min of slow mixing and 1 min of fast mixing. The
fresh mortar was cast into polyethene bottles (¢ 35 mm x 70 mm) and prismatic moulds (4
cm x 4 cm x 16 cm) for further measurements. The densities of three mortars sealed for 28 d
were measured, resulting in values of 2191.4 kg/m3, 2080 kg/m3® and 1928.4 kg/m3,
respectively.

9.2.3 Efflorescence and leaching tests

Efflorescence tests

The fresh mortars contained in polyethene bottles (¢ 35 mm x 70 mm) were sealed for 28 d
and then cut into cylinders with a height of 50 mm. The cutting side of each cylinder was
immersed in deionised water to a depth of 10 £ 1 mm within a glassy dish. The cylinders with
dishes were exposed to ambient conditions (T = 20°C and RH = 55%) for 28 d. The
efflorescence of AAS mortars was observed with time.

Leaching tests

To quantify the efflorescence of AAS mortars, Na in the leachate of efflorescence products
was measured. The cylinders were immersed in 150 ml of deionised water and were cleaned
ultrasonically for 30 s to remove the efflorescence products. The concentration of Na in the
resulting solution was measured using a PerkinElmer Optima 5300DV ICP-OES spectrometer.
The Na amount in the efflorescence product per cylinder was calculated based on this
concentration. The detailed experimental setup for the efflorescence tests is described in
Chapter 8.

Moreover, leaching tests were also conducted using both AAS mortar pieces and powdered
samples. The tests with mortar pieces aimed to evaluate the leaching stability of Na in fresh
bulk AAS mortar (containing pore solution), while the tests with powdered samples focused
on the leaching stability of Na in C-(N-)A-S-H gels. For mortar species, AAS mortars sealed for
28 d were crushed into 4 — 6 mm pieces and 10.00 g (+ 0.01 g) of pieces were immersed in
100.0 g (+ 0.1 g) deionised water for 28 d, and the Na concentration in the leachate was
measured. For powdered samples, the AAS mortars sealed for 28 d were crushed into powder
using isopropanol to stop the reaction. Then, the powder was treated with ether and dried in
avacuum oven. 1.000 g (+ 0.005 g) powder sample was immersed in 50.0 g (+ 0.1 g) deionised
water for 28 d, and the Na concentration in the leachate was measured. Additionally, to
evaluate the pozzolanic reactivity of LWFA, the leaching test of sand and LWFA subjected to
NH activator immersion was conducted. The aggregate/liquid ratio followed that specified in
Table 9.2. The concentrations of Na, Si, Al and Ca were measured by ICP-OES, while the
concentration of OH ions in the leachate was obtained by titration tests using a 0.1 mol/L HCI
solution.

9.2.4 Characterizations

9.2.4.1 ICP-OES, XRD, TGA and FTIR

The pore solution of AAS mortar sealed for 28 d was extracted using the steel-die method as
described in Chapter 5. The ion concentrations of Na, Al, Si and Ca in the pore solution were
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measured by ICP-OES, while the concentration of OH™ ions was determined through titration
as mentioned in Chapter 5. XRD analysis was carried out to determine the phase assemblage
of efflorescence products and AAS mortars. TGA was conducted to assess the thermal stability
and decomposition behaviour of the samples, while FTIR was conducted to analyse the
molecular structure and functional groups in AAS mortars. The experimental setups and
parameters were the same as mentioned in the above chapters.

9.2.4.2 SEM and EDX

SEM with a solid-state EDX detector was used to observe the morphology and characterise
the elemental composition of the pastes surrounding sand and LWFA. Bulk AAS mortars,
sealed for 28 d, were first immersed in isopropanol for 7 d to stop the reaction, then dried in
a vacuum oven. The dried sample was impregnated with low-viscosity epoxy resin. After the
epoxy had dried, the sample was polished with sandpaper and cloth with diamond pastes,
followed by carbon coating to enhance conductivity and improve imaging quality. The
detailed experimental conditions and parameters were the same as mentioned in the
previous chapters.

9.2.4.3 MIP and sorptivity tests

The pore structure of AAS mortars was evaluated using MIP analysis and a modified capillary
sorptivity test. MIP was used to determine the total porosity of AAS mortars, while the
modified sorptivity test assessed the water absorption capacity before efflorescence tests.
The reaction-arrested and dried mortar pieces, approximately 4 — 6 mm in size, were
subjected to MIP analysis. A modified sorptivity test was conducted using cylindrical mortars
with dimensions of ¢ 55 mm x 50 mm. Unlike the standard sorptivity test in ASTM C1585-13
[271], where samples are dried before testing, in this study, the samples were tested directly
after 28 d of sealed curing without preconditioning. The side and top of the cylinders were
covered with an aluminium tape, while the bottom was immersed in deionised water to a
depth of 10 mm (+ 1 mm). Mass changes were recorded at specific intervals of 5 min, 10 min,
20 min, 30 min, 1 h,6h,1d,3d,4d,5d, 6d,and 7 d. Three replicates were measured for
each group. The water sorptivity | (mm/s2) of the specimens was calculated using Equation
9.1:
mg

I =
X7 (9.1)

where m; (g) is the mass of samples at moment t, a (mm?) is the exposed area of the
specimen, p (10 g/mm?3) is the density of water.

9.2.4.4 Flexural and compressive strengths

Flexural and compressive strengths of AAS mortars were measured to study the effect of
LWFA substitution on the mechanical properties of mortars. The 4 cm x4 cm x 16 cm samples
were sealed for 7 d before being exposed to ambient conditions up to 28 d. Strength
measurements were conducted at 7 d and 28 d. The testing procedures and loading
parameters were the same as mentioned in the previous chapters.
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9.3 Results
9.3.1 Efflorescence tests

9.3.1.1 In-situ observation

Figure 9.3 shows the visual observation of the efflorescence of AAS mortar under ambient
conditions with time. Efflorescence deposits accumulate with time, with the mortars without
LWFA showing more serious efflorescence at early ages (1 d and 7 d). Normally, efflorescence
products mainly consist of sodium (bi)carbonates, with Na primarily sourced from the pore
solution. Both a higher Na concentration in the pore solution and a porous microstructure can
increase the supply of Na and enhance the efflorescence potential of materials [71,72]. In
addition to Na ions, OH" also significantly influences the formation of efflorescence products
as discussed in Chapter 8.

Figure 9.3. Visual observation of the efflorescence of AAS mortar cylinders with time.
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LWFA_50%

Figure 9.4. Ultrasonically cleaned AAS mortar cylinders after 28 d of efflorescence. From left
to right, the three cylinders as a group refer to “LWFA_0%", “LWFA_20%" and “LWFA_50%",
respectively. The darker green/blue trace indicates the “efflorescence front” of AAS cylinders.

As reported in [272], gaseous COx(aq) dissolves in water to form H,CO3(aq), which remains stable
under neutral conditions. However, in the presence of OH", H,CO3z(aq) becomes unstable and
hydrolyses to HCO3'(aq) and COs%(sq) to varying extents, depending on the pH level [272].
Therefore, the reduced efflorescence of AAS mortar with LWFA is probably attributed to a
decreased supply of Na* and OH".

After 28 d of exposure, mortars containing LWFA show less efflorescence compared to those
without LWFA. This effect is more pronounced in mortars with a higher LWFA content
(LWFA_50%). This indicates that the incorporation of LWFA can effectively mitigate the
efflorescence of AAS mortars. Additionally, the efflorescence front (dark green/blue traces)
in cylinders of “LWFA_20 %" and “LWFA_50%" is lower than that of the “LWFA_0%", as shown
in Figure 9.4. As stated in Chapter 8, the efflorescence front is correlated with the porosity of
materials. Lower porosity results in a lower efflorescence front. This is because the formation
of efflorescence involves not only Na and CO; but also H,0 (within a specific range of relative
humidity). At a given temperature, sodium (bi)carbonate forms within a particular range of
relative humidity. Due to capillary suction, relative humidity decreases with the height of the
cylinder. A more porous structure allows water to rise to a higher level, thereby resulting in a
higher efflorescence front. Thus, the lower efflorescence front observed in Figure 9.4 suggests
reduced water absorption in AAS mortars blended with LWFA. Section 9.3.3.4 will further
clarify this issue through MIP and sorptivity tests. Overall, the observation in this section
indicates the excellent efficacy of LWFA in mitigating efflorescence.

9.3.1.2 Efflorescence products

Figure 9.5 shows the phase assemblage of efflorescence products on the mortar cylinders.
Thermonatrite (Na2C0Os-H,0) is identified as the main phase in the efflorescence product of
three mortar samples. This suggests that the substitution of LWFA shows a limited impact on
the phase assemblage of efflorescence products. Traces of quartz are also found in the
LWFA_0% and LWFA_20% groups, likely originating from sand or LWFA particles during the
scraping of the efflorescence products. As discussed in Chapter 8, the primary efflorescence
product in NH pastes is sodium carbonate heptahydrate (Na,CO3-7H;0). The appearance of
thermonatrite instead suggests reduced hydrated water in the efflorescence product of the
mortar samples.
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Figure 9.5. XRD pattern of efflorescence products on the three AAS mortars.

Typically, the presence of sand has two effects on the system. On one hand, sand is
considered impermeable, and its introduction can densify the material. On the other hand,
sand introduces interfaces with the paste, which tends to have high water/binder ratios and
is generally more porous than the matrix [265]. In this chapter, the densifying effect of sand
appears to be more significant than its impact on increasing porosity. The incorporation of
sand likely reduces water transport within the material, thereby lowering the content of
hydrated water in the efflorescence products.

9.3.2 Leaching tests

9.3.2.1 Leaching of efflorescence products

The efflorescence of AAS mortars, as evaluated using the quantification method proposed in
Chapter 8, is shown in Figure 9.6. In Chapter 8, it was demonstrated that the Na amount in
the efflorescence product of NH pastes is 118 mg per cylinder, indicating that the
efflorescence of AAS pastes is more severe compared to AAS mortars. The inclusion of fine
aggregates efficiently reduces efflorescence [72], due to the lower concentrations of Na* and
OH- in the same volume as pastes. Compared to the reference mortar, LWFA substitutions of
20% and 50% result in efflorescence reduction of 14.6% and 43%, respectively. This is
consistent with the observation in Figure 9.3, further supporting the mitigating effect of LWFA
on efflorescence in AAS mortars.
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Figure 9.6. Na amount in efflorescence products per AAS mortar cylinder after 28 d of
exposure.

9.3.2.2 Leaching of AAS mortar pieces and powder

Given the lower density of LWFA-based mortars than normal mortars, it is rational to compare
the leaching result by volume. Therefore, | normalised the leaching data by volume, as
depicted in Figure 9.7A. The results indicate that the Na concentration in the leachate
decreases as LWFA dosages increase, suggesting that the presence of LWFA hinders the
leaching of Na. Generally, Na in mortars can be categorised into three types: free Na ions in
the pore solution, weakly bonded Na in C-(N-)A-S-H gels and strongly bonded Na in C-(N-)A-
S-H gels [20,72]. Free Na is associated with the alkalinity of the pore solution, while weakly
and strongly bonded Na are incorporated into the C-(N-)A-S-H gels. Given the use of fresh AAS
mortar pieces, it is plausible that free Na in the pore solution contributed significantly to the
leaching results.

Figure 9.7B shows the Na concentration in the leachate of powdered mortars. As described
in Section 9.2, the reaction of powdered samples was arrested in isopropanol, meaning that
all Na in the leachate originated from C-(N-)A-S-H gels. Interestingly, the Na concentration in
the leachate increases with the LWFA dosage, contrary to the trend observed for mortar
pieces (Figure 9.7A). As discussed in Chapters 3 and 4, Na is the predominant ion leached from
synthetic C-(N-)A-S-H gels subjected to water immersion, due to its weak bonding within the
interlayer of the gels. The leaching amount of Na increases with its initial content in the gels,
implying that the gels in mortars with LWFA have a higher Na uptake. As shown in Chapter 3,
the gel with a lower Ca/Si ratio and a higher Al/Si ratio shows a higher Na/(Al+Si) ratio due to
increased charge negativity on gel substrates. This suggests that the addition of LWFA may
alter the gel chemistry, potentially enhancing the Na uptake by the gels.
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Figure 9.7. Na concentration in the leachate of AAS mortar pieces and powder. [Na] refers to
the concentration of Na.

9.3.2.3 lon Concentrations in the Leachate of LWFA after Immersion in NH Activator

Figure 9.8 shows the ion concentrations of Na, OH, Si, Al and Ca in the leachate of LWFA after
immersion in the NH activator for 28 d. The solution is dominated by Na* and OH", with the
OH- concentration slightly lower than that of Na. The concentrations of both Na* and OH" are
slightly lower than those in the initial activator, with a more significant reduction observed in
solutions containing higher amounts of LWFA. This suggests that the pozzolanic reaction of
LWFA reduces the alkalinity of the solution. Simultaneously, Si and Al species are dissolved
from LWFA, and their concentrations increase with the content of LWFA. Interestingly,
although sand is generally considered inert, it can also release some amount of Si and even
Al under alkaline conditions. However, the quantities released from sand are considerably
lower than those from LWFA. The concentration of Ca remains relatively low compared to
other elements and shows little variation between them. Overall, these dissolution tests
indicate the pozzolanic reactivity of LWFA, which can supply extra Si and Al to the system.
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Figure 9.8. lon concentration of Na, OH, Si, Al and Ca in the leachate of LWFA subjected to
immersion of the NaOH activator for 28 d. The concentrations of Na* and OH" ions of the fresh
NH activator are 3297 and 3271 mmol/L, respectively.
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9.3.3 Impacts of LWFA on AAS mortars

9.3.3.1 Pore solution

The ion concentrations of Na, OH, Si, Al and Ca in the pore solution of AAS mortars sealed for
28 d are shown in Figure 9.9. Similar to Figure 9.8, Na* and OH dominate the pore solution,
but their concentrations are lower, primarily due to the reaction of slag and the formation of
C-(N-)A-S-H gels. Additionally, it is observed that both Na* and OH™ concentrations decrease
with increasing LWFA dosage. Specifically, substituting 20% and 50% LWFA results in Na
concentration reductions of 7.7% and 15.5% respectively, and OH" concentration reductions
of 8.3% and 10.4%. These decreases can be attributed to the pozzolanic effect of LWFA, as
well as the introduction of additional water through the pre-moistened LWFA. The
concentration of Si increases with the increase of LWFA dosage, attributed to the dissolution
of extra Si species from LWFA (Figure 9.8). The concentrations of Al are comparable across
three pore solutions, with the two LWFA mortars exhibiting slightly higher values than the
reference mortar. The concentration of Ca remains relatively low in comparison to the other
ions, due to the low solubility of Ca under high alkalinity conditions.
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Figure 9.9. lon concentrations of Na, OH, Si, Al and Ca in the pore solution of AAS mortars
sealed for 28 d.

9.3.3.2 Reaction products

Figure 9.10 shows the XRD, TGA and FTIR results for AAS mortars. In Figure 9.10A, the XRD
pattern is dominated by quartz, the main phase in both sand and LWFA. The intensity of the
quartz signal decreases with the LWFA dosage, which probably indicates a higher content of
guartz in sand than in LWFA. Additionally, a characteristic gel peak appears near 30°, but the
intensity is too low to reveal significant differences among the three mortars, due to the high
content and crystallinity of quartz masking the signal. Figure 9.10B shows the TG and DTG
curves for the AAS mortars. The total weight loss of the samples increases with LWFA content,
indicating an increasing content of reaction products. The DTG curves are mainly dominated
by two peaks: the first corresponds to the weight loss of C-(N-)A-S-H gels between 40 — 250
°C and the second to hydrotalcite-like phases (ht) between 300 — 400 °C. The weight loss of
Ht in the three mortars appears to be comparable, while that of the gels shows some
distinctions. The mortar with a higher LWFA content shows a higher weight loss of gels. The
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weight loss in gels is mainly due to chemically bonded or physically absorbed water, which is
closely related to the amount and chemistry of the gels, as well as the drying method. In this
study, the drying of powdered samples strictly followed the standard [273], ensuring that the
level of free water and physically absorbed water was consistent across samples. Hence, this
discrepancy can be attributed to a higher content of gels in the LWFA-blended mortar. As
shown in Figure 9.8, Si and Al species can be dissolved from LWFA during the immersion of
the alkali activator. These ions can serve as the raw materials for the formation of gels.
Additionally, the internal curing effect of LWFA may create a high-humidity environment
within the matrix, promoting the reaction of slag and enhancing the formation of gels.
Furthermore, as reported in [57], gels with a higher alkali metal ion content tend to contain
more chemically bound water. This suggests that the higher weight loss of gels in LWFA-
blended mortars may be attributed to the higher Na content in the gels. This finding aligns
with the results of the leaching test on powdered AAS mortars, as shown in Figure 9.7B.
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Figure 9.10. XRD pattern, TGA curves and FTIR curves of 28 d sealed AAS mortars. “ht” in (B)
refers to hydrotalcite-like phases. “0 d” in the legend of (C) indicates the unreacted mixture
consisting of unreacted slag, sand and LWFA.
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Figure 9.10C shows the FTIR analysis results for slag, sand, LWFA and AAS mortars. There are
no sharp absorption peaks but rather broad humps in slag and LWFA. Considering that both
slag and LWFA are silicate-based materials, the higher wavenumber of the hump of LWFA
indicates a more crosslinked structure. This is consistent with the NMR findings in [62,176],
where the chemical environment of Si in slag is dominated by Q° and QY, while LWFA is
primarily composed of Q3 and Q?, indicating that slag has significantly higher reactivity. The
main hump in sand shows even higher wavenumbers than LWFA, suggesting a more
crosslinked network and, consequently, lower reactivity. As a result, LWFA can dissolve more
Si than sand. The peaks at 694 cm™, 778 cm™, 796 cm™, 1056 cm™, 1080 cm™ and 1163 cm™
in the infrared pattern of sand are assigned to the vibration of Si-O-Si in quartz [274]. The
spectra of “LWFA_0%_0d”, “LWFA_20%_0d” and “LWFA_50%_0d” represent combinations
of the raw materials in each mixture, showing minimal differences between them. However,
after 28 d of reaction, a newly formed hump in the range of 850 cm™ to 1100 cm™ is observed
in all three mortars. The peak near 950 cm™ corresponds to the asymmetrical stretching
vibration of Si-O-Si(Al) in Q2 units within the gels. Additionally, a small shoulder at around 890
cm is assigned to the bending vibration of Si-O in gels. The average peak wavenumber of Q2
units in the three mortars is 950.9, 951.4 and 951.8 cm?, respectively. This slight variation
suggests that the gels in mortar with higher LWFA dosage show a higher degree of
polymerisation, which can be primarily attributed to the additional Si and Al dissolved from
LWFA.

9.3.3.3 Mortar morphology and paste chemistry

Figure 9.11 shows the typical morphology of pastes around sand and LWFA. The interface
between sand and pastes is distinct, with the paste surrounding the sand appearing coarser
than the matrix. In contrast, the interface between LWFA and pastes is less pronounced, and
the paste surrounding LWFA appears denser than that around sand. This difference can be
explained by the capillary effect of aggregates [275]. The water/binder ratio of pastes around
normal aggregates is typically higher than the matrix, resulting in a more porous pore
structure [276]. The capillary effect is more pronounced in LWFA due to its porous structure
and pre-absorbed water. However, unlike sand, LWFA shows reactivity under alkali conditions
[266,269], which leads to the release of extra Si and Al species. These species react with Ca
and Na in the pore solution, contributing to the formation of additional gels and the
densification of the surrounding pastes. This observation is also supported by the higher
water loss in the gels of LWFA blended mortars as shown in the DTG curve (Figure 9.10B). As
reported in [277], the interfacial transition zone (ITZ) in normal concrete tends to be thicker
than that in LWFA-blended concrete. The impact of LWFA on the microstructure of AAS pastes
will be further discussed in the following sections.

Figure 9.12A shows the Si/Ca versus Al/Ca ratios of the pastes surrounding sand and LWFA.
In general, the Si/Ca ratio of the paste around LWFA ranges from 0.6 to 1.0, which is higher
than that in the paste around sand (0.4 —0.9). Additionally, the Al/Ca ratio in the paste around
LWFA is also higher than in the paste around the sand. As indicated by the arrow in Figure
9.12A, the paste around LWFA contains more Si and Al, which can be ascribed to the extra Si
and Al supplied by LWFA (Figure 9.8). Figure 9.12B shows the Al/Si versus Mg/Si ratios of the
pastes around sand and LWFA. There is a positive linear correlation between the Al/SI and
Mg/Si ratios, despite some irregular data points. As noted in [193], such a linear correlation
between the Mg/Si and Al/Si ratios typically suggests the presence of hydrotalcite-like phases.
The positive intercept on the X-axis suggests a degree of Al incorporation into the C-S-H gels
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in the slag rim, while the slope of the trendline represents the Mg/Al ratio in hydrotalcite. In
both groups (sand and LWFA), the Al/Si ratio of gels in the slag rim and the Mg/Al ratio in
hydrotalcite are comparable in the pastes around sand and LWFA, as they are mainly
determined by the chemical composition of slag.
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Figure 9.11. Typical morphology of pastes around sand and LWFA.
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Figure 9.12. (A) Si/Ca versus Al/Ca ratios and (B) Al/Si versus Mg/Si ratios of the pastes around
sand and LWFA. The arrow in (A) indicates the variation of the data point of the paste around

the aggregate from sand and LWFA.



156 | Page Chapter 9
Figure 9.13 shows the box plot of different elemental ratios in the paste around sand and
LWFA. Consistent with the result in Figure 9.12A, the paste around LWFA shows a lower
Ca/(Si+Al) ratio than that around sand (Figure 9.13A). In contrast, the paste around LWFA
shows a higher Na/(Si+Al) ratio than that around sand (Figure 9.13B). This indicates a higher
uptake of Na in the paste with the incorporation of LWFA, which agrees with the leaching
result of powdered mortar (Figure 9.7B). Figure 9.13C shows the Mg/Al ratio of the paste. Mg
stems from the hydrotalcite, while Al is derived from both hydrotalcite and gels. Given the
similar chemical composition of hydrotalcite, as indicated in Figure 9.12B, the relatively lower
Mg/Al ratio in the paste around LWFA is due to a higher Al content in the gels. This finding
aligns with the Al/Ca ratio observed in Figure 9.12A.

Figure 9.13D shows the Fe/(Si+Al) ratio in the paste around sand and LWFA. It can be seen
that Fe can also be incorporated into the paste. In PC systems rich in ferrite, Fe can contribute
to the formation of various hydrates such as Fe-containing siliceous hydrogarnet, alumina
ferric monosulfate, and Fe-ettringite [278-280]. In addition, Fe(lll) is incorporated into C-S-H
gels, with a stronger sorption capacity than Al(lll). However, due to the lower solubility of
Fe(OH)s than Al(OH)s, the uptake of Fe by gels is quite limited. As shown in Figure 9.13D, most
data points for paste around sand show negligible Fe content, with an average Fe/Si ratio of
about 0.001, which is significantly lower than the ratio in pastes around LWFA (0.006). This
difference is due to the higher Fe,03 content in LWFA (9%) compared to slag (0.6%). As stated
in [279], Fe(lll) is octahedrally coordinated in the interlayers of gels with high Ca/Si ratios (1.2
and 1.5), while in gels with lower Ca/Si ratios (around 0.8), Fe(lll) tends to form a separate
secondary Ca-Si-rich phase or cluster. Regardless of its state in gels, the presence of additional
Fe in gels likely enhances the charge negativity, similar to the role of Al. This increase in charge
negativity may promote cation absorption, which could also explain the elevated Na/(Si+Al)
ratios observed in pastes around LWFA.
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Figure 9.13. Box plot of elemental ratios of the paste around sand and LWFA. In each box,
25%-75% indicates the data points ranging from the 25th to 75th percentiles. The “IQR”
indicates the interquartile range (25% — 75%), and the whisker is located at 1.5 times of “IQR”.
The red circle refers to the mean value of atomic ratios.
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9.3.3.4 Pore structure and sorptivity

Figure 9.14A presents the porosity of AAS mortars with different LWFA contents. The porosity
of “LWFA_0%", “LWFA_20%" and “LWFA_50%" in the range of 7 nm to 400 um is 14%, 19.2%
and 24.5%, respectively. This indicates that the addition of LWFA significantly coarsens the
microstructure of AAS mortars. The primary reason is the high porosity of LWFA
(49.2%)(Figure 9.2), which is much higher than that of the matrix of pastes. As indicated by
the pore size distribution (Figure 9.14B), the presence of LWFA increases the pores ranging
from 50 nm to 1000 nm. While the pozzolanic effect of LWFA can promote the formation of
gels, it is insufficient to compensate for the pores introduced by LWFA within 28 d.
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Figure 9.14 (A) Pore volume and (B) Pore size distribution of 28 d sealed AAS mortars; (C)
Volume fraction of paste and fine aggregate in AAS mortars; (D) Calculated porosity of paste
and aggregate in AAS mortars. The “average” in the label of (D) indicates the mean porosity
of pastes and aggregates, equivalent to the total porosity of the mortar. The porosity of sand
is considered zero.
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According to the mixture design, the volume fractions of paste, sand, and LWFA can be
calculated, as shown in Figure 9.14C. The total volume of fine aggregate is 55%, consisting of
both sand and LWFA. Given the porosities of LWFA (49.2%) and sand (0%), the porosity of the
paste in the mortar can be determined, as shown in Figure 9.14D. Compared to the total
porosity of the mortar, the paste porosity decreases with the addition of LWFA. This
observation supports the conclusion that the pozzolanic and internal curing effects of LWFA
contribute to the densification of the surrounding paste. It is important to note that the
accuracy of the calculated paste porosity is based on the assumption that the reaction of
LWFA is limited, and its porosity change is minimal within 28 d.

The sorptivity test was typically performed on dried specimens to evaluate the open porosity
and pore connectivity of materials. However, in this chapter, | conducted tests directly on
mortars sealed for 28 d, without drying. These mortars were subjected to the same conditions
as those used for efflorescence observation. The water sorptivity behaviour of AAS mortars
over 7 d is shown in Figure 9.15. Water was continuously absorbed through the capillary
suction of the unsaturated pores, with the sorptivity rate gradually decreasing over time.
During the 7 d of measurement, the water absorption of the mortar with LWFA was
significantly lower than that of the mortar without LWFA, which appeared to contradict the
MIP results in Figure 9.14A. This discrepancy arose because the MIP test was conducted on
dried samples, thereby ignoring the presence of water in the pore structure under real
conditions. The additional water pre-absorbed by LWFA was likely to maintain higher internal
humidity within the mortar, leading to reduced water sorptivity. The lower water absorption
in LWFA-based mortars aligned with the finding in Figure 9.4, where the cylinder containing
LWFA showed a lower efflorescence front.
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Figure 9.15. Water sorptivity of AAS mortars upon 28 d of sealed curing.
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9.3.3.5 Strength

Figure 9.16 shows the flexural strength and compressive strength of AAS mortars at 7 d and
28 d. In general, the compressive strength of specimens increases over time, whereas the
flexural strength tends to decrease, which indicates that ambient conditions adversely affect
the development of flexural strength. Similar results are also found in [241]. Since the flexural
strength is more sensitive to cracks, its reduction can be attributed to cracks induced by dry
shrinkage. In contrast, compressive strength is more related to porosity. Since slag
progressively reacts and gels constantly form during 28 d, the compressive strength shows
positive development.

As shown in Figure 9.16A, the flexural strength of LWFA_0% at 7 d is higher than that of
LWFA_20% and LWFA_50%, however, by 28 d, the flexural strength of LWFA_0% is lower than
that of the mortars containing LWFA. During the first 7 d, the samples were kept under sealed
conditions, which largely prevents cracking, suggesting that cracks are not the main factor
influencing flexural strength at this stage. The lower flexural strength of LWFA-blended
mortars in the early stage can be attributed to the porous structure and lower stiffness of
LWFA compared to sand. After 7 d, the samples are exposed to ambient conditions, where a
reduction in environmental humidity leads to water loss and dry shrinkage [281]. Due to the
internal curing effect of LWFA, mortars with LWFA maintain higher internal humidity than
normal mortars, which suppresses the shrinkage and cracking potential [282]. Additionally,
the pozzolanic reaction of LWFA under alkaline conditions contributes to the densification of
the paste-aggregate interface. As a result, the flexural strength of LWFA-based mortars
improves by 28 d. Unfortunately, as shown in Figure 9.16B, the compressive strength of LWFA
blended mortars remains consistently lower than that of the reference mortar, with higher
LWFA substitution leading to greater reductions in strength. This is because the addition of
LWFA increases the total porosity of AAS mortars, as indicated in Figure 9.14A.

6 ¥ 30
T . 7d ) ] _ 7d
—_ ¥
~ [ ]28d 2 25 [ ]28d
& S
S 5 o 46 = 204
~— =)
£ 20 -
s c
o0 (9] d
c S ]
@ 44 3.7 3.7 » 154
1) g
— 3.2 =]
=3 & ]
= - £ 59
4 o
- U —
2 - 0 -
(A) LWFA_0% LWFA_20% LWFA_50% (B) LWFA_0% LWFA_20% LWFA_50%

Figure 9.16. Flexural and compressive strengths of AAS mortars at 7 d and 28 d. “7 d” refers
to the specimen that was cured under sealed conditions for 7 d, while “28 d” denotes the
specimen that was initially cured under sealed conditions for 7 d, followed by ambient curing
until 28 d.
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9.4 Discussion
9.4.1 Mitigating mechanisms of LWFA on the efflorescence of AAS mortars

It has been shown that the addition of LWFA effectively mitigates the efflorescence of AAS
mortars. To better understand the underlying mechanisms, Figure 9.17 shows a schematic
representation of the mitigation mechanisms of LWFA on the efflorescence of AAS mortars.
LWFA, being an aluminosilicate material containing amorphous Si and Al, can dissolve under
alkali conditions. Experimental results show that the dissolved Si and Al species participate in
the formation of gels, which results in the gel surrounding LWFA having a lower Ca/(Si+Al)
ratio (Figure 9.17A). According to the leaching test and EDX point analyses, the gel in LWFA-
based mortars exhibits a higher uptake of Na (Figure 9.1B). This is primarily because gels with
alower Ca/(Si+Al) ratio have a higher charge negativity on the surface (as discussed in Chapter
3), allowing them to bind more Na from the pore solution. Meanwhile, the continuous
pozzolanic reaction of LWFA reduces the pH of the pore solution. As a result, the
concentration of both Na* and OH" in the pore solution decreases, limiting the availability of
the species needed for efflorescence formation. Furthermore, a denser ITZ is observed
around LWFA compared to the ITZ between normal sand and the paste (Figure 9.1C). This
desification can be ascribed to both the pozzolanic effect and the internal curing effect of
LWFA. LWFA provides raw species, and the pre-absorbed water supports ongoing reactions.
A densified pore structure (Figure 9.14D) inhibits ion migration and water transport, thereby
reducing the potential for efflorescence formation.

(A) Gels with high Al and Si (B) Low alkalinity pore solution (C) Densified 1TZ

Figure 9.17. Schematic representation of the mitigation mechanisms of LWFA on the
efflorescence of AAS mortars.

While the primary focus of this chapter is on NH mortars due to the time efficiency of the
efflorescence experiments and the simplified nature of the AAS systems, | also conducted
tests on NS-activated AAS mortars with a silicate modulus of 1. Appendix C Figure C1 shows
the NS cylinders sealed for 28 d, followed by 90 d of efflorescence under ambient conditions.
It can be observed that efflorescence on NS mortars developed more slowly and was less
pronounced than in NH mortars at the same exposure age, likely due to the denser
microstructure of NS mortars. However, LWFA appeared to be less effective in NS mortars
during the first 28 d, as the extent of efflorescence in the three NS cylinders was similar at
this stage (Appendix C Figures C1 (D—F)). This may be attributed to the significantly higher
porosity of LWFA compared to NS pastes, which leads to noticeable coarsening of the
microstructure in NS systems when LWFA is introduced. Fortunately, after 90 d of exposure,
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NS mortars containing LWFA exhibit less efflorescence than those without LWFA (Appendix C
Figures C1 (G-1)), indicating that LWFA becomes more effective in mitigating efflorescence in
NS mortars over an extended period.

9.4.2 Advantages and limitations of LWFA in AAS materials

In addition to its effectiveness in mitigating efflorescence, LWFA also shows promise in
reducing the cracking potential of AAS mortars, particularly in NS systems. Appendix C Figure
C2 shows the surface appearance of three NS cylinders sealed for 28 d. The surface of the
“LWFA_0%" cylinder is covered with microcracks, whereas the surfaces of the “LWFA_20%"
and “LWFA_50%" cylinders are smooth and free from visible cracks. This is probably
attributed to the release of water from wet LWFA during the early reaction of slag, which is
conducive to impeding the shrinkage and cracking potential induced by self-desiccation
[282,283]. This is meaningful for the application of AAS concrete, as it typically shows larger
shrinkage compared to traditional cementitious materials.

Although LWFA has a porous structure and lower stiffness than sand, the compressive
strength of the “LWFA_20%" mortar only decreases by 6.7% compared to the “LWFA_0%"
mortar at 28 d (Figure 9.16A). Interestingly, the flexural strength of LWFA-based mortars is
15.6% higher than that of mortar without LWFA (Figure 9.16B), likely due to the internal
curing effect of LWFA, which helps to prevent the formation of microcracks. In cementitious
materials, elevated temperatures and chemical agents are commonly employed to enhance
the pozzolanic reactivity of LWFA [269,270]. However, in AAM systems, the naturally high
alkaline conditions seem to provide a favourable environment for LWFA's reactivity without
the need for additional treatments.

9.5 Conclusions

In this chapter, the efflorescence of AAS mortars with and without aluminosilicate-based
LWFA under ambient conditions was investigated. The impacts of LWFA on the properties of
AAS mortars were comprehensively investigated. The mitigation mechanism of LWFA on the
efflorescence of AAS mortars and some prospects were revealed. The key conclusions are
shown as follows.

1. LWEFA effectively mitigated the efflorescence of AAS mortars. Substituting sand with
LWFA by 20% or 50% in volume reduced the efflorescence of AAS mortars by 14.6% or
43%, respectively. LWFA-based mortars exhibited a lower efflorescence front compared
to normal mortar. Additionally, the efflorescence product (thermonatrite) remained the
same in mortars with and without LWFA.

2. Leaching of Na from fresh AAS mortar pieces decreased as the dosage of LWFA increased,
while that from reaction-stopped powdered AAS mortar increased with the LWFA dosage.
This indicated that LWFA reduced the Na content in the pore solution and enhanced the
Na binding within the gel structure.

3. The dissolution test of LWFA in the NH activator, along with the ion concentration
analysis of the pore solution, showed that LWFA consumed OH™ and Na* in the solution
and promoted the dissolution of Si and Al. These additional Si and Al species contributed
to the gel formation, enhancing the microstructure surrounding LWFA.

4. Theintroduction of LWFA increased the total porosity of AAS mortars at 28 d but reduced
the porosity of the pastes. Mortars containing LWFA showed lower water absorption due
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to the extra water provided by LWFA, resulting in a lower efflorescence front compared
to normal mortars.

5. Despite the porous structure of LWFA, the compressive strength of LWFA_20% mortar
was only 6.7% lower than that of the LWFA_0% mortar at 28 d. The internal curing effect
of LWFA improved the flexural strength of both LWFA_20% and LWFA_50% mortars by
15.6% compared to normal mortar. This indicated the excellent adaptability of LWFA in
AAS materials, supporting its potential application in AAMs.

6. The synergistic effect of internal curing and the pozzolanic reaction of LWFA contributed
to densifying the ITZ through additional gel formation. A denser matrix reduced ion and
water transport, mitigating efflorescence. Moreover, these extra gels had a lower
Ca/(Si+Al) ratio, which enhanced the Na binding in the pore solution, reducing the
amount of free Na available for efflorescence.
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Retrospection, conclusions, and prospects

10.1 Retrospection

Alkali-activated slag (AAS) materials have gained significant importance as key elements in
the present and future landscape of sustainable building materials, attracting extensive
interest from both academia and industry. These cement-free materials offer substantial
reductions in CO; emissions compared to traditional concrete products. Additionally, these
environmentally friendly binders can match or even exceed conventional cementitious
materials in various areas, including early strength development, chemical resistance, and
thermal durability.

However, increasing studies indicate that AAS materials are more susceptible to degradation
than cementitious materials when exposed to high-humidity conditions. Leaching is identified
as the main reason responsible for this deterioration, yet the underlying mechanisms remain
insufficiently understood. Moreover, efflorescence, characterised by white deposits forming
on the surface of materials, is regarded as a derivative engineering problem of leaching. The
mechanisms behind the efflorescence of AAS materials and their correlation with leaching
need further exploration. To address these research gaps, the mechanisms of leaching and
efflorescence of AAS materials were revealed at multiple scales (gels, pastes, mortars), and
then a mitigation strategy for efflorescence was proposed in this research.

As C-(N-)A-S-H gels were the main reaction products in AAS systems, C-(N-)A-S-H gels with
different Ca/Si and Al/Si ratios were first synthesised. In Chapter 3, the leaching behaviours
of C-(N-)A-S-H gels were investigated and the underlying mechanisms were revealed by
molecular dynamics (MD) simulations. More specifically, the dissolution free energy of Ca and
Na ions from the gel surface and the diffusion coefficient of Ca and Na in confined gel pores
were calculated. In Chapter 4, the structural evolution of C-(N-)A-S-H gels due to the leaching
of Na was elucidated by solid-state NMR and the potential mechanisms were revealed.

Subsequently, sodium hydroxide (NH) and sodium silicate (NS) based AAS pastes were
prepared to investigate their degradations under water immersion. In Chapter 5, AAS paste
pieces were employed to fully examine the degradation mechanisms, including ion leaching,
pore solution, slag reaction, paste chemistry, pore structure and compressive strength. In
Chapter 6, the degradation of bulk AAS pastes subjected to water immersion was investigated
with depth. Additionally, a thermodynamics-based diffusion-dissolution model was
developed to predict the pore structure deterioration over a long period. Moreover, as
highlighted in the literature survey (Chapter 2), reduced flexural strength and cracking
occurred on AAS materials subjected to humid conditions. In Chapter 7, the cracking
mechanisms of AAS pastes induced by water immersion were revealed from both chemical
and mechanical points of view.

In Chapter 8, the efflorescence of AAS pastes with different alkali activators and alkali dosages
was examined under different atmospheres and relative humidities. The impacts of
efflorescence on the phase assemblage, pore structure and compressive strength were
investigated. Additionally, a quantitative method for assessing efflorescence was proposed.
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The relationship between leaching and efflorescence was established, and the efflorescence
process of AAS pastes was clarified. Based on the previous chapters, an aluminosilicate-based
lightweight fine aggregate (LWFA) was employed to mitigate the efflorescence of AAS mortars
in Chapter 9. The underlying mechanisms were elucidated from the pore solution, paste
chemistry, and pore structure points of view.

10.2 Conclusions

Generally, the C-(N-)A-S-H gel with a higher Ca/Si ratio and lower Al/Si ratio showed a lower
Na content but a higher leaching potential for Na. The leaching of Na induced structural
change in gels, with more extensive Na leaching leading to more pronounced structural
alterations. NH pastes were particularly vulnerable to long-term leaching due to their porous
pore structures. In contrast, NS pastes were denser but more susceptible to cracking due to
a higher internal tensile stress induced by capillary suction. Efflorescence was effectively
assessed using a proposed quantitative method that correlated well with visual observations.
Efflorescence was positively related to the leaching of Na. LWFA can effectively mitigate the
efflorescence of AAS mortars, attributed to its pozzolanic activity and internal curing effects.
The detailed findings from this thesis are summarised as follows:

Leaching behaviour of C-(N-)A-S-H gels

MD simulations revealed that Ca generally showed a higher average dissolution free energy
than Na, resulting in a lower leaching potential for Ca than Na in C-(N-)A-S-H gels. Anincreased
Ca/Si ratio and decreased Al/Si ratio reduced the charge negativity of gel surfaces. This
weakened the binding and absorption of Ca and Na ions within the matrix and promoted the
dissolution of both Ca and Na ions. Furthermore, the gel with a higher Ca/Si ratio featured
shorter and more defective aluminosilicate chains, reducing surface restraints on Ca and Na
ions and thereby diminishing the inhibition of ion leaching.

Structural change of C-(N-)A-S-H gels subjected to leaching

C-(N-)A-S-H gels showed rapid and substantial Na leaching when subjected to water
immersion, resulting in longer aluminosilicate chains. This effect can be attributed to the
changes in the charge compensator within the interlayer of the C-(N-)A-S-H gels. As Na ions
leached away from the interlayer, Ca progressively took the role of charge compensator,
resulting in the decalcification of the intralayer and the formation of longer silicate chains.
Additionally, the gel with a higher Ca/Si ratio had a lower content of Na, thus a lower leaching
of Na, demonstrating enhanced resistance to water immersion.

Leaching mechanisms of AAS pastes

AAS pastes showed degraded microstructure under tap water immersion, with the underlying
mechanisms attributed to lower slag reaction, gel decomposition and underwater
carbonation. In the early stages, the leaching of Na* and OH" lowered the pH of the pore
solution, which hindered the reaction of slag and the formation of reaction products. In the
later stages, continued leaching resulted in gel decomposition, leading to a coarser pore
structure and reduced compressive strength of AAS pastes than those under sealed
conditions. Additionally, leached Ca ions can react with the dissolved CO; in tap water to form
calcium carbonate. A calcium carbonate layer was observed surrounding the paste after 90 d
of immersion.
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Prediction of the microstructural deterioration of AAS pastes

Deterioration of the pore structures was observed in both NH and NS pastes with depth, with
NS pastes demonstrating better resistance to leaching. After 90 d of deionised water
immersion, the deteriorated pore structure in the NH paste reached 600 um, approximately
6 times higher than that of the NS paste. The simulation results indicated that ion
concentrations of the pore solution in the entire simulated 100 mm were changed after 10 y.
The leaching of ions disrupted the equilibrium between reaction products and liquid phases.
Significant decomposition of gels was simulated within a depth of 1.5 mm at 10y, leading to
severe degradation of the paste near the exposure front. Additionally, the leaching of Na
induced the reorganisation of gel phases throughout the whole simulated 100 mm depth at
10y, but minimal coarsening of the microstructure was observed across the simulated region.

Cracking mechanisms of AAS pastes induced by water immersion

AAS pastes can crack during water immersion at early ages. It was observed that the paste
with a higher silicate modulus exhibited more pronounced cracking. Chemically, the C-(N-)A-
S-H gel in the paste with a higher silicate modulus showed a higher Na/Si ratio and
experienced more severe leaching of Na and structural change of gels after immersion. This
can initiate the propagation of pre-existing cracks. Physically, the paste with a higher silicate
modulus (e.g. m=1 and m=1.5) featured a denser microstructure and lower permeability,
resulting in an uneven spatial distribution of water content in the matrix. The wetted part
relaxed pore pressure locally, generating compressive stress at the surface and tensile stress
at the centre. Once the tensile stress exceeded the inherent tensile strength of the material,
cracks initiated at the centre. In severe cases, particularly for m=1.5, these central cracks
propagated outward, culminating in extensive fractures and corner spalling.

Mechanisms of efflorescence of AAS pastes

A higher alkali dosage, a coarser pore structure and a lower relative humidity accelerated and
intensified efflorescence. The paste with a lower porosity showed a lower efflorescence front.
Compared to NH pastes, NS pastes subjected to semi-contact water conditions were more
vulnerable to cracking problems, which were exacerbated by the formation of efflorescence
products. An efflorescence quantification method was developed, corresponding well with
both visual observations and leaching experiments. The paste with a higher porosity showed
higher permeability, which contributed to the formation of sodium carbonate with a higher
content of chemical-bound water. Furthermore, a competitive reaction between Ca and Na
in the presence of carbonate ions was identified. CaCOs, a representative product of natural
carbonation, was rarely found in the regions where efflorescence products formed. Regarding
compressive strength, NS pastes were more adversely impacted by efflorescence than NH
pastes.

Mitigating the efflorescence of AAS mortars by LWFA

Substituting sand with aluminosilicate-based lightweight fine aggregate (LWFA) at 20% and
50% in volume reduced the efflorescence in AAS mortars by 14.6% or 43%, respectively. The
mitigation mechanisms of LWFA involved the paste chemistry, pore solution and pore
structure. Specifically, the pozzolanic reaction of LWFA provided gels with additional Si and
Al, which contributed to binding Na ions in the pore solution, thereby reducing the availability
of Na for efflorescence formation. Additionally, the internal curing effect of LWFA densified
the surrounding pastes, hindering the transport of ions and water and further limiting
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efflorescence. Furthermore, the incorporation of LWFA improved the flexural strength of
mortars without significantly compromising compressive strength.

10.3 Contributions

The scientific and engineering contributions of this thesis are summarised as follows:

Leaching of AAS materials

1.

Dissolution free energies: For the first time, the dissolution free energies of Ca and Na in
C-(N-)A-S-H gels were calculated by MD simulations. This provides valuable insights into
the intrinsic differences in the dissolution behaviour of Ca and Na ions and advances our
understanding of how chemical composition influences their dissolution.

A deeper understanding of Na in gels: C-(N-)A-S-H gels with controlled Ca/Si and Al/Si
ratios were successfully synthesised under high alkaline conditions using the sol-gel
method, offering experimental guidance for rapid gel synthesis in AAS systems. The
structural evolution of C-(N-)A-S-H gels caused by Na leaching was revealed, shedding light
on the role of Na in C-(N-)A-S-H gels.

A diffusion-dissolution model: A novel thermodynamics-based diffusion-dissolution
model was developed to understand ion concentrations, phase assemblage, and pore
structure in AAS pastes subjected to water immersion at various depths. This model is a
valuable tool for predicting the degradation depth of AAS materials in aqueous
environments.

Cracking mechanisms: The cracking mechanisms of AAS pastes during water immersion.
This understanding not only explains the structural damage observed in engineering
applications but also supports optimising the mixture design of AAS materials.

Efflorescence of AAS materials

1.

Quantitative assessment method: A novel quantitative method for evaluating the
efflorescence in AAS materials was developed, providing an effective and reliable
approach to measuring efflorescence severity. This method offers a new perspective for
establishing standardised criteria for efflorescence in AAMs.

Mitigation strategy at the mortar level: A strategy for mitigating efflorescence in AAS
materials using LWFA was proposed. This approach effectively reduces efflorescence and
lowers the cracking potential of AAS materials without significantly compromising
mechanical properties, making it a promising solution for AAS-based construction
applications, when leaching and efflorescence are concerned.



Chapter 10 167 |Page

10.4 Prospect

Perspectives and further work on the leaching and efflorescence of AAMs are shown as
follows:

1. Blended AAS Systems: In this thesis, the investigation of leaching concentrated exclusively
on the plain AAS systems. However, in practical engineering applications in the
Netherlands, a small amount of fly ash is commonly introduced to AAM concretes to
improve workability and reduce shrinkage. Therefore, it would be essential to elucidate
the leaching properties of blended AAS materials, e.g. the dissolution behaviour and
structural evolution of the characteristic reaction products of N-A-S-H or N-(C)-A-S-H gels
formed from the reaction of fly ash.

2. Refinement of the diffusion-dissolution model: The diffusion-dissolution model for AAS
materials developed in this thesis requires further refinement, incorporating additional
factors, including the continued reaction of slag, the presence of external ions in the host
solution, and the influence of aggregates.

3. Efflorescence standards for AAMs: The testing standards for durability issues in concrete,
including carbonation, chloride ion penetration, sulfate attack, and freeze-thaw cycles,
are well-established and widely applied in construction and building materials. In spite of
the different chemistry between cementitious materials and AAMs, appropriate
adjustments and modifications to the criteria for cementitious materials can be made to
assess the durability of AAMs. However, there are currently no corresponding standards
for the efflorescence of AAMs. To promote the broader application of this low-carbon
alternative binder, the formulation of standards on efflorescence (experimental setup and
guantification methods) is urgently needed.

4. Extended work on efflorescence: According to previous studies, the impact of
efflorescence on the mechanical properties of AAMs has been extensively studied,
whereas its effect on the durability of these materials remains largely unexplored. This is
important because reduced strength is not the direct factor leading to the structural
failure of materials in some cases. Moreover, the efflorescence of AAMs under different
aqueous environments, such as marine conditions, deserves consideration, as these
environments may involve different efflorescence mechanisms compared to those under
normal water.
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Appendix A

Use of a heat transfer module in ABAQUS to simulate the water transport process

The water transport equation is shown in Equation Al. The heat transfer equation is shown
in Equation A2. By comparing the following two equations and their variables (Table A1), it
can be seen that the heat transfer equation has only two additional variables: density and
specific heat. Setting their product to 1 makes the equations equivalent, with water content
(0) analogous to temperature (T) and the water permeability (Kg) analogous to thermal
conductivity (A7). Thus, the heat transfer module in ABAQUS can be used to simulate the water

transport in porous materials.
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Table A1. Comparison of water transport equation and heat transfer equation.
Heat transfer equation Unit Water transport equation Unit
Temperature (T) °C Water content (6) -
Thermal conductivity (A7) W/(m-°C) Water permeability (Ko) m/s
Coordinates m Coordinates m
Time (t) S Time (t) s
Density (p) kg/m3 - -
Specific heat (c) J/(kg-°C) - -
Table A2. Input parameters in the water transport model.
m=20 m=0.5 m=1 m=1.5
Open porosity 0.265 0.182 0.111 0.079
Initial water content 0.25069 0.17072 0.10245 0.07126
B 25000 60000 200000 400000
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Figure A1 shows the appearance of the paste of m = 1.5 immersed in water with time. The
crack was identified on the samples after 1 d of water immersion. The cracking problem was
more and more severe over time. Additionally, the white flocculent precipitate suspended in
the water was calcium carbonate, as mentioned in Chapter 5.

=

Figure Al. Appearance of the paste with m = 1.5 immersed in water with time. The cracks on
the sample are indicated by the yellow dashed rectangular frame. The photo of (F) was taken
immediately after the samples were removed from water, without undergoing the drying
process.
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Figure A2 shows the relationship between capillary diffusivity and water content for the four
AAS pastes. The paste with a higher silicate modulus showed a lower capillary diffusivity. The
capillary diffusivity increased significantly with the increase in water content.
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Figure A2. Relationship between capillary diffusivity Dg and water content 8 for AAS pastes
with different silicate moduli. The saturation degree (6 /@) ranges from 0.8 to 0.999. @ is the
open porosity of pastes.

The mixture design of AAS mortars is presented in Table A3. Figure A4 shows the flexural and
compressive strength of AAS mortars with m =0, 0.5, 1 and 1.5 under sealed (s) and water-
immersed (w) conditions, respectively. As shown in Figure A3A, other than the m = 1.5 group,
the flexural strength of the remaining three mortars under immersed conditions is higher than
that under sealed conditions, which is significantly different from the results of pastes. This
indicated that the introduction of sand was effective in reducing the cracking induced by
water exposure. However, a lower flexural strength of the m = 1.5 mortar was identified under
water immersion than under sealed conditions. This suggested that cracking problems still
happened in the mortar with high silicate moduli. As shown in Figure A3B, the compressive
strength of mortars under immersed conditions is slightly lower than that under sealed
conditions. This was consistent with the results of pastes.
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Figure A3. Flexural and compressive strengths of AAS mortars with different silicate moduli

under sealed and water-immersed conditions.
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Table A3. Mixture proportions of AAS mortars.
Slag (g) SiO2 (mol) Na20 (mol) Water (g) sand
m=0 1000 0 0.8 505 2500
m=0.5 1000 0.4 0.8 505 2500
m=1 1000 0.8 0.8 505 2500
m=1.5 1000 1.2 0.8 505 2500




Appendix B

Figure B1 shows the phase assemblage of efflorescence products on NH and NS cylinders
under 0.2% CO; conditions. In the NH system, the main phase was Trona (NasH(COs),°2H0),
considered a combination of NaHCOs and Na»COs. Conversely, the efflorescence product of
the NS system was dominated by Na;COs. Under ambient conditions, the primary phase of
the efflorescence product of AAS pastes was NayCOszxH,O (Figure 8.14). Under a high
concentration of CO3, a conversion from Na>COs to NaHCO3 occurred on NH cylinders due to
elevated CO; concentration in the environment. However, little NaHCO3 was identified on the
cylinders of NS, possibly due to inadequate water supply from the bottom hindering the
conversion to NaHCOs.

NH & Na;H(CO,),-2H,0
¢ Na,CO,-H,0

Figure B1. XRD patterns of efflorescence products on NH and NS cylinders under 0.2% CO»
condition.
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Appendix C

Figure C1 shows the efflorescence of NS mortars under ambient conditions with time. It can
be seen that the efflorescence of the three NS mortars at 28 d was comparable, while the

efflorescence of two LWFA-based NS mortars was lower than that of the normal mortars at
90 d.

gt S0 f,ﬁ?up.‘m. fnd

Figure C1. Visual observation of efflorescence of NS mortars with time.

Figure C2 shows the surface of NS mortar cylinders sealed for 28 d. The surface of the mortar
without LWFA (LWFA_0%) was covered by microcracks while that of the two mortars
containing LWFA (LWFA_20% and LWFA_50%) showed no visible cracks on the surface.

Figure C2. Appearance of NS mortar cylinders after 28 d of sealed curing.
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