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Summary

Over the last century, the manufacturing of Portland cement (PC) consumes around
3 % of primary energy and causes over 9 % of CO; emission. For every ton of PC
produced, about 0.9 ton of CO; are emitted. Therefore, there is a great need to lower
the CO, footprint of cement production and select alternative cementitious materials
for building and infrastructure construction. Alkali-activated cements (AAC) have
attracted attention as a promising alternative to PC. This type of cementitious
materials can be produced by activating a reactive solid aluminosilicate, such as
ground granulated blast furnace slag (GGBFS), fly ash (FA), metakaolin (MK) and
other precursors, with an activator solution, such as sodium hydroxide, sodium silicate
and sodium carbonate. Properly designed AAC can result in superior engineering
properties, such as higher mechanical performance and better durability performance
against high temperature, acid and sulfate attacks, than conventional PC. However,
to successful promote the application of AAC, it is important to understand the
rheological and setting behaviour of AAC as these information can be effectively used
to guide mixture design in terms of flowability, stability, pumpability, pouring and
casting processes of fresh concrete.

Typically, the rheological and setting behaviour of AAC were significantly influenced
by activator properties. The effects of sodium hydroxide (NaOH) concentration on the
rheology and early reaction process of alkali-activated slag (AAS) mixtures were
studied. A strong relationship between the Vicat initial setting time and ultrasonic
pulse wave (UPV) for NaOH activated slag mixtures identifying the characteristic
points or inflection points in the ultrasonic curves and reaching a specific value in the
ultrasonic velocity. The early reaction process of the NaOH-activated slag pastes
determined by UPV and calorimeter consisted of three stages: dissolution,
acceleration/condensation and deceleration stages. The yield stress and apparent
viscosity of the pastes increased by the addition of NaOH, and the pastes started to
show shear-thickening behaviour when NaOH concentration reached 8 M. It was also
revealed that Si, Al and Ca ion concentrations in the pore solution determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) increased with
an increase in NaOH concentration, and the pore solution of the pastes was dominated
by Na* and OH". No significant influence of NaOH concentrations upon 4 M on the
compressive strength of the mortar samples was observed.

The influence of another commonly used activator, sodium silicate, on the rheological
and setting behaviour was also investigated. The early rheological response of AAC
mixtures was elaborated by small-amplitude oscillatory shear (SAOS) tests. Storage
modulus and loss factor were measured to evaluate the structural build-up of AAC.
Results showed that the Ms value (SiO,/Na,0) had significant effect on the structural
build-up. A significantly higher initial storage modulus with a low growth rate was
observed for the Ms values lower than 0.8. However, for higher Ms values, a sudden
increase in storage modulus was observed after a negligible initial structuration. An
increase in sodium silicate dosage caused a considerable delay in the abrupt increase
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in the structural formation. The pore solution measured by ICP-OES also revealed a
lower release of aluminum and calcium into the pore solution of AAC mixtures with
lower Ms value.

The effects of silica fume and sodium silicate-based activators (SFA and SSA,
respectively) with different Ms values on the setting behaviour, rheological,
mechanical, and microstructural properties of AAS were also investigated. The setting
time of AAS - activated by SFA - prolonged significantly with an increase of Ms
value as opposed to the SSA activation case. From a rheological point of view, SFA-
activated mixtures exhibited a slower structural build-up in the early stage and better
workability retention than SSA-activated mixtures. In addition, SFA mixtures showed
lower drying shrinkage and slightly higher mechanical properties as compared to SSA
mixtures. Microstructure analysis revealed that the mixture produced with SFA with
a Ms value of 1.2 had less micro-cracks and a well-packed microstructure as compared
to the mixtures produced with SSA. The overall evaluation of the test results revealed
that SFA could be a more economical and sustainable alternative to SSA with its lower
cost, much lower CO» emissions and more favorable engineering properties.

The precursor’s nature also significantly affects the rheological and setting behaviour.
The effects of PC, silica fume (SF), fly ash (FA) and limestone (LSP) on the structural
build-up and reaction process of AAS mixtures were investigated. Results indicated
that the pastes incorporating PC or SF have a potential to be used in the engineering
practice requiring a high structural build-up rate, such as the reduction of formwork
pressure, slip form paving, stability and 3D printing concrete. While the lower early
structural build-up rate for FA and LSP activated by sodium silicate (Msl.2) is
preferred for the application of multi-layers casting. The reaction products were found
to be C-A-S-H with a chain-like structure at later ages, which was determined by
scanning electron microscopy/energy dispersive X-ray analysis (SEM/EDX).

As well known, slag mixtures activated by sodium silicate activator show a very quick
and uncontrolled setting behaviour. Therefore, the utilization potential of citric acid,
sodium tetraborate decahydrate and sodium triphosphate pentabasic to control the
fresh state properties of AAS have been studied. The early structural build-up, reaction
kinetics, pore solution chemistry, setting behaviour, and hardened properties such as
microstructure, pore structure, and mechanical properties of AAS with these
chemicals were investigated. Test results showed that early structural build-up,
reaction kinetics and setting behaviour of AAS can be well controlled by using these
chemicals. The citric acid was found the most effective admixture to prolong the
setting times of AAS; however, it caused a dramatic decrease in mechanical properties.
On the other hand sodium triphosphate pentabasic could provide a slight delay in
setting times, while sodium tetraborate decahydrate prolonged the setting times
significantly without any detrimental effect on the mechanical properties.

To find out the setting mechanism behind AAS, a comprehensive and systematic
comparison between sodium hydroxide-activated slag mixtures (NH-AAS) and
sodium silicate-activated slag mixtures (SS-AAS) was implemented. Flow curves
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indicated that the SS-AAS exhibited a lower yield stress and a higher plastic viscosity
than NH-AAS mixtures. SAOS tests showed a negligible colloidal interaction
between slag particles in the SS-AAS system; therefore, the early increase in
structuration was associated with the formation of reaction products due to the
interaction between the dissolved calcium ions and the silicates originating from the
activator solution. On the other hand, the stiffness and the early increase in structural
build-up of NH-AAS were attributed to the formation of a well-percolated network.

The correlation between the nanostructure and early structural build-up of AAS was
also investigated. Early structural build-up behaviour was evaluated by SAOS tests,
the reaction process was recorded by isothermal calorimeter, and the nanostructure
was characterized using 'H-2’Si CPMAS and ?’Si MAS nuclear magnetic resonance
spectroscopy (NMR), fourier transform infrared spectroscopy (FTIR) and SEM/EDX.
Test results showed the distinctive differences in early structural build-up behaviour
and nanostructure between NH-AAS and SS-AAS. The C-A-S-H and N-A-S-H gel
were the main reaction products for the AAS pastes at the initial setting times. The
SS-AAS mixture showed a much higher percentage of N-A-S-H formation as
compared to C-A-S-H, while the amount of C-A-S-H was relatively similar to N-A-
S-H in NH-AAS mixtures. Furthermore, the N-A-S-H gel gradually degraded to form
C-A-S-H during the acceleration period for the SS-AAS.
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Samenvatting

De voorbije honderd jaar heeft het productieproces van Portland cement (PC)
ongeveer 3% primaire energie gekost en ongeveer 9% van de mondiale CO;
uitgestoten. Elke ton PC kostte ongeveer 0.9 ton CO,. Er is dus een grote nood aan
ofwel een verlaagde CO»-voetafdruk van de cementproductie ofwel aan het vaker
inzetten van cementalternatieven in het bouwproces. Alkali-geactiveerde cementen
(AAC) zijn in dat opzicht beloftevolle alternatieven. Dit type cementen wordt
namelijk geproduceerd door een reactief aluminosilicaat, zoals gemalen
hoogovenslakken (GGBFS), vliegassen (FA), metakaolin (MK) of andere precursoren,
te activeren met een activator-oplossing, zoals natriumhydroxide, natriumsilicaat of
natriumcarbonaat. Goed ontworpen AAC kunnen prima kwaliteiten vertonen zoals
een hogere mechanische sterkte dan PC en een betere duurzaamheidsweerstand tegen
hoge temperaturen, zuur-en sulfaataantasting. Desalniettemin is het belangrijk om ook
een beter begrip op te bouwen over hoe de verwerkbaarheid en uitharding zich
ontwikkelt om het gebruik van AAC verder te promoten. Een beter begrip zou toelaten
om ook mengsels samen te stellen met een geschikte vloei, stabiliteit,
verpompbaarheid, etc. ten behoeve van het plaatsingsproces van vers alkali-
geactiveerd beton.

De activatoreigenschappen hebben gewoonlijk een grote invloed op de reologie en het
uithardingsgedrag van AAC. In dit onderzoek werden dan ook de effecten van
natriumhydroxide (NaOH) concentratie op de reologie en de reactiekinetiek in alkali-
geactiveerde slak (AAS) mengsels onderzocht. Een sterke correlatie tussen de Vicat
initiéle vithardingstijd en de ultrasone pulsgolf (UPV) werd gevonden voor NaOH
geactiveerde mengsels, waarbij karakteristieke punten en buigpunten in het ultrasoon
signaal een specifieke waarde in ultrasone snelheid aannamen. De initi€le reacties
werden met UPV en calorimetrie bepaald : De oplossingsfase, de versnellings-
/condensatiefase en de afremmingsfase. De vloeidrempel en de schijnbare viscositeit
van de pasta’s steeg door toevoeging van NaOH en de pasta’s begonnen dilatantie te
vertonen van zodra de NaOH concentratie 8M bedroeg. Er werd ook ontdekt dat de
concentratie van Si, Al en Ca ionen - bepaald door inductively coupled plasma-optical
emission spectroscopy (ICP-OES) — steeg met een toename in NaOH concentratie en
dat het interstiti€le medium gedomineerd werd door Na en OH'. Er werd geen
significante invloed gevonden op de druksterkte van mortels voor NaOH
concentraties onder 4M.

Ook de invloed van een andere gebruikelijke activator, natriumsilicaat, op het
reologisch en uithardingsgedrag werd onderzocht. De initi€le reologische respons van
AAC mengsels werd verhelderd aan de hand van small-amplitude oscillatory shear
(SAOS) experimenten. De storage modulus en loss factor werden gemeten om de
structuuropbouw in AAC te evalueren. Resultaten toonden aan dat een hogere Ms
waarde (SiO2/NaO) een significant effect had op de structuuropbouw. Een hogere
initi€le storage modulus met een lage groeisnelheid werd gevonden voor Ms waarden
lager dan 0.8. Voor hogere Ms waarden werd een plotse stijging in de storage modulus
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gevonden na verwaarloosbare initi€le structuuropbouw. Een toename in de
natriumsilicaatconcentratie veroorzaakte een aanzienlijke vertraging in die abrupte
stijging. In de poriénoplossing werd tevens een lagere concentratie aluminium and
calcium gevonden voor AAC mengsels met een lagere Ms waarde.

Voor silica fume en natriumsilicaat gebaseerde activators (resp. SFA en SSA) met
verschillende Ms waarden werden de effecten op het uithardingsgedrag, de
reologische, mechanische en microstructurele eigenschappen van AAS ook
onderzocht. De uithardingstijd van AAS — geactiveerd door SFA — werd aanzienlijk
verlengd door een toename in Ms waarde in tegenstelling tot activering door SSA.
Reologisch gezien, vertoonden SFA-geactiveerde mengsels een tragere
structuuropbouw in het vroege stadium en een langer behoud van verwerkbaarheid
dan SSA-geactiveerde mengsels. Bovendien vertoonden SFA mengsels een kleinere
drogingskrimp en een ietwat grotere mechanische weerstand vergeleken met SSA
mengsels. De analyse van de microstructuur liet zien dat een mengsel geproduceerd
met SFA en een Ms waarde van 1.2 minder microscheuren en een dicht gepakte
microstructuur had vergeleken met de SSA mengsels. Over het algemeen toonden de
testresultaten aan dat SFA een economischer en duurzamer alternatief kan zijn voor
SSA, met ook nog eens een lagere kostprijs, veel lagere CO»-voetafdruk en andere
gunstige eigenschappen.

Ook de aard van de precursor beinvloedt het reologische en uithardingsgedrag in
significante mate. Daartoe werden de effecten van PC, silica fume (SF), vliegassen
(FA) en kalksteenmeel (LSP) op de structuuropbouw en het reactieproces van de AAS
mengsels onderzocht. De resultaten toonden aan dat de pasta’s met PC of SF een
groter potentieel hebben in een bouwmateriaal met een verhoogde structuuropbouw
zoals voor slip form paving, mengsels met verhoogde stabiliteit, 3D printen of ter
reductie van de bekistingsdruk. Daarentegen, kan de lagere structuuropbouw van FA
en LSP — geactiveerd met natriumsilicaat (Ms 1.2) — geprefereerd worden voor
bekistingen die gevuld worden in meerdere lagen met aanzienlijke tijdsintervallen.
Als reactieproduct werd C-A-S-H met een kettingvormige structuur gevonden op
gevorderde leeftijd gebruik makend van scanning electron microscopy/energy
dispersive X-ray analysis (SEM/EDX).

Slakmengsels geactiveerd door natriumsilicaat vertonen een erg snelle en
ongecontroleerde uitharding. Daarom werd ook het potentieel gebruik van citroenzuur,
natrium tetraboraat decahydraat en natrium trifosfaat pentabasic onderzocht om de
verse eigenschappen beter te controleren. De initi€le structuuropbouw, reactiekinetiek,
chemie van de poriénoplossing, uithardingsgedrag en verharde eigenschappen zoals
microstructuur, poriénstructuur en mechanische eigenschappen van AAS werden
onderzocht in aanwezigheid van deze chemicalién. Testresultaten toonden aan dat
initiéle structuuropbouw, reactiekinetick en uithardingsgedrag van AAS goed
gecontroleerd kan worden door deze chemicalién. Het citroenzuur werd het meest
effectief bevonden in het verlengen van de uithardingstijd van AAS, alhoewel het ook
een dramatisch daling van de mechanische eigenschappen veroorzaakte. Natrium
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trifosfaat kon een kleinere vertraging in de uitharding voorzien terwijl natrium
tetraboraat decahydraat de uitharding significant verlengde zonder enig nadelig effect
op de mechanische eigenschappen.

Om het uithardingsmechanisme in AAS te achterhalen werd een systematische
vergelijking uitgewerkt tussen natrium hydroxide geactiveerde slakmengsels (NH-
AAS) en natrium silicaat geactiveerde slakmengsels (SS-AAS). Vloeicurven toonden
aan dat de SS-AAS mengsels een hogere vloeidrempel en een hogere viscositeit
hadden dan NH-AAS mengsels. SAOS experimenten demonstreerden een
verwaarloosbare colloidale interactie tussen slakpartikels in het SS-AAS systeem.
Daarom werd de vroege stijging in structuuropbouw geassocieerd met de vorming van
reactieproducten ten gevolge van de interactie tussen opgeloste calcium ionen en
silicaten vanuit de activatoroplossing. Anderzijds werd de stijtheid en de vroege
stijging in structuuropbouw van NH-AAS toegekend aan de vorming van een goed
ontwikkeld netwerk.

De correlatie tussen de nanostructuur en de initi€le structuuropbouw van AAS werd
ook onderzocht. De initi€le structuuropbouw werd ge€valueerd met SAOS
experimenten, het reactieproces werd gemonitord met isotherme calorimetrie en de
nanostructuur werd gekarakteriseerd door 'H-*’Si CPMAS en ¥Si MAS nuclear
magnetic resonance spectroscopy (NMR), fourier transform infrared spectroscopy
(FTIR) en SEM/EDX. Testresultaten toonden de verschillen in initi€le
structuuropbouw en nanostructuur tussen NH-AAS en SS-AAS. De C-A-S-H en N-
A-S-H gel waren de voornaamste reactieproducten voor de AAS pasta’s op het
moment van initi€le uitharding. Het SS-AAS mengsel vertoonde een veel hoger
percentage N-A-S-H in vergelijking met C-A-S-H, terwijl de hoeveelheid C-A-S-H
relatief gelijkaardig was aan N-A-S-H in NH-AAS mengsels. Verder degradeerde de
N-A-S-H gel geleidelijk tot C-A-S-H gedurende de versnellingsperiode van de SS-
AAS mengsels.

XXIII



XXIV



Part I

Part 1
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Chapter 1

Chapter 1 Introduction

In this chapter, the research background, scope and objective, as well as the outline of
this PhD thesis is given.



Introduction

1. Research background

Due to its simplicity of manufacture and use, local availability, relative resilience,
diversity, and low cost, concrete is the most frequently used building material in the
world. Portland cement (PC) is the most critical component of concrete, accounting
for 4.6 billion tons of global yearly production and accounting for 8% of global
anthropogenic CO; emissions [1]. Around 60% of CO; emissions are caused by the
calcination of limestone during the clinker manufacturing process, while 40% are
caused by the fuels needed to fire cement kilns and electricity used for milling. By
2050, the percentage of CO, emissions attributable to cement manufacturing is
expected to grow to 16-24%, highlighting the critical need to enhance sustainability
of concrete. In this context, clinker-free alternative binders with a reduced CO;
emission [2]-[4], including the binder class of alkali-activated cements (AACs), have
emerged as a viable and necessary alternative to conventional Portland binders. These
binders are manufactured mostly or exclusively from industrial by-products (e.g. blast
furnace slag from steel manufacturing, fly ash from coal combustion). They normally
do not require additional thermal processing and are naturally rich in reactive calcium
silicates and aluminosilicates capable of forming an insoluble binder phase with the
addition of an alkaline activator at elevated temperatures. As a result, alkali-activated
binders have been discovered as a potential source of CO» emission reductions of up
to 70% when compared to PC [5].

AACs are normally produced from an alkali metal source (solid or dissolved) and
calcium silicate or aluminosilicate-rich solid precursors, such as coal combustion fly
ash (FA), calcined clays (e.g. metakaolin), metallurgical slag (e.g. ground granulated
blast furnace slag — GGBFS, stainless steel slag), mine tailings and even some natural
pozzolans [5]-[7]. The chemical composition of solid reactant, the type and
concentration of the alkaline solution, and the curing temperature all influence the
reaction processes and microstructural features of AACs [5], [8], [9]. The
aluminosilicate-rich materials react by means of dissolution, gelation and
polycondensation to form inorganic N-A-S-H gel where sodium is integrated in the
gel structure, as well as networks of zeolites which form via polycondensation [5],
[10]-[12]. Calcium silicate hydrate gels, generally including aluminum, are the
primary reaction products in calcium-rich materials and are hence referred to as C-A-
S-H gel [5], [6], [13].

AACs have various potential benefits to PC materials due to their chemical and
microstructural features, including better mechanical properties such as a faster rate
of compressive strength growth [14] and much greater tensile strength [15]. When
considering durability, the potential of AACs is evident. Better durability of AACs is
demonstrated by their resistance to chemical attacks (acid and sulphate) [12], [16],
chloride penetration [17], fire [18], and freeze-thaw cycles [19]. Despite these benefits,
AACs have a critical disadvantage: quick hardening, which results in extremely short
setting times and significant shrinkage deformations [16], [20]-[22] . The former
results in significant and rapid rheological changes, resulting in poor workability. The
4
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latter results from physicochemical events that occur during AACs solidification and
can be up to four times greater than those seen in PC [23], [24]. It is very urgent to
understand the rheological behaviour and setting process of AACs in order to provide
a better mixture design concerning flowability, stability, pumpability, pouring and
casting process of fresh AACs concrete.

Cementitious materials generally are described as Bingham fluid with a plastic
viscosity [25]. This behaviour is the outcome of a complicated interaction between a
variety of physical processes [26]. It is worth noting that the extensive poly-dispersity
of concrete components suggests the presence of at least four distinct types of
interactions (surface forces (or colloidal interactions), Brownian forces,
hydrodynamic forces, and different contact forces between particles). Depending on
the particle size, the volume fraction of the particles in the mixture, and external
influences (e.g. the magnitude of the applied stress or strain rate), one or more of these
interactions may predominate [26]. However, the mechanism of interaction between
precursor particles of the AACs prepared with various activators is still unknown,
more deeply understanding on the relationship between composition factors and inter-
particle forces is needed. Besides, structural build-up of cementitious materials is
another important index to evaluate the fresh performance of concrete during different
steps in the production operation process. For instance, the higher structural build-up
rates are preferred in many concrete applications, such as reduction of formwork
pressure, slip form paving, fresh state stability, and 3D printing concrete, while lower
structural build-up rates are generally desired in some cases, such as multi-layer
casting applications to increase the bond strength between the layers [27], [28].
Therefore, to promote the application of AACs, the control of early structural build-
up and setting behaviour should be paid more attention.

From the aforementioned statements, the AACs have a great potential to be an
alternative to PC due to the significant reduction of greenhouse gas emission.
However, there is still a huge gap from research to practical engineering as AACs still
present some shortcomings, such as rapid and uncontrolled setting. This becomes a
huge barrier to improve the application of AACs. A deeper understanding on the
rheological and setting behaviour of AACs is needed.

2. Scope and objectives

The first purpose of this thesis is to understand the rheological and setting behaviour
of AACs pastes influenced by various composition factors including activators,
precursors, admixtures, etc. This is explored by evaluation of rheological behaviour,
calorimetric heat release, pore solution chemistry and further microstructure tests.
This provides fundamental knowledge of the effects of mixture design on fresh
properties of AACs pastes.

Another important objective is to understand the setting mechanism and the

relationship between nanostructure and rheological properties of AACs. Nuclear

magnetic resonance (NMR) was applied to reveal the early nanostructure of AACs
5
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prepared with different alkaline solutions. The setting mechanism of AACs was
investigated by coupling the nanostructure found by NMR with rheological behaviour.
Based on the fundamental understanding of the early nanostructure of AACs, more
attempts to control the rheology and setting process by adjusting the mixture design
are made. This new scientific understanding on the setting of AACs will enable
researchers in the future to develop new strategies to extend the workability of AACs.

3. Outline of the PhD thesis

This thesis consists of seven parts with 11 Chapters.

Part I presents a general information of this thesis. In Chapter 1, the research
background, scope and objectives of this thesis are given. Chapter 2 gives a state-of-
the-art about rheological and setting behaviour of AACs.

Part 11, material and testing methods are presented (Chapter 3).

Part III, including three chapters, exhibits the rheological properties and structural
build-up of AACs prepared with various alkaline activators, precursors, mineral
addition and chemical retarders. In Chapter 4, the effects of concentration and solution
to binder ratio of sodium hydroxide on the structural build-up and rheological
properties of slag mixtures are discussed. Thermodynamic modeling based on the pore
solution results was also applied to investigate the phases and presence of early
reaction products. Chapter 5 presents the effects of sodium silicate activator properties,
water to solid binder ratio, SiO2/NayO ratio (Ms value) and Na,O content, on the
structural formation of alkali-activated slag/fly ash mixtures. The relationship
between the structural build-up and pore solution chemistry were established. The
reaction process of sodium silicate-based mixtures were also investigated by means
of ultrasonic wave. In Chapter 6, the possibilities of using the silica fume activators
are also investigated, which can be a more sustainable activator in the future. The
rheological and mechanical performance between silica fume activator and sodium
silicate activator are compared.

Part I'V has one Chapter and presents the effects of mineral addition on the rheology
and structural build-up behaviour of AACs. Chapter 7 shows the influence of binary
precursor usage (slag-fly ash, slag-silica fume, slag-limestone and slag-Portland
cement) on the rheological and setting behaviour of AACs.

Part V includes Chapter 8 and presents the effects of different types of chemical
retarders on the AACs for extending the setting times. Meanwhile, the rheological and
mechanical performance of AACs in the presence of chemical retarders also are
discussed.

Part VI, including two chapters, presents the setting mechanism behind sodium
hydroxide and sodium silicate-activated slag mixtures from the rheological point of
view in Chapter 9. In Chapter 10, the early nanostructure of AACs is evaluated by
NMR technique, and the relationship between structural build-up and nanostructure

6



Chapter 1

is found.

In conclusion, Part VII (Chapter 11) provides the main findings of this thesis and
perspectives for future research.



State-of-the-art

Chapter 2 State-of-the-art

This chapter presents a state-of-the-art regarding rheology and structural build-up of
AACs. Various structural characterizations to reveal the reaction process are also
presented.



Chapter 2

1. Rheology and structural build-up of AACs

1.1 Introduction

Rheology is the science of flow and deformation of matter and describes the
interrelation between force, deformation and time. Cementitious materials, including
AACs suspensions, have been described as a Bingham fluid with plastic viscosity. The
yield stress and plastic viscosity originating from a Bingham fluid have a significance
in terms of guiding engineering applications of concrete, such as, concrete mixture
design, evaluating workability, predicting the flow behaviour and stability. Other
rheological parameters, such as viscoelastic properties (i.e., storage and loss modulus),
can be used to characterize the structural build-up and setting times of cementitious
materials.

In this chapter, the common methods to evaluate the fresh properties of cementitious
materials are introduced. Regarding the AAC suspensions, lots of composition factors,
such as the activator, precursors, chemical retarders, influenced the rheological
performance of AACs and are introduced in this chapter. Many characterization
methods to reveal the early structural formation of AACs are also introduced.

1.2 The evaluation method for rheological properties of AACs

1.2.1 Dynamic yield stress and plastic viscosity determined by flow curves

In the rheological measurements by a rotational rheometer, the fundamental
rheological parameters plastic viscosity and dynamic yield stress measure the material
resistance to flow after it begins to flow and the shear stress required to initiate flow,
respectively. The Bingham model Eq. (2-1) describe the relationship between shear
stress (7) and shear strain rate (y), which is the common rheological model used to
evaluate the rheological behaviour of cementitious materials.

T=7Ty+ Uy (2-1)

Where 7, is the dynamic yield stress and y denotes the plastic viscosity. However,
some cementitious materials may exhibit non-linear rheological behaviour, the
modified Bingham model Eq. (2-2) can be applied and does not increase the
complexity as it uses three parameters.

T=T1y+uy +c-y? (2-2)

In comparison to the Bingham model, the modified Bingham model [29] includes a
quadratic term related to shear rate, with the pseudoplastic constant as its coefficient
c¢. Furthermore, Herschel-Bulkley model Eq. (2-3) also can be used to describe non-
linear behaviour.

T=1+K-y" (2-3)

Where K is the consistency index, n denotes the power-law index. The Herschel-
Bulkley model can be employed to indicate the shear-thickening (n>1) and shear
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thinning (n<1) behaviour.

Previous studies [30]-[32] have shown that the sodium hydroxide-activated pastes are
more fitted with Bingham model, while the Herschel-Bulkley are more suitable for
sodium silicate-activated pastes. For example, Fig. 2-1 shows the flow curves for AAC
pastes activated by sodium hydroxide (A) and sodium silicate (B), as shown in Fig.
2-1A, the downward curve for the pastes activated by sodium hydroxide is a straight
line that fits the Bingham model, while the pastes activated by sodium silicate solution
did not form a straight line for the downward curve, which is better fitted with the
Herschel-Bulkley model. It should be noted that an accurate flow curve is built from
steady state data, which means that the upper and lower curves as shown in Fig. 2-1A
should coincide. However, In the case of Fig. 2-1B, the data is clearly affected by the
time dependency of the measurements and therefore cannot be considered as an
accurate flow curve of the material. This is an inherent difficulty of studying cement
systems as the chemical reactions are progressing and the material is evolving with
time. When there is a dormant period, then the flow curve can be built from quasi-
steady data, but when the reactions progress in a fast rate, then there will be always
uncertainty on the measurements.
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Fig. 2-1 Flow curves for AAC pastes activated by sodium hydroxide (A) and sodium
silicate solution (B) [31].

1.2.2 Static yield stress

As aforementioned, the dynamic yield stress determined through the equilibrium flow
curve is considered as the shear stress when the shear rate is zero, which is the
minimum stress required to maintain or terminate the flow of the materials.
Meanwhile, a yield stress exists that corresponds to the state before the structure is
broken down, so the stress necessary to initiate flow, corresponding to a well-
connected undisturbed microstructure [26], [33]. This is considered as the static yield
stress. There are many methods to evaluate and determine the static yield stress. One
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approach for determining static yield stress is by the use of creep-recovery [34]. This
is a stress-controlled test in which the material does not flow until the applied creep
stress exceeds the static yield stress. Another common used method is the shear
growth tests. Static yield stress is determined by shearing the sample at a very low and
constant shear rate and a peak value or a plateau of stress is obtained before the flow.

1.3 The characterization of early structural formation of AAC with various
evaluation methods

The structural build-up is a very important feature that determines the macroscopic
behaviour of cement-based materials during casting [35]-[37]. Indeed, when casting
tall wall parts, it is preferable to utilize concrete with high structural build-up kinetics
in order to decrease lateral pressure on the formwork and allow for quicker pressure
decline following casting [38]. Additionally, while 3D-printing cement-based
materials is layer by layer, it is critical to optimize the degree of structural build-up to
enable proper casting [36]. Indeed, rapid build-up can have an effect on the binding
between cast layers inside a printed structure [35]. Meanwhile, an appropriate
structure is necessary to achieve a strength level capable of supporting the weight of
succeeding extruded layers [39]. Therefore, understanding the structural build-up and
setting times is critical for transportation, placing and compaction of cement concrete.
In the following section, various methods to evaluate the structural build-up have been
introduced.

1.3.1 The Vicat apparatus for determination of setting time of AAC

In Portland cement, there are many standards elucidating how to determine the setting
times of PC pastes by using a Vicat apparatus. For example, as shown in EN196-3
[40], the initial setting of PC pastes is determined by measuring from zero to the time
which the distance between the needle and the base-plate is (6 + 3) mm, while the
final setting time is when the penetration of the needle into the specimen first reaches
to 0.5 mm. While standard ASTM C191-08 [41] elucidates that Vicat initial time of
setting is the time elapsed between the initial contact of cement and water and the time
when the penetration is measured to be 25 mm. The Vicat final time of setting is the
time elapsed between initial contact of cement and water and the time when the needle
does not leave a complete circular impression in the paste surface.

However, as the mixture design of AAC is quite complex and influenced by numerous
factors (i.e. activator type and precursor nature), it is difficult to determine the
standard consistency of AAC and almost all studies relied on the PC standard to
determine the setting time of AAC.

11



State-of-the-art

1.3.2 Ultrasonic pulse wave velocity (UPV) for reaction process of AAC

Similar to Portland cement pastes, AAC are transformed progressively from a liquid
phase to a solid gel as a result of complex physical-chemical reaction composed of
dissolution, gelation, polycondensation and densification [9]. Ultrasonic wave
technology can be used as a non-destructive test method to monitor the reaction
process of cementitious materials [42]-[44], the development of compressive strength,
internal defects and porosity, and the propagation of cracks in concrete structures.
Therefore, ultrasonic wave technology can be developed/adopted to monitor the early-
age reaction and structure development of AAC.

In Fig. 2-2, Cao et al. [43] has applied the embedded ultrasonic measurement to
observe the structural development of AAC in terms of sodium hydroxide- (SH-) and
sodium silicate- (SS-) activated slag mixtures. According to UPV curves, three distinct
stages are observed during the early-age reaction process of the AAS activated with
sodium hydroxide, whereas five stages are observed for the AAS made with sodium
silicate, including (I) dormant period, (II) acceleration period, (III) deceleration period,
(IV) second acceleration period, and (V) second deceleration period. Additionally,
stages II and IV are diffusion-controlled, whereas stage I11I is a dissolution-controlled
stage. With the observation of UPV, the early-age reaction process is quite
straightforward for the SH-activated AAC pastes. Stage I shows substantially lower
velocity due to the energy attenuation of the ultrasonic wave signals caused by
interfaces scattering, reflection and absorption and air bubbles in the initial suspended
mixture. In stage II, the increase of UPV is related to the formation of reaction
products and their connections between GGBFS particles, and these reaction products
are formed due to the interaction between dissolved silicates, aluminum and calcium
from GGBFS particles. Once the capillary pores in the compact matrix start to be
filled with further reaction products, the UPV increases slowly and tends to be stable
in stage I1I. While the situation is more complex for the SS-activated AAC pastes. The
silicates ions used to form the preliminary gel products at stages I and II are derived
primarily from sodium silicate solution, resulting in the fast increase in UPV, whereas
the C-(N)-A-S-H gels generated at stages IV and V are derived primarily from GGBS
particles.

Siva et al. [44] also tried to correlate the UPV with the vicat setting times, they found
that UPV of around 1450-1550 m/s and 1650—1750 m/s correspond to the initial and
final settings, respectively. Hertwig et al. [45] reported that there is a strong correlation
between setting time as determined by the Vicat needle test and ultrasonic curves. The
initial and final setting times are quite close to the duration of the induction phase and
the time required to reach maximum acceleration, respectively. Additionally, both
setting times are shown to be highly correlated with the maximum acceleration value.
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Fig. 2-2 The evolution of UPV and UPV rate curves of AAS pastes, (a) Sodium
hydroxide-activated slag pastes, (b) Sodium silicate-activated slag pastes [43].

1.3.3. Small amplitude oscillation shear tests (SAOS) for structural build-up of AAC

Dynamic shear rheometers with controlled shear oscillation can be used to investigate
the temporal changes in the viscoelastic behaviour [27]. As an in-situ testing tool, the
small amplitude oscillatory shear (SAOS) test is generally used to provide a full
understanding of the structural build-up throughout the early times. This technique
permits the monitoring of the rheological changes that occur during the transformation
of solid aluminates and silicates in the precursors into a synthetic aluminosilicate gel.
The SAOS test subjects the sample to a very tiny sinusoidal deformation, the response
of the material such as storage modulus (G'), loss modulus (G") and phase angle (§)
as shown in Eq. (2-4) can be obtained, which enables an in-depth assessment of the
sample within linear viscoelastic properties. These three parameters follow the
relation:

tan(8) = & (2-4)
Where G' denotes the solid-like (or elastic) behaviour and G" indicates the liquid-like
(or viscous) property. The materials with a higher storage modulus and a lower phase
angle reflect higher solid-like behaviour. Prior to the time-sweep SAOS measurement,
it is important to determine the linear viscoelastic region (LVER). Yuan et al. [27]
reported that the upper limit of LVER for cementitious paste is commonly regarded to
be in the order of 10, and hence the shear strain is generally between 10 and 10 at
constant frequency during the time-sweep tests (i.e. 1Hz). Therefore the SAOS test
can be deemed as a non-destructive method as the small shear strain preserves the
integrity of the internal microstructure.

Although the SAOS test has been effectively used to explore the viscoelastic
properties and structural build-up of cementitious pastes [46], relatively little research
has used it to investigate AAC. For example, previous researchers [47] investigated
the activator type and concentration on the structural build-up of AAC. They found a
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more rapid increase in structuration when using lower SiO,/Na,O (Ms) ratio or lower
Na,0O% concentration in the sodium silicate solution. Riffai et al. [48] reported that
no enhancement in the structural build-up was observed once the sodium hydroxide
concentration reached to 7 mol/L for alkali-activated fly ash pastes.

Recently, some studies also aim to correlate the structural formation measured by
SAOS with the initial setting times determined by Vicat needle tests. Alnahhal et al
[49]. reported that the evolution of early viscoelastic behaviour can be divided into
four stages for alkali-activated slag/fly ash pastes as shown in Fig. 2-3. In stage I, the
loss modulus G" that represents the viscous portion of the materials are higher than
storage modulus G', which denotes the elastic portion of the materials. This shows
the liquid-like behaviour is more dominated in this stage. During stage II, the
increasing rate of G' is higher than G", resulting in a decrease in phase angle. However,
in this stage, the magnitude of G' is still very low, indicating a weak attractive
interaction between particles. Stage III is a transient stage, which is characterized by
a faster increase in G" relative to G', hence increasing the phase angle. This means
that some of the stored energy has been dissipated. Although the basic reason(s) for
the formation of this phase are unknown, it could be related to the partial dissipation
of stored energy during the start of geopolymerisation [50]. Other authors [51], [52]
also elucidated that this stage related to the polycondensation process in which water
is released into the matrix leading to the dominance of viscous behaviour over elastic
behaviour. Finally in the last stage (IV), G' inclines rapidly due to the weak attractive
interactions transfers to the rigid interactions. The massive formation of reaction
products starts to fill the matrix, resulting in the initial set of the materials. It is found
that the initial setting occurred at the end of stage III and the start of the stage IV.
Therefore, it is also useful to use SAOS measurement to monitor the setting process
of AAC pastes, and it can give lots of information in terms of the viscoelastic
behaviour of materials.
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Fig. 2-3 Evolution of viscoelastic parameters as a function of time at different
Si0,/Na,O ratios. Strain amplitude = 0.01% and frequency = 1Hz. Initial setting
times determined by the Vicat needle test are shown in the scaled grey arrow on the
top of each plot [49].

1.3.4. Isothermal calorimetric heat

As well known, with the advantage of real-time data over other intermittently recorded
techniques, isothermal calorimetric characterization has developed into a highly
effective methodology for analyzing cement hydration kinetics [53], [54].
Calorimetric measurements of alkali-metakaolin and alkali-slag reaction systems have
proved their utility in acquiring the information required to describe alkali activation
[55]-[57].

However, this method cannot provide structural evolution of materials. Therefore, a
few researchers started to correlate the calorimetric data with UPV and setting times
results, expecting to understand the reaction process of AAC pastes. Uppalapati et al.
[44] found that the heat flow curves closely match the first derivative P-wave velocity
curve and temperature measurements made by the ultrasonic device. Based on the
calorimetric findings, the authors also divided the reaction process into four stages as
dissolution-hydrolysis, precipitation-condensation, polycondensation and further
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reaction with increasing time of curing. Buchwald et al. [58] analyzed the relationship
between reaction degree determined by isothermal calorimetry and P-wave velocity,
and found that a characteristic bend at reaction degree around 0.1 that seems to be
matched with the initial setting times determined by penetration tests for alkali-
activated metakaolin-GGBFS pastes.

Furthermore, Zuo et al. [59] also investigated the activator nature (sodium silicate or
sodium hydroxide) on the isothermal calorimetric heat of AAC pastes as shown in Fig.
2-4. It was found that the heat flow curves from alkali-activated slag paste was shown
to be dependent on the presence of soluble Si in the alkaline activator. Three reaction
phases were determined for NaOH activated slag paste based on dissolution peak and
acceleration peak. Between dissolution peak and acceleration peak, for sodium silicate
activated slag paste, an additional reaction phase, referred to as the induction period,
was discovered.

The authors proposed a dissolution theory-based mechanism and applied it to interpret
the reaction process and origin of the induction period. In sodium hydroxide-activated
slag paste, a high degree of undersaturation resulted in quick slag dissolution,
resulting in no discernible induction period. The undersaturation of sodium silicate
activated slag paste with respect to Si was so low that it was unable to provide
sufficient energy to overcome the activation energy barriers required for the creation
of vacancy islands and etch pits [60]-[62] on the slag surface. This slowed the
dissolving of slag, resulting in an induction time.

g period g period
& ®
S| m i 5 o 3
| 3 5 }!) 3 (1 3 (m v
5| /\ ! : ANA ‘ :
g |/ \! . sodium hydroxid 5|/ \ ‘ - sodium silicat
Sy N i sodium roxide =10 A | i sodium silicate
| \& ¥ el \ N\
] e S =
Time (logarithmic scale) Time (logarithmic scale)

Fig. 2-4 Schematic representation of the heat evolution curves of AAC activated by
sodium hydroxide or sodium silicate solution [59].

1.3.5. Summary of the evaluation method

As aforementioned, different evaluation methods give different information in terms
of structural formation of AAC.

Table 2-1 summaries the advantages and disadvantages of different methods to
investigate the structural formation of AAC.
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Table 2-1 Comparison of different evaluation methods.

Chapter 2

Evaluation methods

Advantages

Disadvantages

Vicat setting time

Give a standard index that
can be compared with
Portland cement; easy to

Lost information about
structural formation in
the very early time

conduct;
UPV Provide microstructure The early structural
change with time; formation may be
influenced by air void
SAOS Provide viscoelastic data Results are influenced
to describe the structural by geometry of
formation; rheometer; Cannot
Can identify the isolat?1 th‘e cile;?iciﬂ and
. . sical effects
liquid/solid state of phy
pastes;
Calorimetry Provide chemical reaction ~ No structural formation

information data

1.4 The correlation between early gel formation with rheology of AAC byvarious
evaluation methods

Due to the complexity of gel formation and its dependence on a number of
compositional and processing parameters, a variety of state-of-the-art methods have
been used to examine the early stage reaction behaviours. Some authors also tried to
correlate the early gel formation with the rheological behaviour.

1.4.1 Small angle X-ray scattering (SAXS) technique

Recently, it has been reported that scattering methods are also quite suitable to
characterize the structure of a disordered system such as geopolymer [63]. Small-
angle X-ray scattering (SAXS) is a technique for quantifying nanoscale density
changes in a sample. This means that it may be used to determine the size distributions
of nanoparticles, the size and shape of (monodisperse) macromolecules, pore
diameters, and the characteristic distances of partially ordered materials, among other
things. Rouyer and Poulesquen [52] investigated the scattering intensities of the
oligomers formed by reactions between dissolution products and the silica initially
originated from the activator solution as shown in Fig. 2-5. In general, the intensity of
17
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the scattering rises with time, implying an increase in volume fraction of entities in
the solution. As shown in Fig. 2-5, the authors found that after the gel point of alkali-
activated metakaolin pastes (observed by rheological measurements), the slop grew
rapidly, indicating that a percolated network had occurred with a process of
densification. Throughout the evolution of the network from a viscoelastic to a solid-
like state, the oligomerization process continued in the interstitial region. After 10
hours, the slope of the scattering intensities further increases, which reveals that the
presence of a surface fractal dimension, implying that mesoporous network formed
after the mechanical strengthening. The increase in the storage modulus measured by
the rheometer is perfectly correlated with the increase in scattering intensity, and both
of these increases are due to the densification of the percolated network.

~pois
S o00t, 2h00
o ‘-23:+ 4h30
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+ ¢ @ 0 * ® + O

Fig. 2-5 The early age SAXS spectra ranging between 0.25 and 1.25 nm'. Herein,
the red dots denote the percolation time determined by rheological test and the blue
dots indicate the onset of the mesoporous network [52].

1.4.2 In-situ X-ray diffraction technique

X-ray diffraction (XRD) is another analytical technique that is frequently used to
characterize cementitious systems. To obtain insights into time-resolved chemical
reactions and change in reaction products, in-situ XRD analysis enables the
determination of mineral phase dissolution and formation during reaction. The success
of XRD in recent years has been attributed to a variety of quantification techniques,
including the Rietveld refinement and the Partial Or No Known Crystal Structure
(PONKCS) methods [64]. Rietveld refinement has been used to measure mineral and
total amorphous phases using internal or external standards. PONKCS, a method that
combines profile summation and the Rietveld method, enables the classification and
measurement of various amorphous phases. Recent research has focused on
determining the degree of reactivity between supplemental cementitious components
in blended cements [65], [66].
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Sun et al. [67] investigated the heat and mineral evolution of sodium hydroxide
activated GGBFS by means of isothermal calorimeter and in-situ XRD technique.
They reported that the main reaction product for the sodium hydroxide-activated
GGBFS is C-A-S-H, no or limited secondary reaction products have been found at
early ages as shown in Fig. 2-6. They also found that the reaction product formation
correlates well with the heat evolution, indicating that the combination of isothermal
calorimeter and in-situ XRD can significantly enhance the quantitative analysis for
alkaline activation.

The combination of in-situ XRD measurements and the PONKCS approach enables
quantification of the production of N-A-S-H and C-A-S-H gels of AAC at very early
ages. However, additional cross-checking work is necessary to optimize the analysis
processes. Additionally, advanced approaches are required, particularly for a better
understanding of medium- or long-term geopolymerization.
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(a) and 30 °C (b), and the correlation of calorimetry results with XRD measurements
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1.4.3 In-situ Fourier-Transform Infrared Spectroscopy-Attenuated Total Reflection
(FTIR-ATR)

In-situ FTIR-ATR is a sampling technique used alongside traditional infrared
spectroscopy, which ultimately qualifies samples to be observed directly in either solid
or liquid state, without additional preparation. Alnahhal et al. [49] carried out in-situ
FTIR-ATR tests to investigate the early age gel formation of sodium silicate-activated
slag/fly ash pastes (Ms = 1.0, Na;O % = 7.5%). The authors reported that the
correlation between the polycondensation rate and the evolution of viscoelastic
parameters of the paste from mixing to setting as shown in Fig. 2-7. They found that
the intensity of the water bending vibration (1643 cm™") generally decreased with time
elapsing, indicating that the paste was transferred from a liquid-state to a solid-state
as presented by SAOS measurements, due to the consumption of water in reaction
[68]. Besides, the intensity of the developing peak of the Si-O-(Si or Al) bonds were
also correlated with viscoelastic parameters. As the reaction progresses, the intensity
of the shift band of the Si-O-(Si or Al) bonds (979-967 c¢cm™') increased, which
coincided with the decrease of phase angle. Although in-situ FTIR tests do not require
further sample preparation and give information related to polycondensation rate, it
cannot provide further accurate crosslinking degree of reaction products and the
nanostructure of AAC.
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Fig. 2-7 Comparison between the evolution of the intensity of FTIR bonds for free
water and Si-O-(Si or Al) and the evolution of viscoelastic parameters [49].

1.4.4 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)

ICP-OES is a technique that uses plasma and a spectrometer to detect the composition
of elements in (mainly water-dissolved) samples. Therefore, many researchers used
this technique to investigate the element composition in pore solution of AAC. Song
and Jennings [69] investigated the pore solution chemistry of alkali-activated slag and

discovered that increasing the alkalinity of the pore solution resulted in increased Si
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and Al concentrations and decreased Ca and Mg concentrations. Zuo and Ye [70]
pointed out that increasing temperature (from 40 °C to 60 °C) resulted in decreases in
the concentration of Si, Al, Ca, Na, OH", K, Fe and Mg in the pore solutions of alkali-
activated fly ash pastes, whereas the soluble silicate in the activator solution led to an
increase in the above element concentrations.

Some authors [20], [70] also used thermodynamic modelling and the pore solution
chemistry results to calculate the effective saturation index to predict the possible
formation of solid reaction products for the sodium silicate-activated slag mixtures
Ms = 1.5, Na,O % = 4%) at early ages as shown in Fig. 2-8. Palacios et al. [20]
reported that the positive effective saturation index showed that the pore solution were
always oversaturated with M-S-H, C-N-A-S-H, and numerous Na-containing zeolites.
Additionally, the solutions were also oversaturated with brucite, hydrotalcite, and
siliceous hydrogarnet. The positive effective saturation indices also indicate that
precipitation of stratlingite during the first hours when Al concentrations are relatively
high, however the stratlingite would be destabilized once the solutions became
undersaturated (negative effective saturation index).
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Fig. 2-8 Calculated effective saturation indices as a function of hydration time. A
positive saturation index indicates oversaturation, a negative value undersaturation.

1.4.5 Method to stop the reaction of AAC

Most of the aforementioned characterization measurements are in-situ methods,
which can provide real-time information. There are other intermittently recording
methods, such as Scanning electron microscopy (SEM) and Nuclear Magnetic
Resonance (NMR), which also can provide important information. However, for those
test methods, sample preparation is particularly important.

For the hardened samples, RILEM TC-238 [72] has provided an effective method to
arrest the hydration of cementitious materials by using solvent exchange. However, to
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study the early reaction process of AAC, it is important to find an appropriate method
to arrest the reaction of AAC at fresh state.

In general, it is easy to stop the reaction of sodium hydroxide-activated materials at
fresh state because there is no high amount of soluble silicates in the activator solution.
While the key problem to arrest the reaction of sodium silicate-activated materials is
to remove the soluble silicates in the pastes at fresh state, which will influence the
further microstructural analysis, such as NMR and FTIR, etc. Table 2-2 summaries

advantages and disadvantages of different methods to stop the reaction of AAC.

Table 2-2 Different methods to stop the reaction of AAC

Method

Order of operation

Advantages

Disadvantages

Solvent replacement with
acetone and ethanol [20]

1. The paste is treated with
acetone;

2.The solvent is vacuum
filtered and the acetone
treatment is repeated once

3. The solid is treated with
ethanol, then the solid is
vacuum filtered and dried in a
desiccator

1. Easy and quick to operate

1. Cannot remove the soluble

silicates

2. Sample has high weight
loss

Freeze-drying [20]

1. The paste is submerged into
liquid nitrogen and after 1h
introduced in a freeze dryer

device for 24 h.

1. The simplest method.

2. No chemical influence

1. Cannot remove the soluble

silicates, and an unknown
product is on the precursor

surface, which may influence

the results.

2. Sample has high weight
loss

Water and isopropanol
treatment [20]

1. The paste is mixed with
ultrapure water.

2. The solid is vacuum filtrated
and water treatment repeated.

3. The solid is washed with
isopropanol, filtered and
transferred to a desiccator.

1. Sample has very small
weight loss that fits with the
carly studied hydration time.

2. No precipitation is
identified in samples
surfaces

1. Complex procedures

2. Difficult to confirm if all
the soluble silicates have
been removed

Centrifugation and treatment
with water and
methanol/Acetone [73]

1. The paste is mixed with
ultrapure water.

2. The suspension is

centrifuged and the upper liquid

is mixed with methanol to
check if all the silicates have
been removed (because the
alcohol reduces the solubility of
silicate species).

3. After all the soluble silicate
silicates have been removed,
the solid is washed with
methanol/Acetone, filtrated and
transferred to a desiccator.

1. Remove all the soluble
silicates.

2. Easy to confirm whether
all soluble silicates have
been removed or not.

1. Complex procedures

Furthermore, to further distinguish the early reaction products of alkali-activated
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materials with combined reaction products of C-A-S-H and N-A-S-H. Previous
authors also used selective dissolution to find C-A-S-H and N-A-S-H, respectively.
Detailed information can be found in ref [74].

1.4.6 Nuclear magnetic resonance (NMR)

NMR spectroscopy provides comprehensive structural information on materials
containing atoms with a magnetic moment, such as 'H, 13C, ?’Al, ?°Si and *'P. In
particular, solid state 22Si NMR with magic-angle spinning (MAS) has been found to
be most effective in characterizing the structural properties of silicates. Typically, the
varied chemical shifts in spectra are explained in terms of various silicon Q"
environments, where n denotes the number of bridging oxygen atoms connected to
other Si atoms in each Q(SiO4) unit [75]. The various Q" structures are given in Fig.
2-9, Q° unit denotes the isolated silicon tetrahedron; Q' unit represents the silicon
tetrahedron that only connects with another silicon tetrahedron; while Q2 unit
describes the silicon tetrahedron connecting to other two silicon tetrahedrons; Q? unit
indicates a silicon tetrahedron that connects with other three tetrahedrons, having a
chain branching, double-chain polymerisation, or a layered structure; and Q* unit
stands for a silicon tetrahedron linking with other three tetrahedrons to form a three-
dimensional network [76].
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Fig. 2-9 Structural schematic diagram of Q" in solid silicate (O(b) represents
bridging oxygen), adapted from ref. [77].

To correlate the early reaction products of AAC with structure formation, Palacios et
al. [20] conducted the ?Si NMR MAS tests on the sodium silicate-activated slag
mixture at very early ages as shown in Fig. 2-10. On comparison with original slag,
there was a broad shoulder around the region between -80 ppm and -105 ppm occurred
after 46 min, which was considered as the precipitation of C-A-S-H and alumino-
silicate gel [78]. The intensity of this region was enhanced after 5 h. As a result, the
reaction products of C-A-S-H and ill-defined N-A-S-H gel increased with time.
Besides, the authors also pointed out that the storage modulus of sodium silicate-
activated slag mixtures also started to rapid increase after 46 min. Thus, at early stages,
the NMR results also indicated that with a modest degree of slag reaction of up to
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20%, the development of ill ordered N-A-S-H and C-A-S-H gel can be expected to
dominate the hydrates formed and thus the rheological properties.
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90 minutes
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starting slag
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Fig. 2-10 Si MAS NMR spectra of the starting slag and SS-AAS pastes across a 5

hour reaction time period. After subtracting the slag contribution from the spectrum,

resonances in the range of -85 ppm are revealed that correspond to alumino-silicate
gels and C-A-S-H; their intensity increased with time.

1.4.7 Scanning electron microscopy (SEM)

SEM is a type of electron microscope that generate pictures of a material by scanning
the surface with a focused beam of electrons. The electrons interact with the atoms in
the samples, generating a variety of signals that carry information on the surface
topography and composition of the sample. A raster scan pattern is used to scan the
electron beam, and the position of the beam is coupled with the intensity of the
received signal to create a picture. Certainly, many researchers [20], [79]-[83] have
applied SEM to observe the morphology of AAC mixtures. Fig. 2-11 presents the
surface morphology of hydration products of sodium silicate-activated slag mixtures
at specific reaction stages. Cao et al. [43] observed that the slag particles showed a
relatively smooth surface within 50 min (as shown in Fig. 2-11b). The same
observation was also reported by Palacios et al. [20], which was also consistent with
the storage modulus results showing no significant increase at this stage. With age
time reaching to 250 min, the smooth surface faded and impressive eroded traces were
revealed (Fig. 2-11c¢); At 530 min, a number of dense rod gel product were formed
and observed in Fig. 2-11d. Afterwards, partly un-hydrated slag particles were
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surrounded and strongly bound by thick rod-like gel as shown in Fig. 2-11e and f. It
can be seen that SEM images at specific reaction times can be used to reveal the
reaction process of AAC.

Fig. 2-11 SEM images of sodium silicate-activated slag pastes at different reaction
stage (a) 30 min; (b) 50 min; (¢) 250 min; (d) 530 min; (e) 600 min; (f) 1200 min,
adapted from [43].

Furthermore, recently, Sun et al. [84] has used the cryogenic SEM (cryo-SEM) to
observe the early microstructure change in AAC and tried to understand the
rheological behaviour of AAC from microstructural perspectives. They reported that
at extremely early ages, amorphous reaction products formed on the slag surface in
hydroxide-based AAC mixtures. In AAC mixes, the slag particles were linked and
bridged together by the reaction products, forming agglomerations, while the free
water was trapped in flocs. As a result, a greater and substantial yield stress has been
discovered in AAC mixes based on hydroxide. Cryo-SEM pictures revealed a network
structure wrapped around the slag particles when silicate was added to the activator.
Meanwhile, the pore solution had normal emulsion properties, with water droplets
scattered throughout the silicate gels. The yield stress of the silicate-based AAS paste
was much lower than that of the hydroxide-based mixtures due to the silicate gels
dispersing the slag particles.
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1.4.8 Thermodynamic modeling approaches

Thermodynamic modeling of phase assemblages in AAC has seen major
advancements in recent year, with the use of a comprehensive ideal solid solution
model for the C-(N,K)-A-S-H system [85] and the availability of better solubility data
[86] greatly advancing the state of the art. This has resulted in advancements in the
prediction of phase assemblages for alkali-activation of slag mixtures [87], [88],
including the prediction of phase diagrams over a wide variety of slag and activator
compositions [89]. Solubility data for N-A-S-H gels [90], as well as improved data
for aqueous species in the N-K-A-S-H-Cl system [91], are enabling modeling of some
lower-calcium binder systems [92], although much work remains to be done to
develop and validate the necessary range of model constituents to fully describe the
phase assemblages in these binders. The library of zeolite phases available for
inclusion in models of the (N,K)-A-S-H system, in particular, needs to be expanded,
since there are major gaps in the literature, although hampered to some extent by
metastability concerns and challenges in defining "solubility” in many instances.
Besides, more work should be done to interpret the rheological behaviour of AAC by
thermodynamic modeling.

1.4.9 Summary of different structural characterization methods

In this study, a wide variety of testing methods in terms of structural characterization
of AAC are presented. Each testing method can give different information to reveal
the early reaction process of AAC. Table 2-3 summarize the different structural
characterization methods. This can assist researchers to select appropriate methods or
the combination of them to better investigate the early age properties of AAC.
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Table 2-3 Comparison of different structural characterization method.

Structural characterization Information that can be given Pros Cons
method
SAXS Average size of oligomers; Simple sample preparation; Cannot provide nanostructure
identify the gelation point
(coupled with SAOS data)
In-situ XRD Phase assemblage of reaction Simple sample preparation; Semi-quantitative tests;
products with time
FTIR Si- and Al- bonding Simple sample preparation; Water in the sample can
Simple operation; quick data interfere with FTIR spectra; low
collection; resolution when too many peaks
shown, and difficult to interpret.
ICP-OES The concentration of various Simple operation; quick data When sodium silicate is
ions in pore solution collection; activator, containing extremely
high concentrations of Si and
Na, other important elementals
are hard to be interpreted due to
ion's sheltering/masking effect
NMR Nanostructure (Q" Quantitative tests; Complex sample preparation;
environments)
The results was much
Sinfluenced by sample
preparation; need longer time to
collect data;
SEM Microstructure Visible results; quick data Complex sample preparation;

collection;

Thermodynamic modeling Phase assemblage Quick to obtain information; Need large data base;

1.5 The origins of the thixotropic structural build-up of AAC

Physical and chemical reactions take place in fresh cementitious suspension. At rest,
there are different types of force existing in the suspension, including Brownian
motion, van der Waals attractive forces, electrostatic double layer forces or steric
hindrance forces, gravitational and inertial forces [26], [33], [93], [94]. Brownian
motion is the thermal, random, uncontrolled movement of particles in a fluid. The Van
der Waals attractive forces, which include Keesom, Debye, and London interactions,
are generated from the moment of dipoles of atoms or molecules [95]. Additionally,
Brownian effects only play a minor role as compared to the van der Waals attractive
interparticle forces [26]. An electrostatic repelling force is generated by the electrical
double layer of particles. At large intermolecular distances, the Van der Waals
attraction prevails, whereas at small intermolecular distances, the sharp Born
repulsion caused by the overlapping electron clouds of molecules dominates [96]. For
cementitious pastes with low zeta potentials (usually between 15 and 20 mV [97],
[98]), the repulsive electrostatic double layer interaction is insufficient to overcome
the attractive van der Waals forces [93].

Roussel et al. [33] elucidated the origins of thixotropic structural build-up of fresh
cement particles as shown in Fig. 2-12. After mixing, cement particles are dispersed.
Then the flocculation of cement particles is rapidly formed and led to the network
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formation due to the colloidal attractive forces, then the suspension starts to resist
stress and to display an elastic modulus. In the meantime, although the material is still
in the dormant period, nucleation of C-S-H (black and white dots) occurs at the pseudo
contact points between particles within the network. This nucleation process converts
locally the soft colloidal connections between cement particles into C-S-H bridges,
leading to an increase in elastic modulus. If additional shearing is applied now, it can
break down the interparticle bridges of the early hydration products, allowing the
particles to re-separate. In this circumstance, the un-hydrated cement particles
surfaces are exposed to a water environment, resulting in the dissolution of ions and
the formation of new hydration products [99], [100]. However, when the shearing
state is stopped, cement particles re-flocculate [96]. With time elapsing, all the
particles in the percolation path (black particles) are connected by C-S-H bridges,
establishing a percolated stiff network in the material; As the size of the C-S-H bridges
(black and white dots) increases, the elastic modulus of the mixture continues to grow.

t=0s t=acouple s t = several 10s t=100s

Fig. 2-12 The formation of percolation network of cement particles.

However, in comparison with Portland cement, the origins of thixotropic structural
build-up of AAC have similarities and differences. The common activators for AAC
are sodium hydroxide and sodium silicate. For sodium hydroxide, it has a viscous
nature with high pH value. As reported in [47], the mixture activated by sodium
hydroxide normally shows a very high initial storage modulus, this is due to the rapid
dissolution of precursors and precipitation of reaction products. It seems that the
dispersion effect between precursor particles induced by the viscous nature of
activator cannot overcome the flocculation effect caused by the attractive colloidal
interaction and rapid alkaline activation. Therefore, a percolated network normally
will form for the sodium hydroxide-activated precursors, which is similar to the
mechanism behind setting process of Portland cement.

However, the origins of thixotropic structural build-up of sodium silicate-activated
mixture seem totally different. Because the sodium silicate-activated material shows
the viscous effect and its low pH value cannot induce rapid reaction at early ages,
these type of effects of the activator solution led to a significant decrease in the
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colloidal interactions between precursors and prevent the formation of the well-
percolated network [49], [101]. In the meantime, the soluble silicate in the activator
solution shows its plasticizing and deflocculating effects, which will adsorb on the
particle surface, increasing the magnitude of the repulsive double layer electric force
[102]. Therefore, the sodium silicate-activated mixtures generally are not able to resist
stress at early ages. With time elapsing, the continuous dissolution of precursors
results in oversaturation of Ca and Al ions, which can interact with Si originating from
activator solution to form reaction products [70], [71]. The pastes start to display an
elastic modulus, and it should be noted that this structural formation is not easy to
break when applying an additional shearing. In comparison between Portland cement
and sodium silicate-activated materials, the solid-like nature of cement particles is
achieved as a result of the formation of the well-percolated network [33], while
sodium silicate-activated material shows the solid-like behaviour due to the result of
stiffening [49].

1.6 Various influencing factors on the rheology and setting behaviour of AAC

1.6.1 Precursors

AAC is produced from an alkali metal source (solid or dissolved) and calcium silicate
or aluminosilicate-rich solid precursors such as coal combustion fly ash (FA), calcined
clays (e.g. metakaolin), metallurgical slags (i.e. ground granulated blast furnace slag
— GGBEFS, stainless steel slags), mine tailings and even natural pozzolans [5]-[7]. In
general the precursor’s nature has a significant influence on the reaction mechanism.
The aluminosilicate-rich materials react by means of dissolution, gelation and
polycondensation to form inorganic N-A-S-H gel where sodium is integrated in the
gel structure [7], [103]-[106], and networks of zeolites which form via
polycondensation [5], [6]. Main reaction products in calcium-rich materials include
calcium silicate hydrate gels, typically incorporating aluminum [3], [6], which are
therefore labelled as C-A-S-H gel.

Generally, ground granulated blast furnace slag, phosphorous slag and Class C fly ash
contain high calcium, which can be used as sole precursors in the AAC manufacturing
because they contain a high content of reactive components [107]. Previous studies
[102] also pointed out that alkali-activated slag mixture showed low workability and
quick loss of fluidity due to its higher dissolution and reactivity in the alkaline
environment and intricate particle surface chemistry. Puertas et al. [31] reported that
a rapid loss of fluidity within 30 min after mixing when the sodium silicate activator
has Ms value (Si0,/Na;O) of 2.0 and its Na,O content is 5%. Mehdizadeh et al. [108]
also pointed out that the shear stress of alkali-activated phosphorous slag quickly
increased with time due to higher dissolution rate of phosphorous slag and more gel
formation. It was also discovered that increasing the proportion of calcium-rich waste
brick powder in a Class C fly ash-waste brick powder blended high-calcium system
increased the yield stress and consistency coefficient of Na-silicate activated pastes
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[109], owing to more divalent cations (Ca?") could result the interaction with Si
originating from activator solution to form primary gels [71], [110]. Generally, alkali-
activated slag mixtures showed an initial setting time ranging from 45 min to 300 min
when the Ms (Si0»/NaO) decreases from 1.2 to 0.4 [111].

Opposite to high-calcium precursors, the low-calcium precursors, such as class-F fly
ash, generally showed very low reactivity when contacting with alkaline solution.
Previous study [112] reported that alkali-activated fly ash pastes showed a significant
longer setting time as compared to that of alkali-activated slag pastes when using an
identical sodium silicate solution due to the low reactivity of fly ash. Gadkar and
Subramaniam [113] also explored the influence of the solution to binder ratio and Ms
value on the rheological behaviour of alkali-activated fly ash pastes. They reported
that the yield stress in suspension with a high solid content is controlled by the
viscosity of the activator solution rather than the reaction of precursors at early ages.
Some author also investigated the physical effects of fly ash on the rheological
behaviour in the blended system. Aboulayt et al. [114] reported that with the increased
replacement level of metakaolin by fly ash, the alkali-activated metaokaolin-fly ash
blended system showed a higher maximum packing volume fraction due to the dense
packing model of spherical fly ash particles. Additionally, the fly ash with a lower
specific surface in the blended system led to more surface wetting water being free.
Thus, the viscosity (consistency) was reduced while the setting time and bleeding
were increased. Other authors [110] studied the rheological properties of alkali-
activated slag-fly ash-limestone mixtures. They pointed out that with the increasing
content of fly ash in the ternary mixtures, the plastic viscosity decreased as expected
by the particle packing effect and the increased water film thickness. In the meantime,
the increasing amount of fly ash in the ternary mixtures led to a lower yield stress, this
is because the fly ash particles can work as ‘ball-bearing’, which can reduce the
internal friction between particles [115]-[117].

Another calcium free type of precursor is metakaolin, which is the anhydrous calcined
form of the clay mineral kaolinite. Due to the high specific surface area of metakaolin
[50], [118], [119], the alkali-activated metakaolin mixture needs suitable activators,
dispersing agents and sufficient water to achieve good workability [107]. Producing a
workable alkali-activated metakaolin paste (also known as geopolymer) at a low
water-to-binder ratio is extremely difficult. Due to the high water requirement of
metakaolin particles, it requires extremely strong shear during mixing. However,
excessive water must be avoided for the sake of improved workability [116];
otherwise, the strength and durability of the concrete would be compromised. In
comparison to Portland cement, where a portion of the mixing water is consumed
during the hydration reaction and fills the pores, the water utilized in geopolymer
mixtures is comparatively unbound. As a result, unreacted water in geopolymer
mixtures may result in decreased mechanical and durability properties due to
increased porosity [120]. Therefore, many authors tried to find different methods
rather than simply increasing water amounts in the mixtures to improve the
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workability metakaolin-based mixtures. Rovnanik et al. [118] reported that the plastic
viscosity of metakaolin-based geopolymer can be reduced by the addition of waste
red brick powder. Wang et al. [121] studied the effects of soluble aluminium species
addition on the fresh properties of phosphate-activated geopolymer. The authors found
that due to the addition of aluminium species to the phosphate activator solution, a
quick sol/gel transition occurred in the early state (in six-coordination). As a result,
the fresh prepared geopolymer paste demonstrated excellent workability. Aluminium
species acted similarly to a plasticizer, reducing the yield stress of the fresh
geopolymer paste while maintaining its viscosity unchanged. Benavent et al. [122]
also discovered a similar plasticizing effect when utilizing an aluminosilicate activator
instead of a silicate-based solution, which can improve the workability of fresh paste.

1.6.2 Activators

As well known, the reaction mechanisms and the microstructural properties of AAC
are governed by the chemical composition of the solid reactant, the type and the
concentration of the activating solution. Therefore, the rheological performance and
setting behaviour is significantly influenced by the activator solution. The most widely
available and economic alkaline solutions are sodium-based activators, such as NaOH,
Na;0-nSi0;, Na,COs, Na;SO4 and the combination of these activators. Next to that,
some researchers also a proposed new type of alkaline solution produced by silica
fume or rice husk ash to further decrease the price and carbon emission. These will be
discussed further on.

1.6.2.1 Sodium hydroxide activator

The rheological and setting behaviour can be significantly influenced by the
concentration of sodium hydroxide activator. Riffaai et al. [48] reported that the yield
stress, storage modulus and the rigidification rate of the geopolymer (alkali-activated
fly ash pastes) increased with an increase of NaOH concentration from 2 to 7 mol/L,
and the initial setting times of geopolymer activated by NaOH at 8 mol/L was around
3 h, however using higher concentrations (at 14 mol/L) resulted in an initial setting
times up to 7 days. The authors pointed out that increasing NaOH concentrations up
to 14 mol/L accelerated dissolving but had no effect on geopolymerization rates.
Indeed, geopolymerization showed a slower rate than dissolution, leading to a lower
storage modulus and rate of rigidification. This is most likely due to the formation of
negatively charged monomers, which increases repulsive forces and hence prevents
geopolymerization.

Besides, Vance et al. [123] also reported that the rheological properties of NaOH- and
KOH- activated fly ash pastes were highly influenced by the viscosity change of the
suspending fluid and surface charge of the fly ash particles. With an increase in the
activator solution concentration from 4 to 8 mol/L, the yield stress and plastic
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viscosity of suspensions increased. They believed that there are two factors that could
account for the relative increase in yield stress with increasing molarity: the
interaction potential and the viscosity of the activator solution. Previous studies [124],
[125] have shown that the ion type, ion concentration and the pH of the suspending
solution have a significantly influence on the zeta potential of fly ash particles. Fly
ash has negative zeta potential in solutions of NaOH and KOH, with a greater negative
potential in NaOH solutions. This behaviour is ascribed to the fact that K" ions
preferentially adsorb on the surfaces of fly ash particles over Na™ ions, thereby leading
to a smaller negative surface charge as the K* concentration increases. As the zeta
potential lowers (i.c., becomes less negative), the yield stress increases as the repulsive
force between fly ash particles reduces. The lower increase in yield stress with
increasing molarity in NaOH solutions compared to KOH solutions can thus be
attributed to the higher negative surface charge of the fly ash particles in NaOH, which
results in stronger repulsive forces.

Puertas et al. [31] also investigated the effect of activator concentration on the shear
stress of alkali-activated slag mixtures. They also pointed out that increasing the
activator concentration (from 3% to 5%) induced the a higher shear stress in AAS
mixtures. This is due to the increasing concentration of hydroxyl ions promoting slag
dissolution, generating large quantities of stable reaction products [126].

1.6.2.2 Sodium silicates activator

It is reported that sodium silicate-activated mixtures generally showed a lower yield
stress as compared to mixtures prepared with other activators [47], [110], [127], [128]
because sodium silicate caused a lower pH environment and increased the degree of
polymerization of the silicates species leading to cyclic silicates, which delay the
reaction of precursors [20], [47]. Additionally, these silicate species adsorb on the
surface of precursors and increase the negative charges of the particles, resulting in a
higher magnitude of interparticle double-layer repulsive forces, deflocculation of
particles, and improved fluidity [102].

Generally, the Ms value (SiO»/Na;O) and the Na,O% content of sodium silicate
activator solution can significantly influence the rheological behaviour of AAC. It is
reported that the yield stress of alkali-activated slag/fly ash pastes decreased when the
Ms value of sodium silicate activator increased from 0.4 to 1.6 [47]. Similarly, other
authors have also showed that increasing the Ms value from 1.1 to 1.5 resulted in a
decrease in yield stress from 0.63 Pa to 0.12 Pa [49]. By contrast, the authors also
indicated that the plastic viscosity increased with an increase in Ms value. This
behaviour can be explained by the viscous effect arising from the high Ms value of
the activator resulted in an increase in the shear forces between precursors particles
[115]. As a result, increasing the amount of sodium silicate increased the overall
viscosity of the alkaline solution, which resulted in an increase in the plastic viscosity
of the pastes. The effects of the Na>xO% content of sodium silicate on the rheological
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behaviour of AAC is relative complex, Puertas et al. [31] found that with a lower Ms
value (<0.8), increasing the Na,O% content increased the yield stress of pastes. On
the other hand, the AAC pastes did not exhibit the same behaviour when the
concentration of NayO was raised at a higher Ms value (>1.2) of the sodium silicate
solutions. The authors pointed out that the Ms value required for the formation and
breakdown of primary C-(A)-S-H gel under dynamic shearing conditions decreased
as Na;O concentration increased.

In general, the mixture prepared by sodium silicate mixtures showed a lower yield
stress as compared to the mixture activated by sodium hydroxide [47]. However, the
silicate-based mixtures normally have quicker setting times and their workability
decreased faster than for hydroxide-based mixtures [47]. Previous studies also pointed
out that the silicate-based mixtures showed a much shorter initial setting time and for
some mixtures even shorter than 30 min [129], which is not acceptable for the
practical applications. Therefore, to extend the setting times of silicate-based mixtures,
many authors have found different methods. It is reported that prolonging the mixing
time can extend the initial setting times of alkali-activated slag mixtures [30]. Some
authors pointed out that increasing the amount of low-calcium or free-calcium
materials in the precursors also can delay setting process of AAC. Previous study [47]
found that the initial setting times of alkali-activated slag mixtures can be prolonged
by the addition of fly ash due to their difference in dissolution and activation kinetics.
Li et al. [130] also reported that when 10% metakaolin is incorporated into alkali-
activated slag mixtures, the initial and final setting times of AAC were increased by
21% and 39%, respectively. Increasing the amount of metakaolin from 10% to 20%
even lead to a longer setting time. Some authors [131] also used a lower temperature
of mixing water to extend the setting times of AAC prepared by sodium silicate
solution. They found that lowering the temperature of mixing water can partially
compensate for the effect of dissolution heat by delaying chemical reactions and
prolonging the setting times. In comparison, warm mixing water can accelerate
hydration, resulting in a quicker setting time. This indicates the potential of AAC
activated by sodium silicate solution for winter engineering applications. Furthermore,
changing the Ms value also can be used to extend the initial and final setting times as
shown in Fig. 2-13. It seems that AAC mixtures prepared with sodium silicate
activator solution with lower Ms value generally showed a longer setting times. This
indicates that the setting times required for practical engineering can be extended or
changed by a better mixture design. Additionally, chemical retarders also can be used
to extend the setting times of AAC. This will be discussed in section 1.6.4 in detail.
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Fig. 2-13 Initial and final setting times of AAC mixtures prepared with sodium
silicate solution with various Ms value (Si0»/Na,O) [47], [111], [132]-[137].

1.6.2.3 Sodium carbonate activator

Sodium carbonate is seen as a more sustainable activator as compared to sodium
hydroxide due to its low cost, commercial availability and also helps in reducing the
pH of the alkaline solution [138]. Activation of slag with sodium carbonate activator
has been reported for the production of activated slag products. It is reported [139]
that at early ages Ca?" dissolved from slag preferentially combines with CO3;* from
the activator, generating calcium carbonates and gaylussite, whereas the
aluminosilicate component of the slag reacts separately with the sodium from the
alkaline solution, forming zeolite (NaA). These phases lack the high degree of
cohesion necessary for development of high early mechanical strength, and the
reaction proceeds slowly due to the slow dissolution of slag under the moderate pH
conditions provided by the sodium carbonate activator. Once the COs* is depleted,
the activation process proceeds similarly to that of a sodium hydroxide-activated slag
binder, yielding the conventional binder phases calcium aluminum silicate hydrate
and hydrotalcite, as well as Ca-heulandite as an additional (Ca,Al)-rich product.

Regarding the effects of sodium carbonate activator on the setting behaviour of AAC,
due to the mild pH environment provided by sodium carbonate, the AAC mixtures
prepared with sodium carbonate normally showed a lower reaction process. It is
reported that the sodium carbonated-activated slag mixtures with a Na,O% content of
3% showed an initial setting time higher than 3 days [140]. Similarly, Bernal et al.
[139] also reported that the activation of slag by sodium carbonate (8% wt of slag)
have to be demoulded after 4 days curing. Yuan et al. [141] used FTIR technique to
observe that the gelation of C-(A)-S-H occurred 3 days of curing. This also can explain
the low reaction speed of sodium carbonate-activated slag mixtures.

As mentioned before, the slag mixtures prepared with sodium silicate and sodium
hydroxide normally result in fast setting times, while sodium carbonate-activated can
retard the activation of slag. Therefore, many researchers pointed out that the careful
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selection and combination of activators can be a potential way to manipulate the
setting times of AAC. Li et al. [142] investigate the effect of combined ternary
activator of Na,CO3-NaOH-Na,O-SiO; on the setting times and compressive strength
of AAC. They found that a better mixture design of this combined activator can not
only achieve reasonable setting time, but also high compressive strength. As shown in
Fig. 2-14, specifically, the authors found that increasing the dosage of Na>COj; as
activator lengthened the setting time particularly when considering the final setting
time and using a slag with a moderate content of MgO. While the addition of NaOH
and Na,SiO3 can dramatically shorten the initial setting times. Jimenez et al. [126]
also summarized that the OH™ ion in solution is critical for early dissolution of slag,
and the CO3* ion retards the setting times of alkali-activated slag mixtures, whereas
(Si04)* can accelerate the setting times.

00 02 04 06 08 10 00 02 04 06 08 10

Na,CO, Na,CO,
(a) Initial setting time (b) Final setting time

Fig. 2-14 Setting times (min) of alkali-activated slag with Na2CO3-NaOH-Na2SiO3
activators: (a) initial setting times, (b) final setting times [142].

1.6.2.4 Silica fume-derived and rice husk ash-derived activator

More recently, to further reduce the energy consumption and CO, emission during the
activator production, some authors also produced other types alkaline solution, such
as silica fume-derived and rice husk ash-derived activators. The silica fume-derived
activator is prepared with silica fume and an alkaline solution [143]. According to
Rousekova et al. [144], silica fume activator is highly effective in activating the
Portland cement and slag mixtures or the slag alone. The positive effect of silica fume
activator is ascribed to its enhancement of calcium silicate hydrate formation and
densification of the pore structure. The mechanical properties of slag and fly ash
mixtures activated with silica fume activator are shown to be superior to those of
sodium silicate-based mixtures [145]. Besides, Bernal et al. [146] also demonstrated
that the silica fume activator could promote the formation of a highly densified
structure. These findings demonstrate that silica fume is a superior and more cost-
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effective option than the sodium silicate activator. Furthermore, some authors [111]
also investigate the effects of silica fume activator (SFA) and sodium silicate activator
(SSA) on the rheological behaviour and setting times of alkali-activated slag mixtures.
They found that sodium silicate-activated slag mixtures showed a fast increase in
shear stress, whereas the slag mixture prepared with silica fume activator exhibited a
low and steady-state shear stress over time, indicating the lack of reaction products
formation at early times and better workability retention. As shown in Fig. 2-15, the
effects of sodium silicate and silica fume activator with different Ms value on the
setting times of AAC were compared. It can be seen that the silica fume activator with
a Ms value of 1.2 showed a significantly longer setting time as compared to other
mixtures, which can be acceptable in practical engineering. Besides, the authors also
found that SFA showed a lower cost and CO, emission, enabling this activator become
a more economical and sustainable solution than SSA.

1400
—=— §5A-initial setting times
1200 | — ® SFA-initial setting times

—a— SSA-final setting times £
- v~ SFA-ianl setting times  ,* N
1000 s ~
= N
E i N
N

E so e N
n # Y
E ‘ b4
= 00
o
£
=]
© 400 |
(2]

200 -

P ]

——y— —————=

T T
0.4 0.8 1.2 1.6

Ms value

Fig. 2-15 Setting times comparison between the sodium silicate-activated and silica
fume activator-based slag mixtures [111].

Another green alkaline activator that can be used is rice husk ash-derived activator.
Rice husk ash (RHA), which is produced when rice husk is burned in biomass power
plants, has the potential to be a promising supply of silica for AAC activators. Similar
to silica fume activator, the rice husk ash-derived activator is produced from
dissolving RHA in an alkaline solution at temperatures of up to 100 °C [147]-[149].
Alnahhal et al. [150] compared the effects of commercial sodium silicate activator and
RHA-derived activator on the rheology and structural build-up behaviour of alkali-
activated slag/fly ash pastes. They found that RHA-derived mixtures have a similar
setting time as compared to the commercial sodium silicate-activated slag mixtures.
The author reported that although RHA had a higher proportion of monomers and a
lower concentration of condensed silicate species than commercial sodium silicate,
the overall structural build-up of AAC paste activated with filtered RHA was quite
similar to that activated with commercial sodium silicate. This indicates that similar
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reaction products are formed and that the type of the silicate species in the activator
has a minor influence.

1.6.3 Mineral additions

To further reduce the greenhouse gas emissions in the Portland cement production,
supplementary materials, such as limestone, slag, silica fume and fly ash, can be used
to replace the amount of clinker. In AAC production, because slag and fly ash are the
main binders, the main mineral supplementary materials are limestone and silica fume.
It is reported that the influence of limestone on Portland cements normally can be
classified as, filler effect, nucleation effect, dilution effect and chemical effect [151].
The addition of limestone into AAC mixtures normally can improve rheological
properties by working as filler to optimize the particle packing of the blended system,
and increase water for lubrication. Some authors [110] reported that the dynamic yield
stress of ternary slag-fly ash-limestone mixtures prepared with high Ms value sodium
silicate decreased as the limestone powder replacement decreased from 50% to 0%.
The mixtures with a higher amount of limestone powder can achieve a better particle
packing, which lead to more free water to lubricate the particles [152]. The
relationship between water thickness and plastic viscosity is also given in Fig. 2-16.
The plastic viscosity of AAC mixtures prepared with high Ms value sodium silicate
solution showed an inverse correlation to the calculated water film thickness, which
also follows the same trend in the Portland cement system [117]. Similarly, Xiang et
al. [153] also reported that the addition of 5%-20%wt limestone powder in slag-fly
ash mixtures prepared by sodium silicate solution did not change the rheology
(Bingham model), and further induces a reduction in yield stress and plastic viscosity.
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Fig. 2-16 The relationship between calculated water film thickness and plastic
viscosity, data adopted from Ref. [110].

Silica fume is another common supplementary addition in the Portland cement
production. Recently, some researchers also have attempted to replace the GGBFS or
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fly ash in AAC with silica fume because silica fume normally presents a pozzolanic
nature. Gillii et al. [154] has reported that at high amount of silica fume addition
(>50%) in AAC mixtures, the yield stress and plastic viscosity increased significantly
as the water to binder ratio decreased, while this enhancing effect was significantly
reduced when the addition of silica fume was less than 20%. As summarized by Lu et
al. [107], there exist a limit addition of silica fume, when the use of silica fume exceeds
the critical point, the yield stress and plastic viscosity increased significantly due to
the high specific surface of silica fume leading to insufficient water to wet and react.
Meanwhile, the reactivity of silica fume in the high alkaline environment will also
contribute to the reaction [155]-[157]. However, once the incorporation of silica fume
is lower than the critical point, the silica fume can act as a ‘ball-bearing’ to reduce the
yield stress and plastic viscosity due to its spherical particles [154].

Furthermore, nano clay also recently was used to increase the buildability in 3D-
printing construction [158]. Previous studies [159] found that the thixotropy of alkali-
activated slag-fly ash mixtures can be significantly increased by a lower amount of
nano clay addition due to nano clay particles having a negative and positive charge on
their opposite ends, which enabling them to form a ‘““card-house” or scaffolding
structure in aqueous suspensions when the material is at rest [160].

1.6.4 Chemical admixtures

As well known, there are several types of water-reducing admixtures, such as
naphthalene-based, aminosulfonate-based, melamine-based, lignosulfonate-based
water reducing admixtures and polycarboxylate-based superplasticizers, which are
commonly used in Portland cement production. It is reported that only the
naphthalene-based water reducing admixtures considerably increased fluidity in
NaOH-activated slag pastes [30]. This is due to the naphthalene admixtures being
stable in alkaline solution and retaining its plasticizing capabilities [161]. In
comparison, melamine, polycarboxylate, and vinyl copolymer admixtures degrade in
a very high alkaline condition, hence losing their fluidizing properties. However, for
the silicate-based mixtures, no existing superplasticizer was discovered to be very
effective to increase fluidity in silicate media. This is due to a very weak percolated
network formation in the silicate-based mixtures at early ages, indicating less
flocculation [49], [101]. Therefore, the working mechanism for PC superplasticizers
might not be applicable in silicate-based AAC mixtures.

However, to solve the problem of silicate-based mixtures showing rapid settings,
adding retarder chemicals can be an option to slow down the activation process [162]—
[165]. Table 2-4 summarizes and compares effects of various chemical retarders
admixtures with different dosages on the rheological properties or setting behaviour
of AAC. In general, these types of retarder admixtures have strong chemical
intervention that results in changes in the setting process due to involvement of special
anions or cations disturbing geopolymerisation potentially [166], [167]. As shown in
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Table 2-4, phosphoric acid and phosphate normally can extend the setting process of
AAC, but they also lead to the reduction of mechanical performance. While the
addition of boric acid and borate normally can increase the setting time without
negative effect on compressive strength. Up to date, the nano-ZnO and zinc salts have
also been reported to effectively retard alkaline reaction [168], [169]. Garg and White
[168] reported how nano-ZnO retards the setting process of AAC, by pair distribution
function (PDF) analysis and isothermal calorimetry. They found the retarding
mechanism of nano-ZnO in alkali-activated slag mixtures as shown in Fig. 2-17.
Calcium ions will bind with tetrahydroxozincate ions (Zn(OH)4>), which can alter the
nucleation/growth of the C-(A)-S-H type gel.

Table 2-4 The comparison of effects of various chemical retarders with different

dosages on rheology and setting behaviour of AAC

Chemical retarders Dosage / Precursors Activators Main performance Ref.
concentration
Phosphoric acid 0M; 0.78M; 0.81M; Slag (pastes) Sodium silicate ‘When the H;PO4 [162]
0.84M; 0.87M concentration
(H3PO4) approached 0.84M,
the setting time was
significantly
prolonged (also
reduced early
strength).
Phosphoric acid 0.82M Slag and gypsum Sodium silicate The retarding effect [170]
(pastes) of H3PO4 can be
(H3PO4) reduced by adding
gypsum
Tartaric acid 0.01%; 0.02%; Slag (pastes) Sodium hydroxide The initial setting [171]
0.03%; 0.04% (by times were
(TA) mass of binder) prolonged from
0.52 h (without TA)
t0 9.12 h (with
0.04% TA)
Citric acid (CA) 3% (by mass of Coal fly ash and Sodium hydroxide The incorporation [172]
binder) lime kiln dust of CA allowed for
(pastes) the retention of
acceptable levels of
yield stress and
plastic viscosity up
to 60 min.
Na3PO4 Na3;PO4 were Slag (pastes) Sodium silicate The setting times [173]
recalculated to wt % were prolonged,
of P20s. while the
workability were
0.5%; 1.0%, 2.5%; decreased.
5.0% wt% of P2Os
(by mass of binder)
Borax 2%; 4%; 6%; 8% Slag and fly ash Sodium silicate Both setting times [163]
(by mass of binder) (pastes) and flowability
were increased with
an increase of
Borax addition
Borax 10% (by mass of Slag and fly ash Sodium silicate The initial setting [174]
binder) (pastes) times and 28-d
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Borax 2.5%; 5%; 10%; Class F fly ash Sodium hydroxide
15%; 20% (by mass (pastes)
of binder)
Sucrose 1.5%; 2.5% (by Fly ash (mortars) Sodium silicate
mass of binder)
Chelators (HIDS; 4% (by mass of Slag and fly ash Potassium silicate
EDTA-4Na; binder)
GLDA-4Na) (pastes)
Mecury salt 0.1%, 0.5% and Slag (pastes) Sodium silicate
2.0% Hg?*
in (NO3)26H.0
Nano-ZnO 0.1%; 0.5%; 1.0% Slag (pastes) Sodium silicate
(by mass of binder)
Styrene-butadiene 5% and 10% (by Slag and fly ash Sodium silicate
(SB) latex mass of binder) (pastes)

increased by 78%
and 18%,
respectively.

‘When Broax is 10%
or 15% wt, the
composite activator
of NaOH and
anhydrous borax
may significantly
prolong the setting
time at 60 and
75 °C, respectively.

[175]

The addition of
sucrose can slightly
delay the initial
setting times and
moderately delay
the final setting
times

[176]

All chelators
prolonged the
setting times. HIDS
is the most
effective.

[177]

The setting times
slightly increased at
0.1% and 0.5%,
further significantly
increased at 2%.

[178]

The heat release
were significantly
delay.

[168]

The addition of SB
increased setting
times. Meanwhile
the bond and
flexural strength
also increased with
addition of SB.

[179]

Retardation

Gradual appearance
of calcium zincate

Ca ions are depleted
by reaction with ZnO

Gradual disappearance
of ZnO

Cone. of Ca ions reach \ Nucleation & growth ‘

critical limit of C-(N)-A-S-H gel

Zn0is fully
consumed &
conc. of Ca
ions reach
critical limit

Fig. 2-17 The retardation mechanism of nano-ZnO in alkali-activated slag mixtures.

1.6.5 External factors

Apart from the aforementioned chemical effects, such as activator and retarder nature
on the rheological properties and setting behaviour, some external factors, such as
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mixing and temperature, also have a great influence on the rheology of AAC. Puertas
et al. [180] investigated the effects of different mixing time on fresh behaviour of
alkali-activated slag concrete. They pointed out that in Portland cement and
hydroxide-based mixtures, longer mixing periods had a detrimental influence on
dynamic and static yield stress and resulted in considerable and permanent
coagulation of cement particles (decreased workability). In comparison, longer
mixing time were beneficial in silicate-based mixtures, where they were necessary to
break down the microstructure and improve rheological behaviour. These findings
established that for sodium silicate-activated slag concrete preparation, a longer
mixing time is necessary. This would have an impact on the future standardization of
these environmentally friendly building materials. Furthermore, Alrefaei et al. [181]
also investigated different mixing method on the rheological and mechanical
performance on alkali-activated slag/fly ash pastes. They used three different mixing
methods: 1) The water was added to the binder and solid activator to produce pastes;
2) The binder was mixed with an alkaline solution; 3) the alkaline solution was
prepared with the solid activator and 60%-80% water, then mixed with the binder,
lastly the remaining water was added to produce pastes. They pointed out that these
mixing methods affected the flowability, compressive strength and porosity, but no
influence on the chemical composition and mineralogy of AAC reaction products.

Temperature is another significantly important factor that affects the rheology of AAC
mixtures. Mehdizadeh et al. [108] discovered that the viscosity of alkali-activated
phosphorous slag increased when temperature increased from 10°C to 40°C. The
apparent activation energy of these pastes was determined to be 39.2 to 44.5 kJ/mol
for the chemical composition using rheology data based on the Arrhenius viscosity
model and at varied temperatures (10, 25, and 40 °C). The correctness and dependence
of the Arrhenius viscosity model were established in comparison to the calorimetric
technique by estimating the activation energy of Portland cement as a blank sample
and a known material, which was determined to be 36.7 kJ/mol. Palacios et al. [182]
reported that when the temperature above was 65 °C, the yield stress and apparent
viscosity were increased significantly, indicating the dissolution of fly ash and the
precipitation of hydration products are enhanced. This also suggest that a high curing
temperature can be used for the alkali-activated fly ash mixture to shorten its long
setting time.
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Chapter 3 Materials and methods

This chapter gives a summary of the materials and testing methods in this thesis.
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1. Materials properties

The properties of precursors, mineral additions and activators used in this thesis are
introduced.

1.1 Precursors and mineral additions properties

Ground granulated blast furnace slag (GGBFS, slag) and fly ash (FA) are the main
precursors in this thesis. Silica fume (SF), limestone (LSP) and CEM I 52.5-N
Portland cement (PC) are the mineral additions used in a part of this thesis. The
specific gravities and BET surface areas of the GGBFS, SF, LSP and FA are 2.92,2.25,
2.81 and 2.32, and 0.85, 22.5, 4.43 and 1.67 m?/g, respectively. The specific gravities
and Blaine fineness of PC is 3.15 and 450 m?%kg, respectively. The chemical
composition by X-ray fluorescence (XRF) and particle size distribution by laser
diffraction of these precursors are given in Table 3-1 and Fig. 3-1. The GGBFS, SF,
LSP, FA and PC had a median particle size (dso) of 11.6, 7.8, 3.9, 4.0 and 7.3 pm,
respectively.

Table 3-1 Chemical composition of precursors and mineral additions.

Oxide CaO SiO2 ALO; MgO SOs TiO2 K>0 Na,O Fe203 MnO BaO LOI

(wt.%)

GGBFS 40.80 33.30 12.30 7.84 230 1.29 0.67 0.44 0.39 0.36 0.31 0.01
SF 0.3 97.0 0.7 0.4 0.2 - 0.8 0.3 0.1
LSP 48.85 8.15 1.28 1.41 0.05 - 0.28 1.25 0.88 - - 37.29
FA 433 56.7 235 1.43 1.16 1.23 2.65 0.91 5.92 - 0.21 0.03
PC 64.3 18.3 5.2 - 35 - 0.43 0.32 0.88 - - 2.7
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1000

Particle Diameter (um)

Fig. 3-1 Particle size distribution.
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1.2 Activator properties

There are three chemicals used to prepare the alkaline solution (or activator) in this
thesis. The first one is the caustic soda (NaOH) with purity of 97%, which is mixed
with deionized water to prepare the sodium hydroxide solution. The second one is the
liquid sodium silicate solution with a Ms value (SiO»/Na,O) of 1.6, which is
comprised 28.5% SiOz, 17.95% NayO, and 53.55% H>O by mass. The sodium silicate
activator is mixed with a certain amount of NaOH and deionized water to achieve
various Ms values. Lastly, sodium sulfate with purity of 98% is mixed with deionized
water to prepare the sodium sulfate activator solution.

2. Testing methods

Fresh and mechanical properties of AAC mixtures are evaluated by various methods,
and the change in microstructure of AAC mixtures is investigated by additional
advanced techniques.

2.1 Fresh properties testing methods

2.1.1 Mini slump tests

The flow spread of the pastes was determined by the mini-slump test according to the
ASTM C1437-15 [183]. A truncated cone with dimensions of 46 mm top and 68 mm
base diameters and height of 40 mm was used in the mini-slump test. Mini-slump
spread diameter (%) values were calculated by Eq. (3-1).

flow diameter 1

Spread diameter (%) = ( s

x 100 3-1)
)

2.1.2 Setting times

Initial and final setting times were determined by an automatic Vicat needle apparatus,
according to EN 196-3 [40]. The initial setting time was determined when the depth
between the needle and the bottom plate was around 6 = 3 mm, and the final setting
time was determined by the time at which the needle first penetrates only 0.5 mm.

2.1.3 Flow curves

A rotational rheometer (Anton Paar, MCR102) was applied to measure the flow curves
of AAC pastes in this thesis. Both a six-vane blade vane rotor and a custom building
materials cell were used. The outer diameter and the depth of the cup were 27.6 mm
and 75 mm, respectively. The six-blade vane diameter was 22 mm. It should be noted
that AAC pastes are influenced by many factors, thereby exhibiting a very wide
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variety of rheological behaviour. In this thesis, depending on the characteristics of
pastes, different shear protocols are used. These protocols will be separately
introduced in the different chapters.

2.1.4 Small amplitude oscillation shear tests (SAOS)

The structural build-up of AAC mixtures was determined by a rotational and
oscillatory rheometer (Anton Paar MCR 102). The rheological measurements were
carried out under constant temperature conditions at 20 + 0.5 °C and each mixture was
tested with three new samples to check the repeatability of the tests. The presented
curves are representative curves, which are fitted to the average of three tests. A six-
blade vane geometry in a cylindrical cup was used to avoid the influence of slippage
between paste and the metal surface of either a plate or cylindrical geometry custom
to other rotational and oscillatory geometries [184], [185]. To minimize the influence
of evaporation, a plastic lid covered the cup without touching the rotary axis of the
vane geometry.

In SAOS testing, the response of the material being subjected to a continuous
sinusoidal excitation is measured to evaluate the structural build-up of the material
over time. As the introduced excitation is very small and in the range of the linear
viscoelastic domain (LVER) of the material, this method can promise the sample is
not influenced and ruptured during structural evolution, and therefore it is assumed to
be non-destructive. The measured responses (shear stress amplitude against a
deformation excitation or vice versa) are converted to parameters called storage
modulus (G') and loss modulus (G"). Storage modulus relates the elastic behaviour of
the material and it is proportional to the energy stored in each cycle of the excitation.
On the other hand, the loss modulus relates to the viscous behaviour of the material
and it is proportional to the lost or dissipated energy in each cycle. The loss factor is
the ratio between G" and G'. The storage modulus and the loss factor are considered
in this work to investigate the network structure development as a function of time.

Strain-sweep tests with strain amplitude from 0.0001% to 10% (or 20%) and constant
frequency of 1 Hz were carried out to determine the LVER before the time-sweep tests,
which is also commonly applied in other studies [186], [187]. The strain amplitude of
0.005% was selected in order to guarantee that all the mixtures are in the LVER, which
was consistent with the order of 10~ used in Yuan et al. [27] and Mostafa et al. [188].

The fresh paste was loaded to the cup after mixing and was subjected to the first pre-
shear at a rotational speed of 100 s! for 30 s to achieve a reference state. Afterwards,
the samples rested for 30 s to dissipate residual stresses due to mixing, then the time-
sweep test was immediately conducted.
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2.1.5 Ultrasonic pulse velocity (UPV)

The ultrasonic pulse velocity measurements can be used to assess the microstructural
changes and structural build-up, which are correlated to the isothermal heat evolution
and Vicat setting times. Fig. 3-2 presents the UPV test configuration. In this study, P-
waves were sent every 1 min through a 47.5 mm-wide paste sample, and the data were
collected over 24 h. The received ultrasound signals and their frequency spectrum
were calculated by the FreshCon software.

| i

N Computer/Data display ~ -
P \

—

|
e

FreshCon system 5

Fig. 3-2 Ultrasonic pulse velocity measurement configuration.

2.2 Mechanical properties and drying shrinkage testing methods

2.2.1 Mechanical performance

Mechanical properties of the mixtures were evaluated on mortar scale. All mixtures
had the same aggregate to binder ratio of 3. Standard CEN sand was used as aggregate.
The fresh mortars were poured into plastic molds of 40 x 40 x 160 mm? and vibrated
for 1min, then covered with a plastic film for 24 h. After demolding, all mortar
samples were cured under 20 °C temperature and 95% relative humidity conditions
until the testing day. Flexural and compressive strength of the samples were
determined according to EN 196—1 [189] at the age of 2, 7 and 28 days.

2.2.2 Mercury intrusion porosimetry (MIP)

At the testing ages, the paste samples were crushed into small pieces with dimensions
of around 1 cm?, and then these small sample pieces were immersed in isopropanol
for one week to stop the reaction of the slag and dried in a 40 °C oven for 1h. The
dried samples were stored in a low vacuum desiccator before the analyses. A Pascal
440 mercury porosimeter with a maximum load capacity of 420 MPa was used in the
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MIP test. However, the maximum pressure was limited to 200 MPa in order to avoid
cracks induced by the mercury pressure [79], [190]. The adopted mercury surface
tension and contact angle between the mercury and the solid surface were 0.482 N/m
and 142°, respectively.

2.2.3 Drying shrinkage

The drying shrinkage values of the mortar specimens were determined by DEMEC
(DEmountable MEChanical) gauges method. For each mixture, three prismatic
specimens were used. After two days of curing in a moisture room, all specimens were
moved to a temperature and moisture-controlled room (20 °C and 65% RH). Two
measuring points were glued (DEMEC point locations) to the central line of the three
surfaces of the specimens. For each specimen, three surfaces were measured (except
for the troweled surface). The distance between two points (gauge length) was 100
mm. The details of the test set-up can be found in the paper of Tenoério Filho et al.
[191]. The measurements were recorded up to 70 days.

2.3 Microstructure analysis

2.3.1 Pore solution chemistry

The pore solution chemistry of AAC mixtures at the early ages was analyzed by
Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES, 720 ES
Varian/Agilent). The pore solutions of AAC mixtures were obtained by the
centrifugation (3500 rpm for 5 min) of paste samples at different early ages. The
obtained pore solutions were filtered by a syringe connected to a disposable 0.45 um
syringe filter. The pore solutions were diluted with pure water. The dilution ratios for
determining low concentration elements (Al, Mg, Ca and Fe) and high concentration
elements (Na, Si, B and P) were 1:20 and 1:4000, respectively. ICP — OES analyses
were conducted on the pore solution samples as quickly as possible on the same day
to prevent any salt precipitation. The ion concentrations of the activator solutions were
shown at zero time in the ICP analysis results.

2.3.2 X-ray diffraction (XRD)

The samples were taken from the hardened paste samples at the testing ages.
Following the RILEM TC-238 methodology [72], 3 g of the crushed pieces with a
size between 125 pm and 1 mm were mixed with 100 ml isopropanol for 15 min. The
suspension was filtered and rinsed with isopropanol and diethyl ether before drying at
40 °C for 8 min. Then the dried samples were stored in a low vacuum desiccator before
the analysis. The XRD measurements were conducted on a Rigaku D/Max-2200/PC
X-ray diffractometer with CuKa radiation (A = 0.1542 nm) at 40 kV and 36 mA,
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scanning from 5° to 70° 26 with 0.02° step size.

2.3.3 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were used to investigate the main bands assigned to the Si-O-Si bonds
of the activator solution. The measurements were carried out using a Bruker FTIR
spectrometer by placing several drops of the solutions on a 3 mm diameter
diamond/ZnSe crystal of attenuated total reflector (ATR) accessory. Before each test,
the background was scanned to check the cleanness of the ATR. The spectra resolution
was 1 cm™! and an average of two scans was taken into consideration for each sample.

The hardened AAC samples were tested at the testing ages. Following the RILEM
TC-238 [72] methodology, after crushing the hardened pieces to a size of 125 pum to
1 mm, 3 g of the powder was mixed with 100 ml isopropanol for 15 min. The
suspension was filtered and rinsed with isopropanol and diethyl ether before drying at
40 °C for 8 min. Then the dried samples were stored in a low vacuum desiccator prior
to analysis. KBr pellets were prepared by mixing 1 mg of sample and 100 mg of KBr.
The FTIR tests were conducted on a Perkin Elmer spectrum BX FT-IR system, at the
frequency range of 400 — 4000 cm™! with 4 cm! resolution

2.3.4 Scanning electron microscopy (SEM) and Image analysis (IA)

The sample preparation is followed by RILEM TC-238 methodology [72]. For the
fractured samples, they were coated with carbon before SEM secondary electron (SE)
imaging. For polished samples, paste at the age of testing days were immersed into
epoxy, and then sectioned, followed by polishing up to 0.25 pum surface fineness using
diamond paste. Afterwards, the polished samples were observed by SEM with
backscattering electron (BSE) mode at an acceleration voltage of 15.0 kV under low
vacuum mode. The magnification of each image was 500X. A representative BSE
image and an analytical procedure for calculating the reaction degree from BSE
images are illustrated in Fig. 3-3. The discrimination between hydrated/anhydrous
regions using the original BSE image is not easy, since no distinctive peaks according
to gray level are observable from the gray-level histogram. The bilateral filter
available in ImageJ software (https://imagej.nih.gov/ij/) was used to make the BSE
images smoother and keep the particle edges in BSE images. The gray-level histogram
(Fig. 3-3b) was obtained from the cropped/filtered image. As can be seen from Fig.
3-3b, there were two distinct regions allowing the determination of the thresholds for
quantifying the areas corresponding to unreacted GGBFS and hydrated phases, as well
as cracks or pores. By applying an appropriate threshold value (Fig. 3-3b), the areas
corresponding to the unreacted GGBFS were obtained as shown in Fig. 3-3b. As well
known, the first principle of stereology (or the Delesse Principe [192]), a
determination of the area fraction of a phase in random sections is an unbiased
estimator of the volume fraction of this phase. As such, the degree of reaction of
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GGBEFS can be estimated as follows in Eq. (3-2):
v A
a(t) = ( —V—f) x 100% = ( —A—t) x 100% (3-2)

where a (t) is the degree of reaction of GGBFS at age t, V; and V; are the volume
fraction of unreacted slag relative to the total volume of mixture at given curing time
and at the initial state, respectively, and A; and A; are the area fraction of unreacted
slag relative to the total cross section of mixture at given curing time and at the initial
state, respectively, as obtained by the BSE image analysis. It is reported that the image
analysis based on 12 or more BSE images could enable a 95% degree of confidence
[193]. Consequently, a total number of 20 images on randomly selected locations for
each sample were submitted to image analysis.

Fig. 3-3 A representative filtered backscattering electron (BSE) image by Bilateral
filter (a) with its gray level histogram (b), unreacted GGBFS (c) and cracks or pores
(d) obtained after applying thresholds on the filtered BSE image.

2.3.5 Isothermal calorimetry

Heat evolutions of paste samples were recorded for 7 days using an isothermal
calorimeter (TAM Air, TA Instruments, USA) at 20 °C. After mixing, a glass ampoule
bottle was used to weigh the 14 g paste sample, and then the sealed bottle was loaded
into the isothermal calorimeter.

52



Chapter 3

2.3.6 Nuclear magnetic resonance (NMR)

It is important to select the appropriate method to stop the hydration of cementitious
materials prior to 2°Si Magic angle spinning (MAS) NMR tests as aforementioned in
Chapter 2. In this study, the method to arrest hydration of alkali-activated slag (AAS)
pastes was the one followed by Chen et al. [73]. Firstly, the fresh pastes were mixed
with deionized water and then subjected to centrifugation, after which the liquid can
be removed. This water extraction can be repeated and be used to remove the soluble
silicate species. Afterwards, a chemical extraction was carried out, the solid part was
put on the 0.2 pm nylon filter membrane, and then at least 400 ml solvent (50/50
volume of methanol/acetone) was added to wash the solid part and remove the water.
The remaining particles were collected and placed into a moderate vacuum for 24 h
prior to NMR analysis. Recently, Palacios et al. [20] has also pointed out that the
initial washing of the AAS pastes with water and subsequent treatment with
isopropanol can be the most appropriate method to achieve the stoppage hydration of
AAS pastes.

Solid-state 'H-??Si Cross polarized MAS NMR spectra (Solid-state 2Si MAS NMR)
were acquired on an Agilent VNMRS DirectDrive 400 MHz spectrometer (9.4 Tesla)
equipped with a T3HX 3.2 mm probe. Magic angle spinning was performed at 8 kHz
(6.5 kHz) using ceramic zirconia rotors. The signal of talc was used to calibrate the
silicon chemical shift scale (-98 ppm). Acquisition parameters used were: a spectral
width of 24 kHz, a 90° pulse length of 3.2 us (4.5 ps), an acquisition time of 15 ms, a
recycle delay time of 3 s (20 s), a spin-lock field of 80 kHz, a contact time of 1 ms,
and about 100000 (8000) accumulations. High power proton dipolar decoupling
during the acquisition time was set to 80 kHz. (It should be noted that the parameters
used for solid-state 2°Si MAS NMR were listed in parentheses) Regarding the
deconvolution of spectra, they were decomposed by the Gaussians peaks [194], [195].
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Influence of activator nature on the rheological
and setting behaviour of AACs
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Chapter 4 Sodium hydroxide activator

This chapter presents the effects of the concentration and solution to binder ratio of
sodium hydroxide activator on the rheological and setting behaviour of alkali-
activated slag mixtures (AAS).
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1. Introduction

As well known, the most common used alkali hydroxide in AACs is sodium hydroxide
(NaOH). In this chapter, the effects of concentration of sodium hydroxide activator on
the rheological and setting behaviour of AACs is studied. Various techniques, such as
UPV and ICP-OES were used to understand the reaction process of AACs. Next to
that, the rheological tests were conducted to reveal its rheological behaviour.

A general model for the reaction process of alkali activation was suggested by
Glukhovsky [196]. Glukhovsky [196] proposed that the alkali activation of
aluminosilicate-based precursors contains four stages: dissolution, reconstruction,
condensation and crystallization. As well known, the early age reaction process of
AACs can influence the microstructure [197], strength development [80], [198], and
durability-related properties, such as permeability [80], shrinkage [83] and
efflorescence [199]. Therefore, it is crucial to fully understand the early reaction
process of AACs. Although AACs represent a potential alternative to traditional
cementitious materials, very limited information is available on their rheology and
setting behaviour. As a typical non-destructive test method, the ultrasonic wave
technique has been applied to continuously monitor the early age reaction process of
cementitious materials due to its advantages, such as good orientation, strong
penetrating ability, and easy detection [43]. Cao et al. [43] stated that this method is
very suitable for the alkali-activated slag systems considering the quick setting and
rapid hardening characteristics of AACs. The same authors investigated the effects of
different types of activators (sodium hydroxide and sodium silicate) on reaction
processes and microstructure evolution, and reported that the early age
geopolymerization of sodium silicate-activated pastes was more complex as compared
to sodium hydroxide-activated pastes. Uppalapati et al. [44] evaluated the setting
process of alkali-activated slag/fly ash mixtures using ultrasonic P-wave velocity, and
recognized the reaction process stages as dissolution, precipitation, rapid
polycondensation and densification by forming more reaction products. Consequently,
it is believed that the use of ultrasonic monitoring can achieve the in-situ monitoring
of the rapid reaction processes at very early age of the AACs. Moreover, in this chapter,
the effect of sodium hydroxide concentration on the rheology of AACs such as, yield
stress, viscosity and shear-thinning/shear-thickening behaviour was explored and
discussed.

2. Experimental program

2.1 Mixture design

Table 4-1 shows the mixture designs for the investigated AAS with NaOH
concentrations varying between 0.5 and 8 mol/L and the PC paste of standard
consistency with water to cement ratio of 0.30. The AAS mixtures with different
NaOH concentrations were prepared by using a constant solution to binder ratio (S/B)
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of 0.5.

Table 4-1 Mixture design of AAS mixtures and Newtonian viscosity of the activator
solutions.

Mixture NaOH Solution to binder Newtonian viscosity of the
concentration ratio (S/B) activator solutions (Pa-s)
&M 8 mol/L 0.50 0.038
6M 6 mol/L 0.50 0.029
4M 4 mol/L 0.50 0.025
2M 2 mol/L 0.50 0.022
0.5M 0.5 mol/L 0.50 0.018

2.2 Sample preparation

The required amount of water for standard consistency of PC was determined by a
penetration test following EN196-3:2005 [40] , resulting in a water to cement ratio of
0.30.

The fresh NaOH-activated GGBFS pastes were mixed using a rotational rheometer
with a helix geometry. The mixing procedure was set as follows: the precursors were
first manually mixed with NaOH activator solution in a container with a diameter of
28 mm and height of 70 mm. Afterwards, the helix geometry was inserted into the
sample, and the shear rate was gradually increased from 0 to 3000 min™! within 30 s,
and subsequently the mixture was mixed for 120 s at a rotational speed of 3000 min-
!, The fresh paste samples obtained in the rheometer were used for the rheological
tests and the isothermal calorimetric measurements. As for Vicat setting, ultrasonic
pulse wave, and pore solution chemistry tests, the paste samples were prepared in a
Hobart mixer by mixing all the ingredients at low (140 + 5 rpm) and high (285 + 5
rpm) speeds for 90 s each.

2.3 Protocol for flow curves

The paste was pre-sheared at a shear rate of 200 s for 30 s and was kept at rest for

30 s to release the residual stress. Then the paste was sheared with the following shear

protocol: a linear shear rate ramp-up from 0 to 10 s in 60 s and 10 to 200 s™' in the

next 60 s, followed by a ramp-down from 200 to 10 s™' in 60 s and 10 to 0 s™!' in the

next 60 s, as illustrated in Fig. 4-1. This cycle was repeated nine times with a pause

of 6 min between the cycles. The yield stress was measured by fitting the Herschel-
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Bulkley equation (Eq. (2-3)) to the downward curve of the flow curve and the apparent
viscosity (the ratio between shear stress and shear rate) was calculated at a shear rate
of 125 s,

All measurements were performed at the temperature of 20 £ 0.5 °C. The viscosity of
NaOH solutions given in Table 4-1 was also determined using the same shear protocol
(Fig. 4-1).
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Fig. 4-1 Shear protocol.

2.4 Thermodynamic modeling

Thermodynamic modelling can be a useful tool to understand chemical reactions.
Once the alkaline solution contacts with aluminosilicate precursors, the dissolution
starts, and some solid reaction products are formed when the aqueous solution is
saturated with the ions.

In this study, the pore solutions of 8M, 4M and 0.5M were considered for
thermodynamic modelling. The saturation index (SI; Eq. (4-1)) was used to predict
whether a solid reaction product can be formed or not.

SI = Log™22 (4-1)
Kso

where TAP and Ksy are the ion activity product and equilibrium solubility product of
a solid, respectively. It is noted here that SI > 0, SI < 0 and SI = 0 indicate
oversaturation, undersaturation, and equilibrium between solution and solid,
respectively. As the use of SI can be misleading when comparing phases that are
dissociated into a different number of ions, an effective saturation index (ESI; Eq.
(4-2)) is introduced to analyze thermodynamic modelling of the pore solution.

ESI = SI/N (4-2)
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where N is the number of ions participating in the reactions to form the solids. The
Gibbs energy minimization software GEM-Selektor v.3 and the thermodynamic
database developed by Myers et al. [87] and Lothenbach et al. [200], respectively were
used for the thermodynamic modelling of alkali-activated slag paste. The elemental
concentrations measured by ICP - OES were used as INPUT to calculate the activities
of ions. Myers et al. [85] used a set of eight CNASH_ss end members to elucidate the
calcium aluminosilicate hydrates in AAS. Among the eight end-members for the
calcium aluminosilicate hydrates, SCA and INFCA are two C-A-S-H gel end members,
5CNA and INFCNA are two C-N-A-S-H gel end-members, INFCN is a C-N-S-H gel
end-member, and T2C*, TSC* and TobH* are three C-S-H gel end-members. Besides
the calcium aluminosilicate hydrates, there are other crystalline reaction products
found in AAS, such as hydrotalcite, tetracalcium aluminate hydrate (C4AH,3), katotite
(C3AHg) and stratlingite (C2ASHg). The corresponding chemical reactions and
equilibrium solubility products of these eight end-members and their corresponding
chemical reactions and equilibrium solubility products can be found in ref. [201].

3. Results and discussions

3.1 Comparison between UPV and Vicat setting results

Typical ultrasonic P-wave velocity curves and their first derivative curves of AAC
pastes are illustrated in Fig. 4-2 and Fig. 4-3, respectively. As can be seen in Fig. 4-2,
a higher concentration of NaOH activator generally resulted in a higher P-wave
velocity in the first 24 hours. Zuo et al. [88] also confirmed that an increase in NaOH
content could accelerate the reaction kinetics and increased the volume proportion of
crystalline reaction products, leading to a more rigid microstructure.
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Fig. 4-2 Ultrasonic pulse velocity of AAC pastes and PC pastes.
Fig. 4-3 shows the comparison of initial setting times of the pastes determined by UPV
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and Vicat needle tests. Previous studies reported that the initial setting can be
determined by the UPV curve with different methods: 1) by the first inflection point
of the P-wave [202], 2) by the time when the P-wave development starts to increase
[203], [204], 3) by the time when the P-wave reaches the velocity valid for water
between 1400 and 1500 m/s [44], [202], 4) or at the intersection of three straight lines
tangent to the P-wave curve [205]. As shown in Fig. 4-3, the time at which the first
inflection point appeared on the UPV curve was very close to the initial setting time
determined by Vicat needle test for both sodium hydroxide-activated cements and
Portland cements. In the meantime, the values of P-wave were also close to 1550 m/s
when the initial setting occurred. It is well known that a higher concentration of NaOH
results in a shorter initial setting time. These phenomena can also be observed in Table
4-2. The initial setting times of the pastes activated by 2M NaOH was 156 / 151 min
by UPV / Vicat needle test. The initial setting times significantly decreased to 80 / 87
min by UPV / Vicat needle tests when the activator concentration was increased to
8M. Since the 0.5 M mixture contained a plateau period without any increase in
velocity, it was difficult to determine its initial setting time by using UPV technique.
The reasons for the occurrence of this plateau will be discussed in Section 3.2.
Therefore, in this study, two strategies were found appropriate to analyze the setting
behaviour of alkali-activated slag mixtures and to determine their initial setting time
by using ultrasonic velocity measurement. One is based on the identification of the
characteristic points or inflection points in the ultrasonic curves. Another approach is
the time to reach a specific value or range of ultrasonic velocity.
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Fig. 4-3 Examples of the comparison between Vicat needle tests and UPV (a) PC
SC, (b) 8M.
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Table 4-2 Summary of the initial setting times determined by UPV and Vicat needle
tests.

Mixtures PCSC &M oM 4M M 0.5M

Vicat initial 232 87 94 118 151 780
setting (min)

UPV (min) 248 80 88 119 156 /

3.2 Comparison between UPV and calorimetric results

Ultrasonic P-wave velocity (UPV) curves of AAC pastes and the comparison between
UPV and calorimetric measurements are illustrated in Fig. 4-4. The UPV curve of PC-
based pastes at the early age can be divided into four stages such as dissolution stage
(stage I), induction stage (stage I a), acceleration stage (stage 11), and the deceleration
stage (stage III). In comparison, there were only three stages (dissolution stage I,
condensation/acceleration stage I, and deceleration stage III) in the NaOH-activated
slag mixtures since the induction period was too short.

Stage I: In the dissolution stage, the measured P-wave velocities in both fresh AAS
and PC pastes are substantially lower than that of the alkaline solution (1450-1580
m/s). The main reasons for this can be associated with some factors as follows. The
first reason is air bubbles entrapped into the mixture during the mixing, as pointed out
by some previous studies [44] and [206]. The second reason can be related to the
extended length of the wave-path length due to the suspended slag grains in the
solution being similar to the observed case for Portland cement systems [202].
Meanwhile, the first peak of the heat flow curve, namely dissolution peak, occurred
in the Stage I. A number of studies [51], [207] pointed out that this peak was related
to wetting of particles, dissolution of the starting materials (the breakdown of Me-O
and T-O bonds of GGBFS), and also partly owing to the formation of initially
dissolved silicate units and their interactions with Ca and Na ions. The cumulative
heat curve in this stage for the PC and AAS pastes exhibited very limited growth. At
the end of the dissolution stage, initially formed oligomers and/or monomers in the
solution mingle with slag particles forming a network structure that provides a better
pathway for the propagation of ultrasonic waves, and the P-wave velocity starts to
increase. As clearly shown in Fig. 4-4a, it was found that an induction period lasting
approximately 2h (Stage I a) also could be found for the PC paste, which is consistent
with the existing literature [208]. But, there was no apparent induction period during
early reaction time for the AAS pastes.

Stage II: In the acceleration/condensation period, P-wave velocity starts to increase
rapidly. This is due to the rapid development of the solid percolation path, leading to
ultrasonic waves passing through the solid phase instead of the liquid phase. Thus, a
sudden increase in the ultrasonic wave was observed in Stage II. In the meantime, the
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heat flow curve also started to increase rapidly in this stage. The remarkable
acceleration of heat flow and ultrasonic waves can be attributed to two phenomena.
On the one hand, a large amount of the previously formed aluminosilicate oligomers
and monomers starts to interconnect, and hence the larger aluminosilicate structural
units are formed around the slag particles due to the massive condensation between
different oligomer units. On the other hand, filling the pore space with the rapid
formation of the reaction products formed by the combination of the anions with the
dissolved Ca** from the slag contributes to the ultrasonic velocity increase in Stage 11
[44], [209], [210]. As a result, the system started to change from a suspension state to
a solid network frame, and it is worth noting that in most cases, initial setting of the
AAC pastes occurred in this period. Therefore, it can be summarized that the
accelerated P-wave during the rapid increase in heat flow reflects that the reaction
stage of AAS activated by NaOH can be separated into the dissolution followed by
precipitation and rapid condensation between initially formed aluminosilicate
oligomers and/or monomers. Besides, the mixture of 4M and 8M showed a very
similar cumulative heat value around 150 J/g binder at the age of 24h, indicating that
when the addition of NaOH reached a threshold, the heat release would not increase
dramatically. This is also in agreement with the findings of Xie et al. [211].
Furthermore, the PC paste also exhibited the same calorimetric and ultrasonic trend
with AAS pastes, concluding that both PC paste and AAS paste activated by NaOH
might have a similar reaction mechanism.

Stage III: In the deceleration stage, a slight increase in the ultrasonic velocity is
observed and it reaches a plateau. In the meantime, the heat flow also exhibits a
rapidly decreasing trend in Stage II1. Cao et al. [43] pointed out that the capillary pores
in the compact matrix were almost fully filled with the further reaction products in
this stage. Consequently, the P-wave curve did not change substantially.

Interestingly, it was difficult to separate the mentioned stages in the 0.5M mixture as
it showed a plateau without any increase in ultrasonic velocity from the beginning. A
previous study [212] reported that the presence of the plateau could be associated with
the water to binder ratio and the particle fineness. However, the plateau can only be
related to the water to binder ratio in this study since the slag fineness was the same
for all mixtures. Obviously, the mixture of 0.5M contained the highest amount of
water compared to other mixtures. Consequently, this can be due to the intensive
retardation of the formation of the connected solid network caused by the availability
of water to prevent the close contact of the hydrating particles [212]. The calorimetric
results of 0.5M mixture showed no increase in the heat flow at this stage, which can
validate the plateau in the ultrasonic velocity readings. Besides, since bleeding also
occurred in the sample 0.5M, the monitored ultrasonic velocity can be the signal that
travels through the liquid [213]. As presented before, the speed of the sound in the
activator solution was around 1450-1580 m/s, the recorded sound velocity for sample
0.5M was in the range of the speed in its liquid phase and thus no microstructural
evolution could be observed. Afterwards, it was observed that an increase in velocity
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occurred for sample 0.5M after approx. 14h. This increase of the ultrasound velocity
in the induction period can also be explained by some physical phenomena: air bubble
migration to the surface due to the bleeding, workability loss due to intake of solution
by initial chemical reactions and the densification of the internal structure by settling
of the particles due to gravity, resulting in a mechanical bounding between particles
[44]. In the meantime, there was no noticeable increase in heat release for sample
0.5M in the first 24h.
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Fig. 4-4 Compasion between the evolution of UPV and calorimetir curves (a) PC
SC, (b) 8M, (c) 4M, (d) 0.5M.

3.3 Rheological test results

Fig. 4-5a shows the yield stress evolution of AAC pastes with time. It can be seen
from Fig. 4-5a that an increase in molarity of NaOH solution resulted in a higher yield
stress. In particular, the yield stress of the 8M mixture evolved quickly with an
increasing rate, while the yield stress of the mixture of 4M, 2M, 0.5M retained a
constant value lower than 50 Pa, indicating better workability compared to the 8M
mixture. The evolution of the apparent viscosity of AAC pastes is presented in Fig.
4-5b. The general trend was similar to yield stress evolution: a higher concentration
of the activator solution led to higher apparent viscosity. The paste activated by 8M
NaOH exhibited a pretty high apparent viscosity compared to other mixtures having
apparent viscosities ranging from 0.70 to 3.53 Pa-s. Puertas et al. [31] also pointed out
that raising the activator concentration (from 3% to 5% Na,O) in the AAS pastes
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induced an increase in both plastic viscosity and yield stress values, similar to the
findings in this study. This was directly owing to the rise in the concentration of OH
ions, which favored more intense slag dissolution and consequently the formation of
more reaction products like calcium aluminum silicate hydrate (C-A-S-H) gel [31].

Besides, previous studies [33] [49] showed that the rheological behaviour is strongly
influenced by the alkaline solution composition and its viscosity. In this study, the
Newtonian viscosity of the NaOH activator solution was measured using the same
shear protocol, and the results are given in Table 4-1. The correlations between the
Newtonian viscosity of the activator solution and apparent viscosity of the pastes
(cycle 1 at the age of 10 min) are shown in Fig. 4-6. It should be noted that the
Newtonian viscosity of the activator solution is strongly dependent on the applied
shear protocol, rheometer and the geometry of the system [48], [49]. Obviously, the
viscosity of the activator solution increased with an increase in NaOH concentration.
The results revealed that the viscosity of the pastes increased with an increase in the
viscosity of the activator solution. This is also consistent with the previous studies
[48]. The linear correlation between the Newtonian viscosity of the alkaline solution
and the viscosity of pastes can be observed for mixture 0.5M, 2M, 4M and 6M.
However, the mixture of 8M did not follow the trend, showing much higher values
than given by the linear trend line. This means that the apparent viscosity of 8M
mixture is not only controlled by the Newtonian viscosity of the activator solution. In
this mixture, the more rapid formation of the reaction products probably increased the
apparent viscosity of the paste.

As such, a significant impact of the activator is expected on the rheological behaviour
due to the viscous dissipation, which is distinctly different from the rheological
behaviour of Portland cement pastes. However, when the NaOH concentration reaches
8M, the chemical process is more important to determine the apparent viscosity than
the viscosity of the activator solution.
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Fig. 4-5 The evolution of yield stress and apparent viscosity of AAS pastes.
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Fig. 4-6 Correlation between the viscosity of the activator and the apparent viscosty
of AAS pastes (cycle 1 at the age of 10 min).

Fig. 4-7 presents the rheological behaviour of the AAS pastes associated with the
shear thickening/shear-thinning behaviour (the n value in Eq. (2-3)). Feys et al. [214]
have pointed out that the shear thickening behaviour plays a significant role in the
cementitious materials production, especially during the mixing and pumping process.
As shown in Fig. 4-7, it could be noted that the mixture of 8M always showed shear
thickening behaviour, while other mixtures presented shear thinning behaviour during
most of the measurement time. Theoretically, the shear thickening behaviour is caused
by the formation of the clusters and the influencing factors such as particle size,
volume fraction of solids [214] , bi- or polydispersion, particle shape, polymer
coatings and flocculated particles. In this study, the shear thickening behaviour of
AAS pastes is dominated by the volume fraction of solids and the formation of
flocculated structures. As the NaOH concentration of the activator solution increases,
the amount of water decreases and the volumetric fraction of the solids increases in
the mixtures. Previous studies [214] revealed that the intensity of shear thickening
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increases with increasing volume fraction of suspended particles. Consequently, only
the mixture of 8M showed shear thickening behaviour due to its higher volume
fraction, while other mixtures did not present shear thickening behaviour due to their
relatively lower volume fraction. Furthermore, another more important factor is the
formation of clusters, as the mixture of 8M had higher OH"ion concentration leading
to faster massive reaction product formation. Although other mixtures exhibit shear-
thinning behaviour in the beginning stage, the formation of clusters in the suspension
started to accumulate with time elapsing; thus the n index of mixtures 6M, 4M and
2M also increased. Eventually, for the mixture of 6M, it transferred from shear-
thinning to shear-thickening behaviour at the end of the measurement.

15

IR SRl T I
e gL DRSSPI TTEL io
g L&
Shefr thickening
104------ L—-—--—-——---——-—----------—----:----:z-:-.-.‘ -----
T4 e 2 .
® Shear thinning e i e
3 " il == L
£ el e
e o a----"
i o=l p-m o w--moTT
0z o . 8M
6M
A- am
--e- 2M
--m- 0.5M
0.0 ® T T T T T T T T
0 20 40 60 80 100
Time (min)

Fig. 4-7 The rheological behaviour of AAS pastes.

Fig. 4-8 shows the first and last hysteresis cycles of the AAS pastes during the
measurement time, and Table 4-3 summarizes the rheological parameters of AAS
pastes measured by the dynamic shear test. The area of the hysteresis loop is
considered as the level of thixotropy [215]. Generally, thixotropy is known as a
phenomenon of a physico-chemical reaction. However, as the flocculation and
hydration occur simultaneously, attributing the structural build-up or break down
solely to one of these phenomena is not straightforward [216]. From the data presented
in Table 4-3, it was apparent that the thixotropic behaviour of AAS pastes did not
increase significantly with an increase in NaOH concentration in the early time (cycle
1) except for the mixture of 8M showing approximately three times higher thixotropic
area as compared to the mixture of 0.5M. While with time elapsing, the increase in
NaOH concentration of activator solution can substantially increase the thixotropic
area of the AAS pastes (cycle 9).
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Table 4-3 Thixotropic area of the AAS pastes hysteresis loops.

Mixture Cycle 1-Thixortropic area (Pa/s)  Cycle 9-Thixortropic area (Pa/s)

Measured value Nominal = Measured value Nominal
value value
&M 4908.48 3.07 31000.23 14.61
6M 1954.24 1.22 29977.57 14.13
4M 1556.40 0.97 15443.49 7.28
2M 1430.77 0.90 6471.49 3.05
0.5M 1597.44 1.00 2121.29 1.00

3.4 Pore solution chemistry

Three mixtures activated by the different alkaline activators (8M, 4M and 0.5M with
S/B=0.5) were chosen to observe the effects of activator concentration on the
evolution of the pore solution composition with respect to ionic concentrations
starting from 10 min to 90 min. The evolution of the ionic concentrations in the pore
solution is given in Fig. 4-9. It should be noted that the evolution of these ionic
concentrations reflects the remaining ion amounts in the pore solution after the
consumption of the released elements from the precursor for the formation of the
reaction products. It can be seen from Fig. 4-9 that the pore solution composition was
dominated by OH and Na ions, while other elemental concentrations, such as Ca, Al,
S and Si, were relatively much lower. All elemental concentrations increased with an
increase in NaOH dosage from 0.5M to 8M. The Si was rapidly released from the
GGBFS grains, especially for the mixture of 8M. Al and S were relatively lower than
Si, possibly because the GGBFS contains higher Si0,% than Al,03;% and SO3;%. A
previous study [88] also reported the same trend with this observation. Besides, it was
observed that Ca remained at a very low level in the pore solution, probably due to its
high consumption during the reaction product formations by its combinations with Si,
Na and OH™ [47], [88]. Therefore, it should be noted that Ca experienced a rapid
increase in the first 10 min because of the initial dissolution of GGBFS, then decreased
for all mixtures due to the participation of Ca into the reaction products.

Na and OH" both decreased after the first contact of GGBFS and activator solution,
then kept almost constant during the measurement time. It could be seen that the OH"
presented a very similar value or even slightly lower as compared to Na. This
observation is also in agreement with the previous findings by Zuo et al. [88]. There
could be two possible reasons leading to this difference. The first explanation could
be related to the measurement technique. The concentration of Na was measured by
an accurate technique — ICP-OES, while the OH" concentration was determined by
titration against hydrochloride acid. It should be noted that during the titration test,
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when the color turned from red to colorless, the pH of the pore solution was only
titrated below 8.2. In other words, the solution was basic and contained some OH" ions
that were not completely titrated. Consequently, by this method, the OH" concentration
could be relatively underestimated. Another possible explanation is that many other
anions, such as Si02~, AlO;, S?~ and HS~, were also shown in the pore solution,
while the pore solution should be electrically neutral, as such the presence of other
anions would result in smaller OH™ than Na. Furthermore, in this study, Mg and Fe
were also measured, but the results showed no Mg and Fe in the pore solution for all
mixtures. For Mg, it is possibly due to the rapid formation of hydrotalcite, leading to
the consumption of Mg. However, the confirmation of the hydrotalcite formation in
the early time needs further microstructural investigations. For Fe, the low amount of
Fe,0s3 in GGBES (0.39 %) could be the reason for the lack of Fe detection in the pore
solution.
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Fig. 4-9 Evolution of ion concentration in pore solution (a) Silicon, (b) Sodium, (c)
Calcium, (d) Aluminum, (e) Sulfur, (f) OH"

3.5 Pore solution thermodynamic modelling

In GEM-Selektor, the activity coefficients of the aqueous species were calculated
using the extended Debye-Huckel equation [217], which is applicable up to approx. 1
to 2 molal ionic strength. Fig. 4-10 shows the ionic strengths in the pore solution of
AAS paste. The ionic strength in the pore solution of 4M and 0.5M were within 1-2
molal, while the pore solution of 8M was beyond the valid range (~1-2 molal).
However, using an improved aqueous phases model, such as the Pitzer model, is
limited in the current version of GEM-Selektor. This is because the description of
aqueous silicate species in the database of GEM-Selektor does not extend beyond
dimeric silicate and aluminosilicate units [85]. On the other hand, GEM-Selektor has
been commonly used in the thermodynamic modelling of alkali-activated slag, and
the modelling results agreed well with the experimental data [85], [87], [200]. As such,
a slight excess of ionic strengths (>2 molal) would not impose a serious impact on the
modelling results.
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Fig. 4-10 The ionic strengths in the pore solutions of alkali-activated slag pastes,
calculated by GEM-Selektor.

Fig. 4-11 presents the effective saturation indices with regards to the eight end-
members and crystalline reaction products. As can be seen from Fig. 4-11, for the
mixtures of 8M and 4M, C-S-H (T2C* and T5C*), C-N-S-H (INFCN), C-N-A-S-H
(5CNA and INFCNA) and C-A-S-H (5CA) could be formed in the early reaction time.
While only C-S-H (T2C*) was predicted to form in the mixture of 0.5M, which was
in agreement with the pore solution composition of 0.5M, showing the lowest Ca, Si
and Al as compared to the other two mixtures. In the meantime, the effective saturation
indices of 8M show a slightly higher value than that of the mixture 4M, which was
consistent with the initial setting results as presented in Section 3.1. As for the
crystalline reaction products, there was no possibility of the formation of crystalline
reaction products for the mixture of 0.5M, while for the mixture of 4M and 8M,
Ca(OH), was more dominated during the measurement time.
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Fig. 4-11 Calculated effective saturation indices as a function of reaction time. (a)
and (d) 8M, (b) and (e) 4M, (c) and (f) 0.5M.

3.6 Compressive strength of AAC mixtures

Table 4-4 shows the compressive strength of NaOH-activated slag mixtures at the age
of 2, 7 and 28 days. It was clear that the higher concentrations led to a higher
compressive strength due to the increase in the formation of reaction products (C-S-
H, C-N-S-H, C-N-A-S-H and C-A-S-H) by the increase in alkalinity, as reported by
ref [81]. However, it should be noted that when the NaOH concentration exceeded
4M, the compressive strength did not increase significantly. For example, at the age
of 28 days, the samples with 4M, 6M and 8M NaOH showed the compressive strength
values 0of 41.8, 44.5 and 45.0 MPa, respectively. In other words, the excessive addition
of NaOH upon 4M cannot improve the mechanical performance of AAS mixtures. On
the other hand, using a very low NaOH concentration such as 0.5M may cause not to
develop the compressive strength at the early ages, as also observed in the calorimetric
results presented in Section 3.2.
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Table 4-4 Compressive strength (MPa) of AAS mixtures.

Compressive strength (MPa)

Mixtures
2 days 7 days 28 days
&M 23.5+0.5* 319+ 1.6 45.0+0.3
6M 233+0.3 31.1+£0.4 445+12
4M 21.9+0.1 29.3+£0.9 41.8+1.5
2M 15.9+£0.6 23.3+0.5 304+1.3
0.5M 0 9.4+0.1 14.6+04

* Standard error.
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4. Conclusion

This chapter aims to study the early reaction process and rheological behaviour of
sodium hydroxide — activated slag mixtures by using ultrasonic pulse velocity,
rheometer and ICP-OES. The following conclusions are drawn:

1. The UPV technique showed similar results with Vicat needle tests. The initial
setting time of the sodium hydroxide-activated slag mixtures could be determined by
identifying the characteristic points or inflection points in the ultrasonic curves or the
time to reach a specific value or range of ultrasonic velocity.

2. The early reaction process of sodium hydroxide-activated slag pastes could be
distinguished by three stages: (I) dissolution, (II) acceleration/condensation period
and (III) deceleration stage. Furthermore, PC pastes had a significantly more extended
induction period as compared to AAS pastes.

3. AAS pastes showed a shorter initial setting time, higher yield stress and apparent
viscosity with an increase in NaOH concentration. The viscosity of the AAS pastes
was found to be dependent on the viscosity of the activator solution. Additional
chemical contributions were found for a NaOH concentration as high as 8M which
caused even a shear-thickening behaviour.

4. The pore solution of the sodium hydroxide-activated slag mixtures was dominated
by Na and OH- ions. The concentrations of Si, Al and Ca increased with an increase
in NaOH concentration.

5. Based on the thermodynamic modelling study, the formation of C-S-H gel was
found possible in the mixture of 0.5M, while for the mixtures of 4M and 8M the
formation of C-S-H, C-N-S-H, C-N-A-S-H and C-A-S-H were predicted.

6. Compressive strength of AAC mixtures increased with an increase in NaOH
concentration. However, the mechanical performance would not improve significantly
when the NaOH concentration exceeded 4M.

7. Using an activator solution with 4M NaOH was found more favorable for activating
the slag used in this study with respect to rheology, setting and mechanical properties.
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Chapter 5 Sodium silicate activator

In this chapter, the effects of silicate modulus and concentration of sodium silicate
activator on the structural build-up of alkali-activated slag/fly ash pastes are
investigated. The relationship between structural build-up and pore solution chemistry
of alkali-activated slag/fly ash is also studied.
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1. Introduction

The successful application of AAC depends on understanding its rheological
behaviour because it can be used to guide mix design concerning flowability, stability,
pumpability, pouring and casting processes of fresh concrete. The rheological
properties of AAC depend on the physical and chemical properties of the used
precursors, type and content of the activators, mixing protocol as well as the ambient
conditions. Palacios et al. [30] reported that flow curves of sodium silicate-activated
GGBFS pastes fit better to the Herschel-Bulkley model whereas NaOH-activated ones
fit Bingham model. Rifaai et al. [48] studied the flow and viscoelastic properties of
NaOH-activated fly ash (FA) based geopolymers and reported the NaOH
concentration dependence of the yield stress, the storage modulus, and the
rigidification rate of the geopolymers. These rheological properties increase with an
increase in NaOH concentrations up to 7 mol/L however, the higher concentrations of
NaOH up to 14 mol/L cause a decrease in these parameters. Puertas et al. [180]
reported that the mixing protocol affects the AAC concrete rheology more than its
strength. Mehdizadeh et al. [218] reported that the phosphorus slag mixtures activated
with sodium carbonate and calcium hydroxide present shear-thinning and thixotropic
behaviour. Another study by Ishwarya et al. [138] pointed out that the shear-thinning
behaviour of alkali-activated slag-fly ash pastes becomes more pronounced with an
increase of water-binder ratio. In addition, some shear-thickening behaviours are also
reported by other researchers [30], [219]. It was evidenced in many studies that the
AAC pastes can be classified as thixotropic and non-Newtonian material presenting
workability loss in time due to chemical reactions. The formation of primary C-S-H
gel in alkali-activated GGBFS-FA mixtures and its effect on paste rheology were
confirmed.

From the rheological point of view, small amplitude oscillatory shear (SAOS) can be
employed to monitor the structural evolution during geopolymerization from the end
of the mixing to setting [52], [63]. During the SAOS test, a sample is subjected to a
sinusoidal strain or a given shear stress. The response of the material to the
deformation is used to evaluate the structural build-up of the material. The structural
build-up of cementitious materials at early age is an important property that affects
the formwork pressure generated by fresh concrete, stability of concrete after casting,
3D printability of concrete, and the formation of lift line in multi-layer casting. The
higher structural build-up rates are preferred in many concrete applications, such as
reduction of formwork pressure, slip form paving, fresh state stability, and 3D printing
concrete, while lower structural build-up rates are generally desired in some cases,
such as multi-layer casting applications to increase the bond strength between the
layers. Poulesquen et al. [50] investigated the storage modulus and loss modulus of
metakaolin pastes activated by different activation solutions. It was reported that the
metakaolin activated with NaOH had the faster reaction kinetics as compared to KOH,
although the structure formed with KOH was more rigid, forming larger oligomers or
favoring the connectivity of the tetrahedral network. Steins et al. [63] indicated that
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the maximum loss factor of geopolymers corresponds to the appearance of a rigid
percolating network as the transition of the precursors to the vitreous state [50]. As
can be seen from the literature, there are several studies concerning the basic
rheological properties and structuration of AAC mixtures however, the studies on the
structural build-up of AACs produced with the single and hybrid usage of GGBFS-
FA activated by NaOH and liquid sodium silicate are limited.

As well known, due to the rapid initial set of GGBFS-based mixtures made with
sodium silicate solution, the hybrid use of GGBFS and FA in AAC production has
recently attracted considerable attention to eliminate the deficiencies of AACs
produced with single use of these precursors. However, there are limited studies on
the rheological properties and structure build-up of hybrid GGBFS-FA based AAC.
Therefore, the activator solution related (Ms value and liquid sodium silicate dosage)
AAC design parameters were studied comparatively with respect to the setting time,
the rheological parameters and the mechanical properties. Besides, the effects of
GGBFS/FA ratio on rheological behaviour were also explored in this study. In addition,
the evolution of storage modulus of some selected alkali-activated GGBFS-FA pastes
was related with pore solution chemistry studies by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analysis technique.

2. Experimental program

2.1 Mixture design

The mixture properties are given in Table 5-1. This experimental study consists of
three different groups of AAC mixtures designed for investigating the influences of
binary mixture of GGBFS and FA, Ms value of activator solution and the sodium
silicate dosage on AAC rheological properties. In the first group, five different AAC
mixtures (Mix 1 to 5) were prepared with different GGBFS/FA ratios with an activator
solution having Ms value of 1.2 at a constant 5% Na,O content. GGBFS was replaced
with 30, 50, 70 and 100% FA in these mixtures. It was observed that the water
requirement of the mixtures decreased significantly by the increase of FA content of
the mixtures, possibly due to the spherical particle shape of FA. For this reason, the
spread diameter value of 175 £ 5 mm (determined by using a truncated cone with the
dimensions of 46 mm top, 68 mm base and height of 40 mm) was kept constant in
these series. Otherwise, excessive bleeding or insufficient workability occurred for
the high-volume FA mixtures and GGBFS mixtures, respectively. Therefore, as shown
in Table 5-1, the W/B ratios were gradually decreased from 0.45 to 0.31 with the
increase of FA amount for keeping the spread diameter constant.

In the second group of the mixtures (Mix 3 and Mix 6 to 9), the effects of Ms value
on the rheological properties of AAC were investigated on the 50% of GGBFS and
50% of FA hybrid mixture. Ms value of the activator solution was varied between 0
and 1.6 by the combination of sodium silicate and sodium hydroxide. The boundaries
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of Ms value (0 and 1.6) were obtained by using a single activator, NaOH and sodium
silicate, respectively.

In the third group (Mix 9 to 12), the effects of sodium silicate dosage were investigated
by using solely sodium silicate solution with different Na,O and SiO, contents varying
between 3% to 6% and 4.8% to 9.6%, respectively. The mixture notation shows the
alkali activator dosage as sum of the NaxO% and SiO,%. The mixture notations S, F
and SS indicate the weight percentages of GGBFS, FA and dry part in water glass (as
per precursor), respectively.

Table 5-1 Mixture design of alkali-activated AAC mixtures

Mix  Mixture notation GGBFS Fly ash Ms value W/B* Na,O SiO2 pH of activator solution
content (%) content (%) ratio  content (%)**  content (%)**
1 SOF100 /N5 Msl1.2 0 100 1.2 0.31 5 6 13.72
2 S30F70 /NS5 Msl.2 30 70 1.2 0.33 5 6 13.68
3 S50F50 /N5 Msl.2 50 50 1.2 0.37 5 6 13.65
4 S70F30 /NS5 Msl.2 70 30 1.2 0.41 5 6 13.60
5 S100F0 /N5 Msl.2 100 0 1.2 0.45 5 6 13.56
6 S50F50 / N5 Ms0 50 50 0 0.37 5 0 13.90
7 S50F50 /N5 Ms0.4 50 50 0.4 0.37 5 2 13.78
8 S50F50 N5 Ms0.8 50 50 0.8 0.37 5 4 13.73
9 N5Msl.6/SS13 50 50 1.6 0.37 5 8 13.45
10 N3Msl.6/SS7.8 50 50 1.6 0.37 3 4.8 13.36
11 N4Msl.6/SS10.4 50 50 1.6 0.37 4 6.4 13.40
12 N6Msl.6/8S15.6 50 50 1.6 0.37 6 9.6 13.50

* W-water, B-solid binder (binder+ solid in activator solution), S-GGBFS, F-Fly ash,
N-Na;0%, SS-dry part in sodium silicate

** by mass of precursors

2.2 Sample preparation

Activator solutions were prepared by mixing the liquid sodium silicate and sodium
hydroxide solution one day before paste and mortar preparation. The pH values of the
activators were measured by a pH meter. It should be noted here that the pH
measurements of the activator solutions by a pH meter may lead to some errors, to
some extent, due to very high alkali ion concentrations and the availability of silica in
the activator solution [105]. For the preparation of the paste samples, the activator
solution was poured into the Hobart mixer bowl first, then the dry-blended binders
(GGBFS & FA) were added and mixed at low (140 £ Srpm) and high (285 + Srpm)
speeds for 90s for each, respectively. Just after finishing the mixing stage, the
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consistencies of the fresh pastes were assessed by the slump-flow test according to
ASTM C1437 [183].

2.3 Protocol for flow curves

The experimental protocol consisted of pre-shearing at 200 s™!' for 30 s, followed by a
resting period of 30 s. The flow curve was then determined by increasing the shear
rate in eight consecutive steps from 25 s to 200 s™'. The total time for flow curve
measurement was approximately 15 min as shown in Fig. 5-1, each shear rate was
maintained for 1 min in order to ensure that the paste reached a steady-state condition
under the given shear rate. The data was recorded every second, and the last 30 data
points, providing an equilibrium shear stress at a given shear rate, were averaged to
represent the average shear stress at that shear rate. Dynamic yield stress and plastic
viscosity were determined from the down ramp curves that satisfactorily fit the
Herschel-Bulkley model (Eq. (2-3)).

200 <=

Shear rate(1/s)

Time(s)

Fig. 5-1 Shear protocol used for sodium silicate-based mixtures.

3. Results and discussions

3.1 Setting times

Initial and final setting times of the mixtures are presented Table 5-2. Setting times
with different GGBFS-FA ratios varied over a wide range. Initial and final setting
times of AAC pastes decreased with the increasing content of GGBFS despite the
increase in W/B ratio. Due to very slow reaction rate of FA at room temperature
conditions [220], the mixture containing only FA (SOF100) had a very long setting
time of 18 hours even in very low W/B ratio case. This very long setting time
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shortened to 101, 68, 59 and 44 minutes for the GGBFS incorporation ratios of 30%,
50%, 70% and 100%, respectively. The rapid solidification of GGBFS incorporated
mixtures can be attributed to the difference in dissolution and activation kinetics of
the FA and GGBFS. As reported before [221], [222], the main reason for the
accelerated solidification rate by the GGBFS incorporation into FA systems could be
associated to the rapid formation of some reaction products through the interaction of
Ca?' released from the GGBFS with silicates and aluminates.

Table 5-2 Initial and final setting times of the AAC pastes made with sodium silicate
activator.

Parameters Mix Mixture Initial setting  Final setting
Notation time (min) time (min)
1 SOF100 1101 /
2 S30F70 101 188
GGBFS/FA ratio 3 S50F50 68 158
4 S70F30 59 149
5 S100F0 44 119
6 N5Ms0 132 236
7 N5Ms0.4 330 656
Ms value 8 N5Ms0.8 86 209
3 N5Msl.2 68 158
9 N5Msl.6 56 107
10 SS7.8 45 147
Liquid sodium 11 SS10.4 45 129
silicate dosage 9 3S13 56 107
12 SS15.6 69 110

For AAC mixture produced with the usage of equal amounts of GGBFS and FA
precursors, the Ms value of the activator solution also significantly influences the
setting behaviour of the paste as explained below. The initial and final setting times
of the GGBFS-FA mixture activated by NaOH (Ms=0) were 132 and 236 min,
respectively as presented in Table 3. Incorporation of a low amount of sodium silicate
to activator solution (i.e. Ms=0.4) extended the initial and final setting times to 330
and 656 minutes, respectively. However, a further increase of sodium silicate amount
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to reach an Ms value of 0.8 caused a significant decrease in setting times. But, a further
increase in Ms value upon 0.8 decreased the setting times in a lower rate. The increase
of sodium silicate content in the activator solution lowered the pH of the solution
(Table 5-1) and provided more soluble silica available in the medium. The shorter
setting times with the presence of soluble silicates are associated to the acceleration
of the Ca?" release from GGBFS, and the reactions of silicates with Ca?" [223]. It
seems there is a threshold value for sodium silicate with respect to reaction kinetics.
Activation with only NaOH promoted the dissolution and product formation
simultaneously due to the high OH" concentration, causing a reaction ring formed
around the surface of GGBFS grains [81]. This reaction ring may have prevented a
further ion release to be used for the formation of the reaction products and hence led
to a decrease of reaction rate leading to a prolonged setting time. On the other hand,
an excessive higher Ms value (i.e. Ms=1.6 WG-activated) provided additional silica
causing a less alkaline medium. This probably allowed a higher dissolution degree of
precursors, and many nucleation sites were offered for the precipitation of reaction
products. Therefore, the solidification process was accelerated by the faster
polycondensation to form the primary C-S-H. Aydin and Baradan [80] reported that
the effect of Ms on setting time of alkali-activated slag pastes depends on the Na,O
content of activator solution. They showed that setting time of the mixtures decreased
slightly with an increase of Ms for 4% Na>O content, while significantly shorter
setting times were reported for intermediate Ms values of 0.4 and 0.8. On the other
hand, Humad et al. [224] reported longer setting times for the intermediate Ms value
in GGBFS -FA mixtures . It seems that the setting behaviour of AAC is not only driven
by the Ms value of the activator solution, but also by the Na,O content of the solution,
GGBFS properties and the presence of FA in the system.

The increase of sodium silicate activator dosage led to a contradictory influence on
the initial and final setting times. The increase of sodium silicate dosage slightly
extended the initial setting time but shortened the final setting time. A general
evaluation concludes that the setting times of alkali-activated GGBFS-FA mixtures
are found to be more dependent on the GGBFS-FA ratio and the Ms value of the
activator solution.

3.2 Critical strain of AAC mixtures

Fig. 5-2 presents the strain-sweep responses of AAC pastes with different GGBFS/FA
ratios, Ms values and sodium silicate activator dosages. As can be seen from Fig. 5-2,
two main regions, an initial plateau and a subsequent decrease corresponding to the
shear-induced breakdown, are observed in storage modulus curve. The strain level
corresponding to a decrease in storage modulus is defined as critical strain
determining the limit of the linear viscoelastic domain (LVER) of the material. To
determine the LVER, strain-sweep tests with strain amplitude from 0.0001% to 10%
and a constant frequency of 1 Hz were conducted. For all mixtures given in Table 5-1,
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all of the critical strain values were found to be within 0.01% to 0.1% interval. In
order to remain in LVER in time sweep tests, the strain amplitude of 0.005% was
selected for all mixtures.
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Fig. 5-2 Linear viscoelastic range of GGBFS-FA pastes with different parameters by
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the strain-sweep tests at frequency 1 Hz and 20 °C (a) GGBFS-FA ratio (b) Ms value
(¢) Liquid sodium silicate dosage.

3.3 Structural build-up of AAC mixtures

The effect of GGBFS content on the structural formation in the early stage was
presented in Fig. 5-3. The zero time in all graphs presented in this study shows the
first contact time of the activator solutions and the precursors. Fig. 5-3b shows the
storage modulus of the mixtures having different GGBFS contents on a logarithmic
scale to observe very early stage storage modulus development in more detail.
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Fig. 5-3 Evolution of storage modulus in the alkali-activated GGBFS-FA pastes with
different GGBFS-FA ratios (Ms=1.2) using SAOS test at strain of 0.005% ,
frequency of 1 Hz and 20 °C (a) Normal scale (b) Log scale.
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The evolution of storage modulus and loss modulus can show different physico-
chemical stages of the geopolymers such as initial reorganization,
dissolution/oligomerization, incubation, percolation/hardening and consolidation [52].
Generally, there are many types of non-contact interactions occurring within a
cementitious suspension [225], such as Brownian forces, inter-particle interaction
forces (such as electrostatic or steric repulsion and the van der Waals forces),
hydrodynamic force, gravitational and the inertial forces [26], [95]. Different particles
interact via attractive van der Waals forces due to the short distance [93] which leads
to the formation of their flocculated microstructure [226]. Electrostatic forces
originating from the presence of the adsorbed ions on the surface of the particles are
normally insufficient alone to prevent agglomeration due to the van der Waals forces
[94]. The Brownian motion and inertial forces can be neglected when compared to the
aforementioned strong inter-particle interaction forces. For example, in the very early
stage, it was observed that the mixtures with higher FA contents and lower W/B ratios
showed higher initial storage modulus (Fig. 5-3). This indicates a more rigid structural
formation probably caused by the inter-particle interaction forces induced by the finer
particles of FA and lower W/B ratio of FA incorporated mixtures. As well known,
cementitious suspensions can withstand the flow with a small amount of internal stress
generated by the nucleation of early hydration products and a percolated network of
inter-particle colloidal interactions. The smaller particle size of FA and lower W/B
ratio may dominate the attractive colloidal interactions (as the flocculation time is
inversely proportional to the number of particles per unit volume as shown in [33])
making the flocculated particles strong enough to increase the stored energy, i.c. fast
development of G' in the very early stage of the hydration. In addition, a continuous
increase of the storage modulus in the induction period has also been attributed to the
C-S-H bridge formations between cement particles [33] and the dissolution of ions
causing a quick structure development [227]. Similar to these findings, at rest, the
observed rapid evolution and higher structural build-up rate of higher GGBFS content
can be ascribed to the rapid formation of very early reaction products. It should also
be noted that the increasing rate of storage modulus was enhanced by the addition of
GGBFS. This can be confirmed by the specimen SOF100 such that there was no
obvious increase in the storage modulus for a 100% FA system upon a very early time.
Sun and Vollpracht [67] also pointed out that GGBFS had a significantly higher
dissolution rate as compared to FA based AAC. Another interesting observation that
could be noticed from Fig. 5-3 is the existence of an inflection point presenting a
gradual decrease in the increasing rate of storage modulus (marked with the crosses
presented in Fig. 5-3a). In all mixtures, except for SOF100, the increasing rate of
storage modulus evaluation started to show a gradual decrease with some fluctuations
in storage modulus values.

Fig. 5-4 shows the evolution of the loss factor of alkali-activated pastes produced with
different combinations of GGBFS and FA. With time elapsing, the loss factors
experienced several stages with different decreasing rates, followed by stabilizing to
0, except for specimen SOF100. The time when the loss factor starts to stabilize to 0
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can be defined as percolation time, which is the required time to build a percolated
elastic network [188], also reflecting the transition from viscous behaviour to elastic
behaviour. Two different behaviours can be identified during the measurement time.
The loss factor of SOF100 gradually decreased but did not reach 0, showing a more
viscous behaviour. By contrast, the loss factor of all other mixtures decreased to 0,
reflecting a more elastic behaviour. It is worth noting that the percolation times of
S100F0, S70F30, S50F50 and S30F70 are around 51, 76, 88 and 127 minutes, which
is in agreement with the trend of their initial setting times. With the addition of
GGBFS into the mixtures, the loss factor decreased faster and earlier showing a more
rigid structure.
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Fig. 5-4 Evolution of loss factor of alkali-activated pastes with different GGBFS-FA
ratio (using SAOS test at strain of 0.005% , frequency of 1 Hz and 20 °C).

GGBFS and FA may play different roles during the reaction process. Gao et al. [207]
confirmed that hybrid GGBFS-FA samples with higher GGBFS content resulted in a
higher dissolution heat flow, which indicated that dissolving of GGBFS is easier than
FA, resulting in the rapid formation of reaction products to establish a rigid network.
Samples with a higher amount of FA have a longer induction period due to the low
reactivity of FA. On the other hand, fly ash particles may act as nucleation sites for
the further deposition of the reaction products as reported in [3], [51], [207]. This
needs further microstructural studies.

Fig. 5-5 shows the evolution of the structural build-up of alkali-activated pastes with
different Ms values. More detailed information on structuration in the early stage can
be observed from Fig. 5-5b. As can be seen in Fig. 5-5, two different behaviours for
evaluation of storage modulus were observed depending on the Ms value. For low Ms
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values (0 and 0.4), a continuous increase of structural formation was observed. On the
other hand, for Ms values higher than 0.4, a sudden increase of structural build-up was
obtained after an induction period as shown in Fig. 5-5a. Gao et al. [207] also reported
the same phenomena by isothermal calorimetry tests. Since the Na,O contents of all
activators are the same, the activators with low Ms values have higher pH value. Thus
the dissolution rate of silica and alumina and the reaction degree of slag enhanced in
low Ms cases [69], [228]. This might be the reason why N5Ms0 had the highest
storage modulus as compared to others in the earlier stages.
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Fig. 5-5 Evolution of storage modulus of alkali-activated GGBFS-FA pastes with
different Ms values using SAOS test at strain of 0.005%, frequency of 1 Hz and 20

°C (a) Normal scale (b) Log scale.

Furthermore, two different activators should be discussed as they showed two
absolutely different behaviours: (i) For NaOH activated mixture (N5Ms0), an early
increasing storage modulus can be observed due to rapid product formation around
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individual GGBFS particles as well as in the matrix of the system after mixing the
precursors and the activator. GGBFS made the main contribution to the structural
build-up as presented before. Gebregziabiher et al. [81] reported that the formation of
a reaction ring corresponding to the activated gel products around the GGBFS grains
was identified at an early age, which hinders the degree of dissolution of the GGBFS
grain. That is the reason why the structural formation is very high at the earliest time,
while the further increasing rate of structural build-up is significantly low since it is
limited by the diffusion rate of the activator solution into the GGBFS grain. With the
time elapsed, the diffusion rate of ions played a more significant role in the
microstructural development at the early time due to the availability of the ions in the
pore solution and their ability to penetrate the inner product shell have a direct
influence on the formation of reaction products [198], [229]. The microstructural
evolution of NaOH activated mixture was from grain surface to inside unreacted
GGBFS, which is similar to the shrinking core model generally used for PC hydration
[229], [230]. (ii) For water glass (SS) activated mixture (N5Ms1.6), SS activators
promote the dissolution of GGBFS for a considerable amount of time [231], which
led to a longer time for microstructural development in the early ages. Thus, there is
no significant increase in storage modulus at an early age indicating slow structural
formation. Indeed, during this time duration, the dissolution of the source materials
and also partly the formation of initial dissolved silicate units and their reactions with
Ca and Na lead to the formation of a large number of oligomers [3], [207]. As the
reactions progress, the SS activated mixture showed a dense matrix developed in the
matrix [81] with a significantly increased rate of structural build-up. This might be
attributed to the condensation between different oligomers, leading to a larger and
rigid percolation network.

The effect of SS dosage on the structural formation of alkali-activated pastes is shown
in Fig. 5-6. The increase of the structural build-up delayed by the increase of activator
dosages (Na,O and SiO, content of activator) exhibited a sudden increase of
structuration rate in the later stage. This storage modulus evolution is in agreement
with setting time measurements (Table 5-2) showing the extended initial setting time
but shortened final setting time with the increase of SS dosages.
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Fig. 5-6 Evolution of storage modulus of Alkali-activated GGBFS-FA pastes with
different Liquid sodium silicate dosage using SAOS test at strain of 0.005%,
frequency of 1 Hz and 20 °C (a) Normal scale (b) Log scale.

There is a competition between dissolution and the condensation process to form
inorganic polymers during the sol-gel process as elucidated by Kline et al. [232]. The
condensation process depends on the pH value and the electrostatic forces etc. An
increase in activator dosage led to a slight increase in pH value (see in Table 5-1),
thereby promoting the dissolution stage [233]. However, as pointed out by Rifaai et
al. [48] a high amount of OH" concentration does not always support the condensation
and polymerization process. Because the presence of excessive negatively charged
monomers increase the repulsive forces and delays the condensation process.
Therefore, until attractive forces overcome the repulsive ones between monomers, the
delayed condensation would be promoted by the monomers remaining in the pore
solution. With elapsing time, mixtures with high activator dosage showed a faster
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increasing rate of structural formation, this might be owing to the considerable extent
of condensation process occurred, establishing a more rigid network [48].

Fig. 5-7 shows the evolution of the loss factor of mixtures with different Na,O
contents. As can be seen from Fig. 5-7, the percolation times extended by the increase
of SS dosages. This is in agreement with the trend of the initial setting times of the
mixtures (Table 5-2). Interestingly, a peak or hump could be observed for high dosages
of SS where the black arrow is shown. These peaks are actually linked to the more
rapid increase in the lost deformation energy (i.e. G") over the stored deformation
energy (i.e. G') for a given time. The peaks, observed during the rapid increasing
structural build-up stage, might also be related to the condensation stage. Because, in
the condensation stage, a large amount of water is released by the condensation of
Si(OH)4 elements [234], [235]. Therefore, this extra water probably increased the loss
factor and also revealed more liquid-like behaviour of the pastes in this stage. As the
intensity of the peak could reflect a high degree of condensation, its presence points
out more dense microstructural development resulting in high compressive strength
in the hardened state. Some researchers also related these peaks to the gelation [63].
After the peak, the gradual decrease in loss factor may be attributed to the more
lubricated contact of particles leading to less loss of dissipated energy as compared to
more direct contact [236].
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Fig. 5-7 Evolution of loss factor of alkali-activated pastes with different liquid
sodium silicate dosage using SAOS test at strain of 0.005%, frequency of 1 Hz and
20 °C.
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3.4 Rheological parameters (flow curve)

The flow curves of the mixtures are given in Fig. 5-8. As shown in Fig. 5-8, the shear
stress of the ascending curve was higher than the descending curve for all pastes
during the whole shear process, reflecting there is no permanent structural formation
[138]. The area of the hysteresis loop is known as the level of thixotropy [215].
Generally, thixotropy is considered as a phenomenon of a physico-chemical reaction.
However, as the flocculation and hydration occur simultaneously, attributing the
build-up or breakdown solely to one of these phenomena is not straightforward [216].
In this study, the downward curves of all mixtures were employed to determine the
dynamic yield stress. Herschel-Bulkley model was applied to determine the dynamic
yield stress and power index (n) of the mixtures in this study. This non-linear equation
was expressed by the exponent (n) in the Eq. (2-3) and indicates shear-thickening if
n>1, shear-thinning if n<1 and Bingham model if n=1 [185]. Mehdizadeh et al. [218]
confirmed that SS activated slag pastes fit the Herschel-Bulkley model.
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Fig. 5-8 Flow curves of GGBFS- FA pastes (a) GGBFS-FA ratio (b) Ms value (c)
Liquid sodium silicate dosage.

The rheological parameters of the mixtures are summarized in Table 5-3. It should be
noted that the Herschel-Bulkley model overestimates the yield stress as reported by

[237].

Table 5-3 Rheological parameters of the mixtures.

Parameters Mixture Herschel-Bulkley model Area of
Dynamic . thixotropy

yield stress Cionr:jsel)s(te(:lr(l;: Y inI;(;\:e(;) 2 (Pa/s)

(Pa)

SOF100 30.31 1.58 1.00  0.99987 2501

S30F70 26.65 1.16 1.00  0.99959 2171

GGBFS/FA S50F50 18.73 0.52 1.13 099962 1018

S70F30 14.98 0.30 1.18 099983 659

S100F0 26.34 0.14 1.38 0.99920 1981

N5Ms0 96.86 3.66 0.81 0.99980 7113

N5Ms0.4  50.51 0.77 1.12 0.99948 5975

Ms value  N5Ms0.8  33.67 0.48 1.17 099876 1639
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N5Msl.2  18.73 0.52 1.13 0.99962 1018
N5Msl.6  12.06 0.51 1.12 0.99989 1012
SS7.8 67.34 0.21 1.30  0.99930 3624
SL;gEfn $810.4 19.64 0.33 120 0.99953 1943
Ziolis‘;agt; S813 12.06 0.51 L1 099989 1012
SS15.6 9.43 0.66 1.00  0.99989 762

When considering the effects of the GGBFS-FA ratio on the rheological properties, it
was observed that the fly ash paste (SOF100) showed a Bingham behaviour (n=1) as
reported by other previous studies [123], [238]. A simultaneous increase of GGBFS
amount and W/B ratio increased the shear-thickening character of the pastes. For
example, S70F30 and S100F0 mixtures showed more shear-thickening behaviour
with the n values of 1.18 and 1.38, respectively. Shear-thickening behaviour for
GGBFS mixtures was also reported by Palacios et al. [30]. The thixotropy degree of
the mixtures can be observed from Fig. 5-8, and the calculated thixotropy area of the
mixtures are given in Table 5-3. As can be seen from Table 5-3, the thixotropy degree
of S7T0F30 mixture was the lowest and an increase of the FA content resulted in a more
thixotropic behaviour. This is probably because of a more flocculated structure
induced by the attractive inter-particle forces due to the lower W/B ratio of the high-
volume FA mixtures. This is also in agreement with the initial G' results presented in
section 3.3. This flocculated structure of very fine FA particles might be destroyed by
the introduced shear energy during the rheology test. The mixture with single use of
GGBFS (S100F0) having the highest W/B ratio among the mixtures had somehow a
higher area of thixotropy as compared to SS0F50 and S70F30 mixtures. This could be
related to the higher reaction rate of GGBFS, resulting in the early formation of
primary C-S-H gel [30]. It should be noted here that the dynamic yield stress results
also followed the same trend as the area of thixotropy.

Fig. 5-8b shows the effects of Ms value on the rheological behaviour of hybrid
mixtures. NaOH-activated AAC (Ms=0) showed a shear-thinning response and
behaved like a pseudo-plastic fluid. Thus, decreasing the shear rate leads to an
increase in the apparent viscosity. However, once SS was added into the activator
solution, it apparently showed a shear-thickening response. In addition, the dynamic
yield stress and the degree of thixotropy decrease as the Ms value increases. For
example, Ms0.4 and Ms1.2 mixtures showed the dynamic yield stress of 50.51 Pa and
18.73 Pa, and the thixotropy area of 5975 Pa/s and 1018 Pa/s, respectively. This
finding is also in agreement with the initial storage modulus as presented in section
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3.3.

Fig. 5-8c shows the effects of sodium silicate dosage on the rheological behaviour of
hybrid mixtures. A higher shear-thickening response was observed for the mixture
having the lowest SS dosage (7.8%). However, as the SS content increases the shear-
thickening response decreases and may completely disappear for high SS content of
15.6%. This mixture behaved like a Newtonian fluid with an n index of 1 (Eq. (2-3)).
The dynamic yield stress and the area of thixotropy decreased with an increase of SS
dosage. These results followed the same trend with initial storage modulus as
presented in section 3.3, reflecting a very good correlation in results between different
tests.

3.5 Chemistry of pore solution

The pore solution chemistry of N5Ms0.4 and N5Ms1.2 mixtures (50% GGBFS + 50%
FA), whose structural formation behaviours are significantly different from each other,
were investigated by ICP-OES tests. Fig. 5-9 and Fig. 5-10 present the relationship
between structural formation (storage modulus up to the rheometer measurement
capacity of 500 kPa) and ion concentrations of Si, Na, Al, Ca, Mg and Fe in the pore
solution as a function of time up to at around initial setting time. Table 5-4 and Table
5-5 show the values of elemental concentrations with time. The ion concentrations at
zero time indicate the composition of the activator solution itself. The pore solution
composition was dominated by Na and Si whereas much lower Al, Ca, Mg and Fe
were identified.
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Fig. 5-9 Pore solution chemistry of N5SMs0.4 mixture.
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Fig. 5-10 Pore solution chemistry of N5SMs1.2 mixture.

Table 5-4 Elemental concentrations of N5Ms0.4 mixture.

Time Na Si Al Ca Mg Fe
(min) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
0 3695.65 832.09 0.56 0.00 0.00 0.07
10 3727.19 775.58 14.53 1.37 0.21 0.21
30 3707.61 748.38 15.53 0.92 0.25 0.09
60 3750.02 719.36 17.94 0.70 0.25 0.04
120 3704.09 649.90 19.90 0.37 0.12 0.00
150 3609.44 628.21 20.16 0.32 0.12 0.00
250 3240.89 604.50 21.46 0.00 0.00 0.00
310 3275.86 551.84 21.16 0.00 0.00 0.00
330 3157.20 524.67 20.72 0.00 0.00 0.00
350 3193.82 533.58 20.57 0.05 0.00 0.00
400 3198.17 487.68 20.31 0.07 0.00 0.00
450 3260.16 458.73 19.75 0.07 0.00 0.00
480 3156.94 443.14 19.68 0.05 0.00 0.00
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Table 5-5 Elemental concentrations of N5Ms1.2 mixture.

Time Na Si Al Ca Mg Fe
(min) (mmolL) (mmolL) (mmolL) (mmolL) ™™OVL) (rimoir)
0 331570  2652.03 1.52 0.00 0.00 0.18
10 330061 261094  30.17 63.13 7.16 6.41
30 3330.80  2834.05  82.09  201.23 35.80 7.34
50 3010.66 188371  61.23 85.56 19.50 222
57 275246 160991  50.52 51.35 14.11 1.34
64 271083  1466.18  42.47 32.31 9.92 0.84
70 2628.19 139130  42.92 27.17 8.97 0.72
75 2584.86 127174 40.77 2091 7.36 0.56
80 257595 119579  37.95 15.52 6.01 0.41
100 2379.82  996.33 33.58 7.71 3.50 0.21
120 235898  911.84 24.02 4.87 2.22 0.14

The measured ion concentrations of the pore solution indicate the remaining part of
the dissolved ions from the precursor or existing ions after their consumptions to
produce reaction products. Si in the activator solution of NSMs1.2 was much higher
than that of N5Ms0.4 due to its higher Ms value. Al and Ca concentrations started
from zero as they sourced from the dissolution of the precursors. Then their
concentration increased to a peak value due to the ongoing dissolution and finally
decreased in different rates. It is observed that all ion concentrations, especially Al
and Ca, increased up to 30 min for N5Ms1.2, and then started to decrease, showing
the consumption rate of the ions exceeding the dissolution rate. This peak point also
corresponds approximately to the beginning of the massive structuration. The
concentration of Ca is greater than Al before the age of 55 min. This is because CaO
content in the precursors is higher than Al,O3 content and also the bond dissociation
energy of Ca-O is weaker than Al-O [16]. After that time, Al concentration is higher
than Ca, indicating a higher consumption rate of Ca. The pore solution of N5SMsl1.2
paste has significantly higher Al and Ca concentrations than that of AAC paste
activated with low Ms value activator (NSMs0.4). The higher Ca content for the pore
solution of N5Msl.2 paste is related to the increased solubility of Ca ions with
decreasing pH value of the activator solution [69]. The enhanced dissolution of FA by
the silicates may lead to an increase of Al in the pore solution. Previous studies [239],
[240] showed that there is a siliceous layer on the FA grains formed due to the initial
preferential dissolution of Al from the FA in the NaOH activated FA paste. The
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adsorption of initially dissolved alumina species on the siliceous layers prevents the
approach of hydroxide ions to FA particles, thereby slowing down the dissolution of
FA [241]. With an increase of soluble silicate in the activator solution, Al released
from FA could quickly be captured by silicates, thereby prevents the passivation of FA
surface and provides more rapid dissolution of FA [242].

As shown in Fig. 5-10, the consumption rate of Ca was significantly higher than Al
after 30 min and it became dramatic after 50 min. On the other hand, the Al
concentration is nearly constant upon 50 min which corresponds to the initial setting
time of N5Ms1.2. For Ms=0.4 mixture, the dissolution rates of Na and Al ions are
slightly higher than the consumption rates until 120 and 310 min, respectively. On the
other hand, the dissolution rates of Ca and Si ions are lower than their consumption
rates from 10 to 480 min. It means that Ca ions from slag were dissolved just after
contact with an activator solution similar to Al ions, and Ca and Si may be used to
produce reaction products. It supports the findings of Hajimohammadi et al. [14] that
the gel nucleation increases with the increase of dissolved silicate in the activator
solution [243]. For low Ms value case (e.g. N5Ms0.4), the gel nucleation may occur
the places closer to the precursor particles. This is owing to the formation of a reaction
product ring, taking place around precursor particles, which is formed by the initially
dissolved calcium, alumina and available silicate as discussed in aforementioned
section 3.3. The early reaction product formation around the slag particles may
prevent the further dissolution of the ions from the slag for Ms=0.4 case. The further
reactions is possibly controlled by the diffusion of OH ions, so the reactions slow
down and the setting time extends to 5 hours for N5SMs0.4. For both mixtures, Na is
mainly sourced from the alkaline activator solution and decreases slightly with time.
Favier et al. [78] have investigated the concentration of alumina and sodium in the
liquid phase of metakaolin with static NMR measurement in order to understand the
hardening behaviour of geopolymers. Their findings support the evolution of alumina
and sodium in the pore solution presented in this study. They point out that after some
time, alumina and sodium evolution in the liquid phase are concomitant. This indicates
that Al is taken up in the tetrahedral position of the aluminosilicate phase and Na
compensates the charge. It should be noted that N5Ms0.4 has a higher pH value, i.e.
higher OH™ concentration, than that of N5Ms1.2 as shown in Table 5-1. Therefore, the
higher OH" concentration induces a fierce reaction process of precursors, but the
reaction is immediately controlled by the diffusion rate of hydroxide ions due to the
formation of the reaction product ring. From the rheological point of view, this may
explain why N5Ms0.4 paste has higher initial storage modulus followed by a lower
and continuous increasing rate and longer initial setting time. On the other hand, from
the pore solution chemistry point of view, a low amount of Al and Ca caused by the
prevention of the ion release by the reaction product ring around the precursor, leads
to a low reaction rate as compared to N5Ms1.2. Besides, the decrease of Al is more
gradual as compared to Ca. This might be attributed to initial utilization of calcium in
the formation of C-S-H gel, and the later incorporation of Al to C-S-H gel. Conversely,
in the N5Ms1.2 paste, the gel nucleation takes place far away from the precursors,
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resulting in a rapid and higher release of calcium and alumina into the pore solution
to react with Si from the activator solution. From the rheological point of view, there
is nearly no structural formation before the age of 30 min since the dissolution of
precursors is dominating the process. Once sufficient alumina and calcium are
accumulated in the pore solution, the possibility to encounter silicate ions increases
dramatically. It is inevitable that the condensation between different oligomers occurs
rapidly, thus the structural formation increases quickly. Simultaneously, the
concentrations of alumina, calcium and sodium in the pore solution start to decrease.
It shows that Na was taken up during the reaction product formation [244], [245].
Although both activator solutions have the same amount of Na, its concentration in
the pore solution of Ms=1.2 was lower than Ms=0.4. Si was sourced from both the
activator solution and dissolution of the precursors. The time corresponding to the
maximum concentrations for Na and Si indicates that the release rate of Si from
precursors is equal to its consumption rate.

Structural formation before the initial setting time may also be related to the silicate
species and their amounts in the activator solution. The amount of sodium hydroxide
used for the preparation of Ms=1.2 activator solution is significantly lower than that
of Ms=0.4. Liquid state Si NMR tests on activator solutions showed that the silicate
connectivity, i.e. highly polymeric silicates with large rings is increased with an
increase of Ms, showing depolymerization of the silicate species with an increase of
NaOH added [105], [129]. In other words, the attack of dissolved OH ions (coming
from added NaOH to adjust Ms of solution) to siloxo (Si-O-Si) bonds results in the
depolymerization and the formation of various low molecule species. Since the
activation energy barrier for highly polymeric silicates is higher than the small species,
the reaction product formation is retarded for the activators with high Ms values. On
the other hand, the availability of silica contributes to C-A-S-H nucleation and gel
growth [129]. These may be the reasons for the negligible initial structural formation
until 30 min and the development of a faster structuration for later ages in high Ms
value mixtures. With regard to the early time reaction products for GGBFS-FA based
AAC, the C-S-H or C-A-S-H gel formations could be expected rather than N-A-S-H
because of the high OH concentrations in the presence of Ca ions. This can explain
the decrease of Ca, Al and Si in the pore solution with time. Meanwhile, the decrease
in Na concentration over time may show the incorporation of Na ions into C-S-H and
particularly into C-A-S-H structures due to its higher binding capacity as compared to
C-S-H [13], [244].

Mg and Fe ion concentrations over time for both two mixtures were not shown in Fig.
5-9, as their concentrations were lower than 0.01 mmol/L (Table 5-4). The Fe and Mg
of both two mixture first increased at an early age, followed by a rapid decrease. With
regard to the decrease of Mg, it might be incorporated into the early reaction products
such as C-S-H rather than hydrotalcite [246] formation as the hydrotalcite is normally
expected to be formed in GGBFS based AAC mixtures in the later ages [69].
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3.6 Microstructure analysis of AAC

Fig. 5-11 presents the SEM (BSE) images of S50+F50 mixtures with activator
solutions of N5Ms0.4 and N5Ms1.2 at 1-day. SEM analyses were performed on 1-day
samples to see the microstructure as early as possible, because the matrix phase in
earlier times, such as around the final setting, could easily be damaged during grinding
for SEM observation. In Fig. 5-11, the irregularly shaped light grey areas indicate
unreacted slag grains, the spherical particles show unreacted fly ash, the grey regions
between the particles indicate the reaction products and the black regions show the
pores. SEM images showed that the N5Ms1.2 mixture had a better-packed structure
as compared to N5Ms0.4 and this was in accordance with the mechanical strength test
results at 2-day. As shown from the SEM images, the small-size slag particles were
completely or partially reacted, while the larger ones showed a limited reaction. In
addition, Fig. 5-11 shows that FA particles remain unreacted at 1 day for both Ms
values. A reaction ring (marked with red arrows in Fig. 5-11a), which may slow down
the hydration of GGBFS [81], was observed around some unreacted slag grains in the
case of N5Ms0.4. This observation was tried to be confirmed by EDX analyses which
were performed on 16 different points of the reaction products. EDX analyses on the
N5Ms0.4 showed that the atomic Ca/Si, Al/Si and Na/Si ratios were between 0.40 -
0.95, 0.30 - 0.52, and 0.08 - 0.27, respectively. These ratios for the reaction products
of N5Ms1.2 were between 0.25 - 1.06, 0.25 - 0.43 and 0.02 - 0.15, respectively. Based
on these findings, the main reaction products of both mixtures could be categorized
as Al and Na substituted calcium silicate hydrate gel (C-N-A-S-H) as shown by Lee
et al. [247] and Ismail et al. [248] on alkali-activated slag/fly ash mixtures. Ismail et
al. [248] also reported the formation of a hybrid binding phase of N-C-A-S-H and C-
A-S-H for the precursor system having fly ash higher than 50%. For both mixtures,
the Ca/Si ratio was found high around the unreacted slag grain and it decreased as
being moved away from slag grains. The average atomic Ca amount in the reaction
products of N5SMs1.2 and N5SMs0.4 were found as 11.4% and 9.4%, respectively. This
shows higher amounts of Ca dissolution from the slag in case of higher Si containing
activator solution (Ms=1.2), possibly because of low solubility of calcium in high pH
medium [69], [103].
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Fig. 5-11 SEM (BSE) images of 50% FA+50% GGBFS AAC mixtures at one day
(a) N5Ms0.4, (b) NSMs1.2

3.7 Mechanical properties

Compressive strength values of AAC mortars are given in Table 5-6. As can be seen
from Table 5-6, compressive strength values of the mortar mixtures, except SOF100
and SS7.8 mixtures, comply with the strength class of cement standards. Compressive
strength values of hybrid AAC mixtures increased with the increasing GGBFS/FA
ratios, however, a 100% GGBFS mixture (S100F0) showed a relatively lower
compressive strength due to its higher W/B ratio. On the other hand, compressive
strength values of a 100% FA mixture (SOF100) at early and later ages were
significantly lower as compared to the AAC mixtures that incorporated GGBFS.
These findings are attributed to the low Na>O content of activator solution which is
probably not sufficient for the activation of FA [249].

As the Ms value increased in the mixtures, the compressive strength increased
significantly in the later stage (e.g. 28 days) especially for Ms values higher than 0.4,
possibly due to more homogenous microstructure formation with high Ms value [80].
However, at the age of 2 days, the compressive strength values of the mixtures were
similar to each other except for Ms 0.8 case.

The mortar having low sodium silicate dosages of 7.8% (corresponding to 3% Na,0)
did not gain any compressive strength at 2 days. On the other hand, as the sodium
silicate content increases in the mixtures, mortars gained better mechanical
performance. Previous studies [198] also reported that 4% Na content by mass of
GGBFS binder was considered as the lowest level to induce the sufficient activation
of GGBFS. Fernandez-Jimenez et al. [250] recommended the minimum concentration
of activator as 3% Na,O by GGBFS weight.
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Table 5-6 Compressive strength of AAC mixtures.
Parameters Mixtures 2-day 7-day 28-day

(MPa) (MPa) (MPa)

SOF100 22 7.9 12.8

S30F70 10.9 473 78.0

GGBFS/FA ratio S50F50 26.4 61.8 88.7
S70F30 24.6 66.2 87.5

S100F0 20.9 61.3 73.5

N5Ms0 21.3 334 48.3

N5Ms0.4 234 52.8 74.1

Ms value N5Ms0.8 12.1 57.8 87.4
N5Msl.2 26.4 61.8 88.7

N5Msl.6 22.1 56.8 85.2

SS7.8 0 35 15.2

Liquid sodium SS10.4 4.8 46.7 70.7
silicate dosage SS13 22.1 56.8 83.9
SS15.6 22.3 58.8 82.7
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4. Conclusion

This chapter focused on the fresh state properties including the structural build-up and
the rheology of AAC with respect to the GGBFS/FA ratio and the activator solution
properties. The following conclusions can be drawn for the precursors and activators
used in this study:

1. Setting times of AAC are mainly influenced by GGBFS/FA, Ms value and the
dosage of sodium silicate activator. Setting times of AAC extended with the increase
of FA content and sodium silicate activator dosage. It was revealed that the effect of
the Ms value on the setting times is more prominent than the other two factors. An
increase in Ms value from 0 to 0.4 resulted in a significant increase in setting times,
while a further increase of Ms beyond 0.4 led to a sharp decrease in setting times of
AAC.

2. The structural build-up increased earlier and faster with the simultaneous increase
of GGBFS/FA and W/B ratio of the mixture, due to the higher dissolution of the glassy
structure of GGBFS as compared to FA.

3. The increase of the sodium silicate dosage and Ms value resulted in a delayed
structural build-up followed by a rapid increase. The effect of Ms value on the
structural build-up of AAC led to two different rheological behaviours. AAC with a
low Ms value showed a higher initial storage modulus, followed by a slow and
continuous increasing rate of structural build-up. Conversely, a steep structural build-
up for higher Ms values of AAC was observed after a long induction period with
limited structural formation. This is attributed to the formation of a reaction product
ring around the precursor particles preventing the further reactions in the low Ms value
case. In the pore solution of AAC pastes, the lower Ms value resulted in a decrease in
the concentration of Al and Ca. A higher Ms value led to a higher concentration of
these elements in the pore solution.

4. A relationship was found between the ion concentrations of the pore solution and
the structural build-up and setting time of the mixtures.

5. The flow curves of AAC pastes fit well with the Herschel-Bulkley model with a
strong shear thickening behaviour with an increase of GGBFS amount and Ms value
of the activator, and with a decrease in sodium silicate dosage.

6. The higher GGBFS/FA ratio in the precursor and higher Ms value and sodium
silicate dosages in the activator solution were found to be more beneficial for a better
strength development of AAC pastes.
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Chapter 6 Possibilities of using silica fume activator

In this chapter, a more sustainable activator, silica fume activator (SFA), was
introduced and compared with commercial sodium silicate activator (SSA). The
effects of SFA and SSA on the rheology, setting behaviour and microstructure of
alkali-activated slag cements were studied.
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1. Introduction

The common activators in AAS production include sodium hydroxide, sodium silicate,
and sodium sulfate, etc. In general, the required concentrations of sodium hydroxide
activator needed for activation of AAS are usually high, and the high concentrations
can cause significant occupational health and safety problems in large production
facilities. Therefore, sodium hydroxide is classified as a corrosive solution under
existing workplace legislation in almost every country in the world [76]. In addition
to its corrosive nature, efflorescence is another significant problem in the sodium
hydroxide-based binders due to the reaction of unreacted sodium ions and calcium
hydroxide with atmospheric carbon dioxide [251]. Sodium sulfate and sodium silicate
are the other two common activators for AAS activation. Sodium sulfate activators
exhibit a slower reaction process and lower mechanical performance than sodium
silicate solutions of comparable concentration [79], [252]. Sodium silicate activator
(SSA) generally provides the best mechanical and durability performance among the
common types. On the other hand, despite its many technical advantages, sodium
silicate solution is the highest contributor to the CO, emissions of AAC [253]-[255].
In addition to its environmental drawbacks, sodium silicate-activated AAS have some
technical drawbacks such as high drying shrinkage and significantly shorter setting
time. Therefore, further studies on the development of alternative activator solutions
providing comparable mechanical properties with SSA without its mentioned
drawbacks are needed.

Recently, many researchers also started to investigate the mechanical properties and

microstructure of AAS produced with silica fume activator (SFA) [143], [146], [256],

[257]. It has been found that the SFA, which is prepared by the mixture of silica fume

and an alkaline solution, is more active than sodium hydroxide and water glass [143].

Rousekova et al. [144] reported that SFA was highly effective in activating the PC, SF

and GGBFS mixtures or the slag alone. The beneficial effect of SFA is attributed to

the intensification of the production of calcium silicate hydrates and the densification

of the pore structure. The mechanical performance of SFA-activated GGBFS and FA
mixtures has been found better than that of the mixtures based on SSA. These findings

make the SFA a better and more economical alternative to the SSA [145]. The

microstructural investigations by Bernal et al. [146] also revealed that the SFA could

promote the formation of a highly densified structure. Although there are many studies

on the beneficial influences of SFA on the mechanical and microstructural properties

of AAS, there is no study evaluating the rheology of GGBFS mixtures activated by

SFA. In this study, setting times, rheological properties and the structural build-up of
AAS mixtures activated by SFA and SSA were investigated comparatively. In addition,
drying shrinkage and mechanical properties were determined on some selected

mixtures. The effects of SFA on the microstructural properties were assessed by

scanning electron microscope (SEM) images and Mercury intrusion porosimeter (MIP)
tests.
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2. Experimental program

2.1 Mixture design

Two different types of activator solutions were prepared by mixing NaOH solution
with liquid sodium silicate or silica fume to achieve the Ms values of 0.4, 0.8, 1.2 and
1.6. These activator solutions were called ‘sodium silicate-based activator solution’
(SSA) and ‘silica fume-based activator solution’ (SFA), respectively. The mixture
design and formulations of AAS mixtures is given in Table 6-1. The Ms value of the
activator solution is following the abbreviation of the activator type in the mixture
names. The Na;O content of all the activator solutions had 5% of the GGBFS weight,
and the W/B ratios of the paste and mortar samples were kept constant as 0.45.

Table 6-1 Mixture designs of AAS made with SSA and SFA.

GGBFS  Liquid sodium ~ NaOH Silica fume Deionized W/B** Ms value NaxO content SiO> content pH of activator

L% silicate (g/L) (g/L) (g/L) water (Si0sNmO) (%) (%) solution
. i02/Nay!

Mixtures & @)

SSA0.4 1294 91 64 - 470 0.45 0.4 5 2 13.61
SSA0.8 1287 181 42 - 426 0.45 0.8 5 4 13.55
SSA1.2 1279 269 21 - 383 0.45 1.2 5 6 13.49
SSAL.6 1272 354 0 - 342 0.45 1.6 5 8 13.37
SFA0.4 1146 - 76 24 561 0.45 0.4 5 2 13.51
SFA0.8 1123 - 75 47 559 0.45 0.8 5 4 13.45
SFAL.2 1100 - 73 69 558 0.45 1.2 5 6 13.36
SFAL.6 1079 - 72 90 556 0.45 1.6 5 8 13.29

*g/L: gram per liter of paste

**W-water, B-solid binder (GGBFS + solids in the activator solution).

2.2 Dissolution ratio of silica fume

Activator solutions were prepared one day before the casting of the mixtures. The pH
of the activator solutions given in Table 6-1 was measured with a pH meter. In the
preparation of the activator solution, the NaOH granules were mixed with deionized
water first to obtain a NaOH solution. SFA was then prepared by mixing the silica
fume powder with the NaOH solution. SSA was prepared by mixing the liquid sodium
silicate solution with the NaOH solution.

To determine the amount of dissolved silica fume, the SFA was diluted by adding

deionized water (by 5 times the volume of SFA) and then the diluted SFA was

centrifuged at 3500 rpm for 5 min. After pouring out the centrifuged liquid, the solid

part was mixed with methanol and then was centrifuged at 3500 rpm for 5 min. This
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process was repeated two times to remove the soluble silicates and water in the
suspension. The details of the applied method can be found in the literature [73]. After
the centrifugation processes, the solid particles were collected and washed by
methanol again by using a 0.2 um nylon filter paper. The undissolved silica fume
amount was determined from the dried residuals over the filter paper at 100 °C for 24
hours. The dissolution ratios of SFA activators are presented in Table 6-2.

Table 6-2 Dissolution ratio of SFA.

Mixtures SFA0.4 SFAO0.8 SFA1.2 SFAL.6
Dissolution ratio 91.75 52.11 35.71 28.02
(%)

2.3 Sample preparation

The paste samples were prepared using a Hobart mixer with the following mixture
procedure: First the activator solution was poured into the mixer bowl, then the solid
raw materials. The mixtures were mixed at a low speed (140 = 5 rpm) for 90s,
followed by scraping solids from the bottom of the mixing bowl and paddle, then the
pastes were mixed at high speed (285 = 5 rpm) for an additional 90s.

2.4 Protocol for flow curves and constant shear rate

As well known, the concreting consists of mixing, transporting, pumping,
consolidating and surface finishing stages. Shear stress is always applied to the fresh
concrete during the concreting stages mentioned above. In particular, high shear rates
(stresses) during transport can hinder the formation of flocculating structure, and
improve the flowability and workability during the casting process [258]. In order to
predict the response of the concrete during transporting, alkali-activated GGBFS
pastes were tested at a high constant shear rate (200 s™') for 60 min to observe the
evolution of the shear stress under a high shear rate. Yield stress values of the mixtures
were determined by using the shear cycle protocol given in Fig. 6-1. The time in Fig.
6-1 shows the total elapsed time from the first contact of the activators with the
precursors. Just after the completion of the Hobart mixing, a fresh sample was placed
on the theometer cup and the paste was first subjected to a pre-shearing at 200 s™! for
2 min to obtain a reference state. Subsequently, a shear cycle consisting of shear rate
ramps from 0 to 10 s in 1 min, 10 to 200 s™! in 1 min and a ramp-down from 200 to
0 s in 2 min was applied. This cycle was repeated eight times. A similar shear
protocol was also used in the other studies [30], [31].
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Fig. 6-1 Protocol of shear cycle tests.

3. Results and discussions

3.1 Activator solution characterization from FTIR spectroscopy

ATR-FTIR spectra measurements were performed on the SSA and SFA based alkaline
activators (Fig. 6-2) to investigate the differences in silicate bond types or molecular
structures. The ATR-FTIR spectra show the relative proportion of transmission at a
specific wavenumber in the silicate bonding region. Only the infrared absorption
bands between 1300 cm™! and 700 cm™! were shown in Fig. 6-2a as fingerprint of
silicate groups [259] since the other peaks in the out of this range belong to stretching
(centered around 3410 cm™) and bending (around 1650 cm™) of OH groups. The
fraction of tetrahedron silicon sites having non-bridging oxygen is linked to the
transmission intensity in the silicate bonding region between 1200 cm™! and 850 cm’!
[260], [261]. These peaks are the overlapped Si-O-Si bands of different Q" species in
the activator solution. The structural Q" units are connected to the quantity of bridging
oxygen per silicon site. The parameter n, ranging between 0 and 4, shows the degree
of crosslinks in the silicate network [262].

As shown in Fig. 6-2a, the transmission bands showed a main peak for each activator
solution at the wavenumbers between 970-1010 cm™, which is related to the linear Q!
[263]. Generally lower intensities at these regions were obtained for low Ms cases
(SSA0.4 and SFAO0.4) as compared to high Ms solutions. A decrease in the Ms ratio
led to a shift of the Si-O-Si stretching band to lower wavenumbers due to a
depolymerization phenomenon. Lucas et al. [264] presented that an increase in pH
value (i.e., a decrease in the Ms ratio) favors depolymerization by breaking the Si-O-
Si bonds to create Si-O groups. As can be seen from Fig. 6-2a, the activator solutions
with high Ms ratio (Ms=1.2) presented a broader peak of transmission bands with
higher intensity shifting the wavenumbers to higher values due to the contribution of
different high Q species as compared to the solutions with low Ms ratio (Ms=0.4).
Thus, it can be concluded that the activator solutions with a lower Ms ratio,
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irrespective of being SSA or SFA based, seems to be more depolymerized.
Considering the same Ms case, generally, the SFA-based solutions had lower
wavenumbers, showing the SFA-based solutions are more depolymerized as
compared to SSA.

A slight trace of a shoulder was observed at around 1070 cm™! for SSA1.2 solution,
indicating the presence of Q3 with 3 rings, Q? with 4 rings and/or linear Q? species in
this solution [263]. On the other hand, SFA mixtures presented intensity peaks in the
wavenumber region between 1050 — 1170 cm’'. The peaks between these
wavenumbers are shown as the fingerprint of Q3 with 4 rings structure [263]. Based
on the recorded intensity around 1120 cm™! it can be said that SFA1.2 has more Q3
with 4 rings structure as compared to SFA0.4. To understand the main reason for the
existence of these peaks and its relation with possible undissolved silica fume in SFA
solution, an FTIR scan was also carried out on the filtered solution (Fig. 6-2b). As can
be seen from the enlarged Fig. 6-2b, the reason of this peak was the undissolved silica
fume as the filtered solution SFA1.2 F showed no peaks around 1120 cm™'. The
impact of the undissolved amount of silica fume in SFA solution on the initial
structuration and setting time is explained in detail in the further section based on this
finding.
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Fig. 6-2 FTIR spectra of (a) unfiltered SFA and SSA solution, (b) the comparison
between unfiltered (SFA1.2) and filtered solution (SFA1.2_F).

3.2 Rheology of AAS made with SFA and SSA

3.2.1 Structural build-up

A small amplitude oscillatory shear (SAOS) test was used to investigate the structural
build-up process of AAS pastes at fresh state. In the SAOS test, as the applied
excitation is sufficiently low and the samples are still within the LVER, the fresh
samples can still be considered to be in non-destructive state [27]. Fig. 6-3 presents
the structural evolution of AAS pastes activated by SSA and SFA activator solutions.
In all diagrams, zero time indicates the first contact between GGBFS and the activator
solution.

As shown in Fig. 6-3a, the structuration of the pastes activated by SSA0.4 increased
more rapidly as compared to other SSA mixtures in the first 25 min, then the storage
modulus of SSA0.4 mixture kept a constant growth rate. In contrast to SSA0.4, the
evolution of storage modulus of other mixtures (SSA0.8, SSA1.2 and SSAL.6)
consisted of the following three phases (the mentioned phases are shown for SSA1.2
in Fig. 6-3a as an example). In the first phase, the structural build-up was very low
and constant and this was followed by a second phase where the storage modulus was
rapidly increasing. After that, a decrease in the structural build-up was observed
(Phase 3) due to reaching the torque capacity of the used rheometer. The high initial
storage modulus of SSA0.4 mixture can probably be attributed to the fast initial
dissolution of GGBFS and the formation of solid reaction products taking place
simultaneously [47], [81] due to the higher alkaline environment provided by SSA0.4
activator and the more depolymerized structure as approved by FTIR results. The
more depolymerized structure for the low-Ms ratio case has already been reported by
[105], [129] based on the liquid state 2°Si NMR tests. The early reaction products
formation, i.e. the higher initial storage modulus observed in the mixtures with low-
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Ms value, can be explained by the presence of more depolymerized structures having
lower activation energy as compared to highly polymeric structures. The monotonic

increase in the storage modulus for SSA0.4 mixture (Fig. 6-3a) could be associated
with the hindrance of further ion release to the environment due to the formation of
initial reaction products covering the surfaces of the GGBFS grains. On the other hand,
as shown in Fig. 6-3a, the AAS pastes activated by SSA having Ms value higher than
0.4 showed faster structuration after 30 min (Stage 2). The low structuration rate in

the first 30 min can be associated with low Ca ion solubility from GGBEFS due to the

low-pH of high-Ms value activator environment [47]. Once enough ion types (mainly
Ca and Al) reached a sufficient concentration in the solution over time, the possibility

of encountering silicate ions that are already available in the solution increases [47].

Therefore, the structuration starts to accelerate due to the silica availability from the

activator contributing to the C-A-S-H nucleation and gel growth [129]. This stage

could be linked to the gradual gelation in the microstructure of the AAC as reported

in the literature [265].

600 -
(a) .
1 — gg:gg | Phase 3
P— o 1
e ——SSA1.2 :
o —— SSA1.6
& 400+
=
B
2 Phase 2
3 300
2
& 1
S 200
1
=
7]
100
o
0 T T T T T T
0 20 40 60

Time(min)

112



Chapter 6

600
| (b)  ——sFA04
—— SFA0.8
500 ——SFA1.2
——SFA16
& 400
£
1
3
=
300 -
B
=
(4]
= 2004
S
w
100
0 T T T
0 20 40 60

Time(min)

Fig. 6-3 Evolution of structural build-up of AAS mixtures (a) SSA-activated, (b)
SFA-activated.

As seen in Fig. 6-3b, SFA mixtures exhibited significantly higher storage modulus as
compared to corresponding SSA mixtures in the first 20 min. In particular, the
structural evolution of the SFA0.4 mixture developed fiercely as compared to other
SFA mixtures. As mentioned in Section 3.1, the SFA0.4 contains more depolymerized
structures (Fig. 6-2a) available to take part in the reaction products formation quickly.
For other SFA mixtures (SFA0.8, SFA1.2 and SFA1.6), due to the high amount of
undissolved very fine silica fume particles, the colloidal attractive forces (i.e., van der
Waals forces) between silica fume and GGBFS particles were more pronounced. As
shown in Table 6-2, SFA contains a high amount of undissolved silica fume particles.
Therefore, in addition to the effect of more depolymerized silicates on structuration,
the flocculation of these undissolved particles, caused by the attractive colloidal forces,
may play an important role in the higher structural build-up of SFA mixtures as
compared to SSA. However, the increasing rate of structural build-up for SFA
mixtures was also lower than that of SSA mixtures. This is probably because the
further reactions of GGBFS were prevented by undissolved silica fume particles
covering the surface of GGBFS grains. Another possible explanation as reported by
Vance et al. [123], is that silica fume was more easily dissolved at the beginning of
mixing and silica-based complexes were formed. These silica-based complexes might
adsorb to the surface of the grains and serve as a superplasticizer due to a sort of steric
repulsion. From the macroscopic point of view, it was obvious that the SFA-activated
pastes tended to be more flowable. Particularly, it was observed that SFA1.2 could
maintain its low structural build-up in the later stages, indicating its better workability
retention.
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3.2.2 Behaviour under high constant shear rate

The SSA and SFA mixtures were subjected to a high constant shear rate (200 s™) for
60 min to observe the evolution of shear stress as shown in Fig. 6-4. The shear stress
started from a high initial value, and subsequently decreased to an equilibrium state.
Some mixtures (SSA1.2 and SSA1.6) experienced an obvious shear stress peak related
to the formation and break down of primary C-A-S-H gel. The shear stress curves of
SSA1.2 and SSA1.6 exhibited a peak at around 33 and 40 min, respectively. These
peaks could be related to the interaction between a higher concentration of Si in the
pore solution and the calcium released from GGBFS [30], [31], [81]. Then the
subsequent decreasing shear stress could be the indicator of the breakdown of the
primary gel, which is attributed to the applying continuous shear energy. The primary
gel formation plays an important role in setting times and workability of AAS [126].
Palacios et al. [30] also reported that prolonging the mixing times could delay the
setting times of sodium silicate-activated AAS. It was found that SSA1.6 had a higher
intensity shear stress peak than SSA1.2, indicating that more initial reaction products
were formed. Also, the final shear stress at 70 min was higher than its initial shear
stress, showing that some permanent structures were remained after structural
breakdown due to the applied shear during the measurement time.
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Fig. 6-4 Evolution of shear stress of AAS mixtures at high constant
shear rate (200 s-1) (a) SSA-activated, (b) SFA-activated.

As can be seen from Fig. 6-4b, SFA mixtures reached to a stable flow and were kept
at equilibrium state after the initial shear stress decay. There were no peaks in the
shear stress history of the mixtures, indicating that there was no sufficient amount of
reaction products to resist the applied shear during the measurement. Furthermore,
SFA mixtures with varying Ms values had excellent workability retention under a high
shear rate due to the ball-bearing effect of silica fume particles [266]. The better
workability of SFA-based AAS mixtures explains their easy placing and compaction
in practice.

3.2.3 Behaviour under shear cycles (Yield stress)

Fig. 6-5 presents the yield stress of AAS under eight successive shearing cycles. The
yield stress values in Fig. 6-5 were determined by the down ramp of the flow curves
fitting the Bingham model. The trend of SSA-activated mixtures was very similar to
that subjected to the high constant shear rate previously presented. In SSA-activated
mixtures, pastes with lower Ms value (Ms0.4) exhibited higher yield stress without
any increase with time. This is parallel with the results of storage modulus. However,
the other three mixtures showed a peak of yield stress with different intensities with
the time elapsing, probably owing to the formation of primary C-A-S-H gel [31].
From Fig. 6-5a, it was found that the increase of yield stress of SSA1.6 was delayed
as compared to SSA1.2 and SSA0.8. This might be attributed to the higher Ms value
prolonging the dissolution stage due to its relatively mild alkaline environment.

Concerning the SFA mixture, the phenomenon was different. Basically, all the SFA
mixtures remained at a relatively low yield stress level (below 50 Pa), explaining their
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good workability during the shearing cycle. This is also in agreement with the
previous results of a constant high shear rate.
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Fig. 6-5 Evolution of yield stress of AAS mixtures during the shear cycle (a) SSA-
activated, (b) SFA-activated.

3.3 Setting times of AAS

The Vicat setting times of SSA and SFA mixtures are given in Fig. 6-6. With an
increase of Ms value, SSA mixtures tend to set more quickly, supported by SAOS test
results of the increasing rate of structural build-up beyond 20 min. The presented
results in Fig. 6-6 for SSA-activated mixtures were in agreement with the results of
Chang [162], stating that the setting times decreased as the alkali activator dosage (as
the sum of the SiO, and Na,O concentrations in the solution) increases. Previous
studies [162], [267] have also concluded that the increasing sodium silicate dosage
led to a higher concentration of [SiO4]*, which induced a higher reaction rate.
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Fig. 6-6 Initial and final setting times of SSA and SFA mixtures.

However, the setting time trend in SFA mixtures was the opposite such that SFA
mixtures with high Ms value generally had a longer setting time for a Ms value
increase. Particularly, SFA1.2 exhibited extremely extended setting times (the initial
and final setting times reached 540 min and 1200 min, respectively) as compared to
the other mixtures. Therefore, it can be concluded that it is possible to produce AAS
having more reasonable, or very long if it is specifically desired, setting times by using
SFA instead of SSA. With an increase of Ms value, more undissolved silica fume
particles may be adsorbed on the GGBFS surfaces through electrostatic interaction
[123]. To confirm this adsorption and its effect on setting time, the setting times of the
mixture prepared by the filtered SFA activator (SFA1.2 F) were determined. The
initial and final setting times of GGBFS and SFA1.2 F activator were 126 min and
656 min, respectively, which were significantly shorter than SFA1.2 mixture prepared
by unfiltered SFA activator. Therefore, it was confirmed that the extended setting time
of SFA1.2 mixture was related to the undissolved silica fume particles.

As can be seen from Table 6-2, most of the silicates are dissolved by OH™ from NaOH
solution in case of SFA activator with low Ms value. These silicates may have reacted
with the dissolved Ca*" from GGBFS to form C-A-S-H in the earliest time of the
reaction, resulting in a shorter setting time. In Fig. 6-2a, the transmission band of
SFAO0.4 also showed lower wavenumbers of the peak than that of SSA0.4, indicating
that SFA0.4 had more depolymerized silicates. These depolymerized silicates are
more reactive due to their lower activation energies [264], leading to the shorter
setting times of SFA0.4.

3.4 Mechanical properties, reaction kinetics and drying shrinkage

The mechanical properties, reaction kinetics and drying shrinkage of AAS were
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investigated on SFA1.2 and SSA1.2 mixtures. As shown before, SFA1.2 mixture
presented a satisfying setting time and rheological results, with better structural build-
up evolution, flowability and workability retention properties under different
rheological states. For comparison purpose, the results of this mixture were compared
with the results of SSA1.2. In addition, the lower amount of sodium silicates in
activator solutions having Ms value lower than 1.5 are more beneficial for the
production of low carbon footprint AAC concrete. Additionally, the highest
mechanical and durability performances have been reported in the literature with
solutions having an Ms value between 1.0-1.5 [268].

3.4.1 Mechanical properties

The flexural and compressive strength of SSA1.2 and SFA1.2 mortar samples are
presented in Table 6-3. As can be seen from Table 6-3, the early and later age
mechanical performances of SFA1.2 were higher than SSA1.2. Compressive and
flexural strength of SFA1.2 at 2 days were found approximately 20% and 17% higher
than that of SSA1.2, respectively. For 28 days, these ratios were 6% and 17%,
respectively. A previous study [257] reported that using silica fume activators in AAS
could promote the formation of a highly dense structure (mainly C-A-S-H gel),
enhancing the compressive strength of the mixture. Zivica [143] also reported that
AAS activated by SFA had higher compressive strength and good resistance to the
permeability of water due to its densified microstructure. As known, since the flexural
strength of cementitious materials is generally more sensitive to micro-cracks than the
compressive strength, the better flexural strength of SFA1.2 mixtures may be
associated to reduced micro-cracking of SFA1.2 as compared to SSA1.2 as to be
discussed in section 3.5.

Table 6-3 Flexural strength and compressive strength of SSA1.2 and SFA1.2
mixtures.

Flexural strength (MPa) Compressive strength (MPa)
Mixture

2 days 7 days 28 days 2 days 7 days 28 days

SSA12 4.1(0.26)* 8.1(0.37) 8.6(0.51) 33.3(1.16) 65.1 (0.88) 76.2 (1.70)
SFA1.2  4.8(0.94) 8.9 (0.13) 10.1(0.67) 40.0 (0.58) 67.7 (2.08) 80.5 (1.28)

*The values given in parenthesis show the standard deviation.

3.4.2 Reaction kinetics

Fig. 6-7 shows the heat evolution and the cumulative heat release of SSA1.2 and
SFA1.2 mixtures. The known five distinctive stages are observed in the heat of
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hydration evolution of ordinary Portland cement (PC): dissolution, induction,
acceleration, deceleration and steady-state [269]-[271]. Similar to PC, the first initial
peaks shown in Fig. 6-7a were related to wetting of the particles, dissolution of
GGBFS (the breakdown of Me-O and T-O bonds of GGBFS) and also partly to the
formation of the initial reaction products from the dissolved units such as Si, Ca and
Na in the solution [81], [207], [272]. The second peaks were shown at around 30 h for
both mixtures and the existence of this second peak can be associated with the massive
reaction products formation [134], [271]. In the first 20 hours, a similar trend was
recorded in the heat evolution for both mixtures, but the cumulative heat release of
SSA1.2 was slightly higher than SFA1.2. This could be related to the earlier formation
of the reaction product for SSA1.2 as observed in storage modulus measurements.
However, it was obvious that the maximum heat evolution around 30 h (the second
peaks in the Fig. 6-7a) was significantly higher for SFA1.2 mixture as compared to
SSA1.2. In addition, the acceleration stage of SFA1.2 was slightly earlier than SSA1.2.
Meanwhile, the cumulative heat of SFA1.2 exceeded SSA1.2 beyond 24 h, meaning
that more reaction products formed in SFA1.2. Thus, the SFA usage may have resulted
in a dense and rigid microstructure as reported by [257]. This is also consistent with
the higher flexural and compressive strength of SFA1.2.
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Fig. 6-7 Reaction kinetics of SSA1.2 and SFA1.2 (a) Heat evolution, (b) Cumulative
heat release.

3.4.3 Drying shrinkage of AAC mixtures

The drying shrinkage of SSA1.2 and SFA1.2 is presented in Fig. 6-8. The drying
shrinkage of SFA1.2 was lower than that of SSA1.2 during the whole measuring time
up to 70 days. No visible cracks were observed on the surface of the samples during
the measurement time. More than half of the drying shrinkage occurred in the first 20
days, and only slight drying shrinkage could be observed for both mixtures after 28
days. The drying shrinkage of SSA1.2 at 70 days was approximately 25% higher than
that of SFA1.2. This is probably due to the pore-refining effect of undissolved silica
fume particles in SFA1.2 activator. Indeed, the MIP results (to be discussed in Section
3.5) also confirmed that SFA1.2 has less mesopores as compared to SSA1.2.
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Fig. 6-8 Drying shrinkage of SSA1.2 and SFA1.2.
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3.5 Microstructure of AAS

Fig. 6-9 shows SEM secondary electron (SE) and backscattered electron (BSE)
images of SSA0.4, SSA1.2 and SFA1.2 pastes at the age of 28 days. The highlight
white regions in SEM (BSE) images presented in Fig. 6-9 represent the unhydrated
slag grains, the grey regions between the particles indicate reaction products and the
black regions show the pores and micro-cracks. It is obvious that the SSA0.4 has a
very distinct microstructure when compared to the other two mixtures. In Fig. 6-9b
(SSA0.4-BSE), a porous and rough microstructure with larger unhydrated GGBFS
grains could be identified. However, SSA1.2 and SFA1.2 showed a well-packed
microstructure with very massive reaction products, indicating that the reaction degree
of SSA1.2 and SFA1.2 are higher than SSA0.4. More micro-cracks could be observed
in SSA1.2 and SFA1.2 as compared to SSA0.4. These micro-cracks can be attributed
to the tensile stresses generated by autogenous or chemical shrinkage as the specimens
were cured under moisture conditions. This is in agreement with Puertas et al. [71]
and Aydin et al. [198], who reported that the crack intensity in the matrix phase
increases with the increase of Ms values. However, more and wider crack formations
were observed in SSA1.2 as compared to SFA1.2. This may explain the slightly better
mechanical properties of SFA1.2 as compared to SSA1.2 (Table 6-3).

121



| Silica fume activator

(c) SSAIL2

Fig. 6-9 SEM images of AAS pastes (left side SE, right BSE images).

Table 6-4 presents the average EDX results of 10 points obtained from different
regions of the matrix. EDX analysis showed that the main reaction product in all
mixtures is Na-incorporated C-A-S-H. The Ca/Si ratio of SSA0.4 (1.95) was
significantly higher than SSA1.2 (1.21) and SFA1.2 (0.86). In other words, Ca/Si ratio
decreased by an increase in Ms value. This is in agreement with the findings provided
by Aydin et al. [198] and Puertas et al. [210]. Previous studies concluded that the
binding property of C-S-H structure and the mean chain length of C-S-H increased
with a decrease in the Ca/Si ratio [198], [210], [273]. SFA1.2 exhibited relatively
lower Ca/Si ratio as compared to SSA1.2, meaning that SFA1.2 has a more dense and
compact microstructure with a higher degree of hydrated parts of GGBFS grains as
also observed in SEM pictures (Fig. 6-9c-d vs. Fig. 6-9e-f). These findings and
observations confirm better mechanical properties of SFA1.2 as compared to SSA1.2.
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This is due to positive effect of SFA on the intensification of C-A-S-H formation and
the densification of the pore structure of the activated binder [267].

Table 6-4 Reaction degrees of GGBFS and average atomic ratios obtained by SEM-
BSE.

Reaction
Mixture  degree Ca/Si Al/Si Na/Si  Mg/Si  Al/Ca  Na/Al
(%)

SSA04 72.0+02 1.95 0.35 0.68 0.29 0.22 1.63
SSA1.2 792+0.1 1.21 0.31 0.47 0.21 0.28 1.84
SFA1.2 823+04 0.86 0.36 0.52 0.30 0.42 1.50

The Al/Si ratio of SSA0.4 mixture was higher than that of SSA1.2 as parallel to the
findings of Puertas et al. [71]. SFA1.2 also exhibited a higher Al/Si ratio, meaning that
more Al were incorporated into C-A-S-H structure. In this study, the EDX analyses
revealed that C-A-S-H structure consists of 4.42%, 4.51% and 5.17% Al elements by
mass in SSA0.4, SSA1.2 and SFA1.2 mixtures, respectively. The substitution of Si by
Al in tetrahedral positions in the silicate chain has already been reported by [274] and
[210], [275]. As for sodium, EDX analyses revealed that C-A-S-H structure consists
0f4.9%, 5.7% and 6.2% Na element by mass in SSA0.4, SSA1.2 and SFA1.2 mixtures,
respectively. The uptake of sodium is to compensate the charge imbalance created by
the substitution of AI** for Si** [210]. Magnesium was found 2.8%, 2.6% and 3.8%
by mass in SSA0.4, SSA1.2 and SFA1.2 mixtures, respectively. The magnesium might
participate in the formation of the hydrotalcite type sub-micrometer phase as reported
previously by Wang and Scrivener [276]. Song and Jennings [69] also concluded that
the hydrotalcite would form at a later stage when a high degree of GGBFS hydration
was reached.

The reaction degree of GGBFS was evaluated by image analysis on BSE images and
was shown in Table 6-4. As shown in Table 6-4, the reaction degree of SSA mixtures
increased from 72% to 79.2% by the increase of Ms value from 0.4 to 1.2. At the Ms
value of 1.2, a higher reaction degree was found for SFA mixtures as compared to the
SSA. These findings support the better mechanical performance of SFA1.2 as
compared to SSA1.2 (Table 6-3). Furthermore, the SSA0.4 showed the lowest reaction
degree as compared to the other two mixtures, this is probably due to relatively lower
amount of silicates provided by the activator solution in this mixture, leading to less
reaction products [80].

Fig. 6-10 shows the pore size distribution of some selective AAS mixtures. The pore
size classification according to the International Union of Pure and Applied Chemistry
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(IUPAC) system [277] are also shown in Fig. 6-10. In the case of SSA activator, the
envelope of SSA1.2 exhibited less macropores than SSA0.4, but more mesopores and
higher capillary porosity [80], [278]. The capillary pores consists of mesopores,
macropores, and the water-filled space existing between original cement grains [278].
SFA1.2 showed a lower porosity as compared to SSA1.2, and the amount of
mesopores was also lower than SSA1.2. Shrinkage under various conditions depends
on the loss of water from mesopores and the size of the macropores, influencing the
easiness of evaporation of water from the mesopores [278]. Therefore, the lower total
volume of mesopores in SFA1.2 may explain the lower drying shrinkage of SFA1.2
compared to SSA1.2.
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Fig. 6-10 Pore size distribution of AAS.

3.6 Comparison of carbon dioxide emission and cost of activator solutions

One significant advantage of AAS is its lower carbon footprint as compared to PC.
The main contributor to carbon dioxide (CO>) emission and also the cost of AAS is
the activator solution. Since the AAS produced with SFA1.2 and SSA1.2 have
comparable early and later age mechanical properties, a comparison in terms of CO,
emission and price have been performed. The precursor and fine aggregate amounts
of AAS produced with SFA1.2 and SSA1.2 are equal to each other, so these
comparisons were performed only for the activator solutions. The unit price of the
activator solution ingredients provided form BRENNTAG company (Belgium) and
Elkem (The Netherlands) and the CO; emissions associated with their manufacturing
process [5], [279], [280] are given in Table 6-5. The amounts of liquid sodium silicate,
silica fume and NaOH to produce 1 m? of AAS mortar with SSA1.2 and SFA1.2 are
given in Table 6-5 with the calculated CO, emissions and price. As shown in Table
6-5, total CO, emissions associated with SFA1.2 activator were significantly lower
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than that of SSA1.2, and the cost of SFA1.2 solution is also lower than SSA1.2.

Table 6-5 Comparison of CO, emissions and cost of activator solutions

For 1 m* AAS mortar production

CO,
. Price  Emissions Material CO; Emissions
Ingredients (Euro/ton) amounts (kg) Cost (Euro) (ton)
(ton/ton)
SSA1.2 SFA1.2 SSA1.2SFA1.2 SSA1.2 SFA1.2
Liquid
sodium 840 1.514 94.4 — 79.3 -— 0.143 —
silicate
Silica fume 700 7%107° --- 28 - 19.6 - 0.000
NaOH 1100 1.915 7.3 29.5 8.0 325 0.014 0.056
Total — - - — 873 52.1 0.157 0.056
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4. Conclusion

This Chapter investigates the effects of sodium silicate-based activator (SSA) and
silica fume based activator (SFA) with different Ms values on the rheological and
microstructural properties of alkali-activated GGBFS mixtures. Based on the findings,
the following conclusions can be drawn:

1. SFA contains more depolymerized structures as compared to SSA at the same Ms
value according to the FTIR results. Both activators were found to be more
depolymerized by the decrease in Ms value.

2. The structuration rate of SFA mixtures was generally lower than for SSA mixtures.
Under the high constant shear rate of 200 s™, SFA mixtures exhibited a low and steady-
state shear stress with time, indicating the lack of reaction product formation during
the measurement. However, a sudden increase followed by a gradual decrease in shear
stress was observed in SSAL1.2 and SSA1.6 mixtures, indicating the C-A-S-H
formations. SFA and SSA mixtures subjected to shear cycles had a similar rheological
response with the mixtures exposed to high constant shear rate.

3. The setting times of SSA mixtures decreased with the increase of Ms value.
Conversely, a higher Ms value prolonged the setting times of SFA mixtures; in
particular, the setting times of the SFA1.2 mixture were extended significantly. The
SSA-activated mixtures with higher Ms values had a very short setting time that could
be problematic in concrete practice. On the other hand, it was shown that the initial
and final setting times of AAS could be extended up to 5 hours by the use of SFA
without any detrimental effects on the early and later age strength.

4. The SFA1.2 mixture exhibited better workability and mechanical performance with
lower drying shrinkage as compared to the SSAI.2 mixture. Regarding the
microstructure analysis, SFA1.2 and SSA1.2 showed a well-packed microstructure
with a higher reaction degree of GGBFS as compared to SSA0.4. In addition, SFA1.2
exhibited fewer micro-cracks than SSA1.2. The EDX analysis showed that SFA1.2
had a lower Ca/Si ratio compared to SSA1.2 and SSA0.4.

5. SFA seems to be more beneficial and possibly a better solution for practical
applications as compared to SSA having faster setting and higher drying shrinkage. In
addition, the lower cost and CO, emission of SFA make this activator a more
economical and sustainable solution than SSA.
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Part IV

Influence of mineral additions on the rheological
and setting behaviour of AACs
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Chapter 7 Effects of mineral addition on rheology in a binary system

In this chapter, the effects of supplementary materials on the rheology, structural
build-up, early age reaction and microstructure of AAS are studied.
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1. Introduction

To meet different engineering requirements, the rheology and structural build-up
behaviour of AAC concrete are of great importance. Structural build-up behaviour of
AAC, an important indicator to characterize the early age reaction of cementitious
materials, is generally a result of the combination of physical and chemical processes
[47], [111]. The early structural build-up of cementitious materials is critical because
it impacts the formwork pressure created by fresh concrete, the stability of the
concrete after casting, the 3D printability of concrete, and the formation of lift lines
in multilayer casting. Higher structural build-up rates are preferred in a variety of
concrete applications, including pressure reduction of formwork, fresh state stability,
slip form paving and 3D printing concrete; however, lower structural build-up rates
are generally desired in other instances, such as multilayer casting applications to
increase the bond strength between the layers [27], [28]. Previous studies have
elucidated that the addition of supplementary material can significantly change the
structural build-up behaviour of cementitious materials. Kawashima et al. [160]
pointed out that the early structural build-up of Portland cement can be increased by
adding purified attapulgite clays. Dai et al. [159] also found that using purified
attapulgite clays can also increase the structural build-up of alkali-activated slag/fly
ash pastes at an early age. Rahman et al. [281] found that the thixotropy of cement
can be enhanced by the addition of silica fume, limestone powder and fly ash due to
their strong nucleation properties. Besides, the activator type can also influence the
structural build-up behaviour of AAC. Dai et al. [47] reported that the sodium
hydroxide-activated slag/fly ash pastes showed a very higher initial storage modulus
as compared to sodium silicate-activated pastes, while the latter one showed a rapid
increase in structural build-up following the long induction period.

In this Chapter, the effects of supplementary materials addition and activator type on
the rheology, structural build-up, early reaction kinetics and microstructure have been
studied. The non-destructive ultrasonic pulse velocity was used to measure the
solidification process of AAC, and combined with the calorimetric measurements to
clarify the reaction stages. The rheology and structural build-up of AAC pastes have
also been evaluated by rotational and oscillatory rheometry. Finally, the
microstructure and gel composition of AAC pastes has been analyzed by the scanning
electron microscope/energy-dispersive X-ray spectroscopy.

2. Experimental program

2.1 Mixture design

The mixture designs of AAC are given in Table 7-1. The activator solutions were
prepared with five Ms values of 0, 0.4, 0.8, 1.2 and 1.6 with a constant Na,O content
of 5% and water to solid binder ratio of 0.37. It should be noted that the activator
solution with Ms0 is the pure sodium hydroxide activator, the alkaline solution with
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Msl.6 is the pure sodium silicate activator, other activator solutions are the mix of
sodium hydroxide and sodium silicate in required amounts. These activator solutions
were prepared one day before to ensure the complete dissolution of the sodium
hydroxide prior to mixing. The pH values of the activators were measured by a pH
meter; however, it should be noted here that using a pH meter to measure the pH of
the activator solutions with extreme alkali ion concentration may result in some errors
due to the extremely high alkali ion concentrations and the presence of aqueous
silicates in the alkaline solutions [105]. Previous literature has been reporting that the
sodium silicate activator solution contains silicate monomers, dimers, trimmers and
other high-order units [259], and that the decrease in Ms value is more favorable to
the presence of more depolymerized silicate units [105]. To investigate the effects of
the various supplementary materials on the rheological performance and
microstructural evolution of AAC, the GGBFS was replaced with 30% silica fume
(SF), limestone powder (LSP), fly ash (FA) and cements (PC), respectively.

Table 7-1 Mixture designs of AAC.

Mixture GGBFS SF LSP FA PC W/sb* Ms SiO2 % Nax0 % pH value
(% by (%by (%by (%by (% by Zcftivator
mass) mass) mass) mass) mass) solution

Ms0_30SF70Slag 70 30 0.37 0 0 5 13.90

Ms0_30LSP70Slag 70 30 0.37 0 0 5 13.90

Ms0_30FA70Slag 70 30 0.37 0 0 5 13.90

Ms0_30PC70Slag 70 30 0.37 0 0 5 13.90

Ms0.4_30SF70Slag 70 30 0.37 04 2 5 13.78

Ms0.4_30LSP70Slag 70 30 0.37 04 2 5 13.78

Ms0.4_30FA70Slag 70 30 0.37 04 2 5 13.78

Ms0.4_30PC70Slag 70 30 0.37 04 2 5 13.78

Ms0.8_30SF70Slag 70 30 0.37 0.8 4 5 13.73

Ms0.8_30LSP70Slag 70 30 0.37 0.8 4 5 13.73

Ms0.8_30FA70Slag 70 30 0.37 0.8 4 5 13.73

Ms0.8_30PC70Slag 70 30 0.37 0.8 4 5 13.73

Msl.2_30SF70Slag 70 30 0.37 1.2 6 5 13.72

Msl1.2_30LSP70Slag 70 30 0.37 1.2 6 5 13.72

Msl.2_30FA70Slag 70 30 0.37 1.2 6 5 13.72

Msl1.2_30PC70Slag 70 30 0.37 1.2 6 5 13.72

Ms1.6_30SF70Slag 70 30 0.37 1.6 8 5 13.45

Msl.6_30LSP70Slag 70 30 0.37 1.6 8 5 13.45

Ms1.6_30FA70Slag 70 30 0.37 1.6 8 5 13.45

Ms1.6_30PC70Slag 70 30 0.37 1.6 8 5 13.45

*The sum of GGBFS, SF, LSP, FA, PC and the dry part of the activator solution are

131



Mineral addition

considered as the binder.

2.2 Sample preparation

The following procedure was used in the paste sample preparation: First, the activator
solution was poured into the Hobart mixer bowl, then the dry blended binders were
added and mixed at low speed (140 + 5 rpm) and high (285 £ 5 rpm) for 90s each.

2.3 Protocol for flow curves

Fig. 7-1 presents the shear protocol. After the pre-shear of the mixture at 600 rpm for
60 s and a rest of 30 s, the shearing speed of the rotor was
3/6/10/20/30/60/100/200/300/600 rpm for the step-wise increasing part of the shear
protocol, followed by the same values of the rotor to provide the step-wise decreasing
part, each step continued for 20 s. The dynamic yield stress and plastic viscosity were
determined by the equilibrium part of the descending steps of the flow curve. Bingham
model (Eq. (7-1)) was used to fit the downward curves of AAC pastes.

T =G+ HN (7-1)

where T is the torque in mN-m, G is a variable linked to yield stress in mN-m, H is a
variable associated with plastic visocity in mNm-s, N is the speed of rotation in rpm.
The Reiner-Riwlin equations were applied to transform the torque and rotational
velocity data into fundamental rheological parameters (Eq. (7-2) for dynamic yield
stress and Eq. (7-3) for plastic viscosity) for the Bingham model.

)

= -2
To 4nhln(§—i) (7 )
i)
_ \rt RY)
w=-g,H (7-3)

where 7, is the dynamic yield stress (Pa), u is the plastic viscosity (Pa‘s), R; is the
vane radius (mm), R, is the inner cup radius (mm), h is the vane height (mm), G is the
intercept of the curve with the T-axis (mN.m), H is the inclination of the straight line
in the T-N graph.
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Fig. 7-1 Shear protocol used for flow curve.

3. Results and discussions

3.1 Isothermal Calorimetric results of AAC pastes

Fig. 7-2 illustrates the isothermal calorimetric curves of AAC pastes with different
supplementary materials. As well known, five distinctive stages are observed for AAC:
dissolution, induction, acceleration, deceleration and steady-state stages, respectively
[271], [276]. In this study, the AAC pastes generally showed the same trend,
exhibiting at least two peaks during the measurement time. The first peak is the
dissolution peak which is linked to the wetting of particles, the dissolution of
precursors, and partly due to the formation of some initial reaction products [16], [110],
[207]. The second one is the main exothermal peak, which was associated with the
main reaction products formation and microstructural development [16], [51], [110],
[152]. With a decrease of the Ms value of the activator solutions, the main exothermal
peak occurred earlier with higher intensity, and the induction period was shortened.
Fig. 7-2a and b present the heat flow and cumulative heat release of AAC pastes with
different supplementary materials activated by Ms0 (sodium hydroxide activator
solution), respectively. Generally, the occurrence of the second peak for the mixture
with the addition of SF, LSP and FA were very similar, and the mixture with SF
addition exhibited the highest second peak intensity, which was followed by LSP and
FA. However, in the case of PC addition (MsO 30PC70Slag), a small additional
exothermal peak was observed 2h after the dissolution peak, while the main
exothermal peak was seen at 10 h. As shown in Fig. 7-2b, the mixture
Ms0 30SF70Slag exhibited the highest cumulative heat release during most of the
measurement time, reaching 146 J/g at the age of 7d. The cumulative heat release of
Ms0 30PC70Slag reached a similar value (145 J/g) with MsO 30SF70Slag at the age
of 7d. The mixtures with the addition of LSP and FA presented almost the same
cumulative heat release curves during the measurement time, showing 135 J/g, at the
end of the measurement time.
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Fig. 7-2c and d present the heat flow and cumulative heat release curves of AAC pastes
activated by Ms0.4 (sodium silicate and sodium hydroxide activator solution),
respectively. All mixtures showed an additional peak between the dissolution peak
and the main acceleration peak. Previous studies have also reported that the
appearance of an additional peak before the induction period depends on the activator
dosage, slag activity and hydration temperature [271]. However, this additional peak
and dissolution peak appeared very close and maybe merged into one peak for the
mixture with the addition of PC activated by Ms0.8, Ms1.2 and Ms1.6 due to higher
silicate concentration and high reactivity of PC. The additional peak of the mixture
Ms0.4 30PC70Slag showed much higher intensity than that of Ms0 30PC70Slag.
This is possibly because the calcium ions dissolved from Portland cement may quickly
interact with silicates originating from the activator solution to form initial reaction
products [282] and, maybe up to some extent, the alkali substituted C3A conversion
to the ettringite [283] and an instant formation of nano-size ettringite crystals on the
surface of cement grains [284]. As a result, the heat release for the mixture
Ms0.4 30PC70Slag was enhanced at an early age. As for the other three mixtures
activated by Ms0.4, the trend was similar to the case of Ms0: the occurrence of the
main exothermal peak with a higher intensity was earlier for the mixture
Ms0.4 30SF70Slag, followed by Ms0.4 30LSP70Slag and Ms0.4 30FA70Slag.
Regarding the cumulative heat release, the mixture Ms0.4 _30PC70Slag presented the
highest cumulative heat release during the whole measurement time, showing 157 J/g
at the age of 7 d. The other three mixtures with the addition of SF, LSP and FA showed
a cumulative heat release at the age of 7d of 142, 131, 135 J/g, respectively.

The heat flow and cumulative heat release curves are given in Fig. 7-2e and f,
respectively, for the mixtures with an Ms value of 0.8 (sodium silicate and sodium
hydroxide activator solution). The main exothermal peak of the mixture
Ms0.8 30PC70Slag appeared earlier as compared to the case in MsO and Ms0.4. In
other words, the induction period was shortened for the mixture Ms0.8 _30PC70Slag.
By contrast, the induction period of the other three mixtures was prolonged as
compared to that of Ms0 and Ms.0.4. Similar to the Ms0 and Ms0.4 cases, the mixture
Ms0.8 30PC70Slag showed the main exothermal peak earlier than the LSP and FA
incorporated mixtures. Regarding the cumulative heat release, the mixture
Ms0.8 _30PC70Slag always presented the highest cumulative heat as compared to the
other three mixtures, releasing 147 J/g at the end of the measurement. The other three
mixtures showed the same cumulative heat release of 135 J/g at the age of 7d. But it
should be noted that the heat release rate of Ms0.8 30PC70Slag was high in the first
12 hours but low at the later ages.

Fig. 7-2g and h illustrate the heat flow and cumulative heat release curves of AAC
pastes activated by the activating solution with Ms1.2 (sodium silicate and sodium
hydroxide activator solution, respectively). It should be noted that the mixture with
the addition of PC still showed the highest intensity of the main exothermal peak and
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cumulative heat release (137 J/g at the age of 7d) as compared to other mixtures.
However, the mixture with the addition of SF showed the longest induction period as
compared to the other three mixtures, which was different from the cases of Ms0,
Ms0.4 and Ms0.8. The cumulative heat release for the mixture with the addition of SF,
LSP and FA was almost the same at the age of 7d, which was around 123 J/g.

Fig. 7-2i and j exhibit the heat flow and cumulative heat release of AAC pastes
activated by Msl1.6 (sodium silicate activator solution), respectively. In general, the
trend of the heat flow evolution for these four mixtures activated by Ms1.6 was very
similar to the case of Msl.2. However, the additional peak for SF, LSP and FA
incorporated mixtures activated by Ms1.6 was much more obvious than the case of
Msl.2, where the additional peaks were merged with the dissolution peaks. As for the
cumulative heat release, the mixture with the addition of SF, LSP, FA and PC showed
111, 108, 108 and 144 J/g, respectively.

In this study, LSP incorporated pastes always showed an earlier main exothermal peak
with a higher intensity as compared to the pastes containing FA regardless of the type
of activator solution. This is possibly because the finer LSP with a BET surface area
of 4.43 m*g can provide more nucleation sites to promote more precipitation and
growth of the reaction products as compared to FA (BET surface area 1.67 m%/g),
thereby shortening the induction period and increasing the intensity of the main
exothermal peak. It should be mentioned that according to Fig. 3-1 the particle size
distribution of LSP and FA seems similar to each other, but the finer proportion of
LSP (dio=0.21 um) is significantly higher than FA (dio = 1.26 um). Previous studies
also observed the same phenomena [110], [152]. SF incorporated mixtures even
showed a shorter induction period and a higher intensity of the main exothermal peak
as compared to the mixture with LSP and FA addition when the activator solution had
a Ms value of 0, 0.4 and 0.8. Previous studies [285] reported that the addition of SF
can increase the reactivity of slag, causing the reaction of the Al in the slag with the
SF. Besides, SF, normally consisting mostly of amorphous phases, has significantly
higher reactivity than FA which consists of amorphous and crystalline phases [285].
As aresult, the alkaline activator reacted more favorably with SF rather than with FA.
Moreover, due to the super high specific surface of SF as compared to LSP and FA,
the nucleation effect of SF is more dominant [286]. However, this phenomenon was
reversed when a higher silicate concentration was used as activator solution (Ms1.2
and Ms1.6). The intensity of the main exothermic peak and induction period of
mixture with addition of SF was decreased and prolonged, respectively, as compared
to the mixture with LSP and FA. The reaction mechanism behind this observation is
very complicated, and the most plausible explanation could be the following: In the
presence of the activator solution with lower Ms and higher pH, the SF is dissolved
strongly in the beginning and silica-based complexes are formed stronger than in case
of using the activator with higher Ms and lower pH [111], [256]. Due to the strong
dissolution of SF, an oversaturation is reached very quickly and intense precipitation
and the formation of reaction products occurred earlier. Besides, the fastest reaction
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process was observed for the mixture with PC addition in the case of Ms values
exceeding 0.8. This is probably due to both the PC and slag showing strong reactivity
during the measurement time [282], [287], [288]. In this study, the highest cumulative
heat release was observed in the mixture with PC addition regardless of the Ms value
of the activator solution. Furthermore, this effect is more pronounced for the mixture
with high Ms value. Previous studies [289] have shown that the presence of alkalis

could significantly accelerate the hydration of cement.
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Fig. 7-2 The evolution of heat flow and cumulative heat release with supplementary
materials. (a) and (b) Ms 0, (¢) and (d) Ms 0.4, (e) and (f) Ms 0.8, (g) and (h) Ms
1.2, (i) and (j) Ms 1.6.

For the effects of the Ms value on the heat evolution of AAC pastes, the heat flow
curves and cumulative heat release of alkali-activated fly ash/slag pastes activated by
various activator solutions are given in Fig. 7-3 as an example. The time of appearance
of the acceleration peak has been reported by previous studies to be influenced by the
Ms value of the activator solution [290]-[293]. The end of the induction period is the
time required for dissolved species to reach a critical concentration [294] and start
forming reaction products, as indicated by the acceleration peaks immediately
following the induction period. In this study, the induction period was prolonged with
an increase in Ms value except the paste activated by Ms0.8, which showed the longest
induction period. With a constant Na,O content of 5%, the activator solution contains
a higher concentration of OH™ with a decrease in Ms value of the alkaline solution.
The high availability of OH™ ions from the activator with a low Ms value led to the
interaction between the dissolved Ca, Mg and Al ions from slag grains and Si from
the activator solution, resulting in a higher heat flow intensity [291]. However, it
seems there is a balance between the dissolution rate of slag and the consumption of
silicates in the activator solution. Once the Ms value was higher than 0.8, the activator
solution with more silicates can shorten the induction period, probably due to the more
SiO4* ions participating in the reaction [43]. A more detailed discussion will be
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presented in the next section.
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Fig. 7-3 The evolution of (a) heat flow and (b) cumulative heat release of the alkali-
activated fly ash-slag pastes.

3.2 Ultrasonic pulse velocity of AAC pastes and its correlation with heat
evolution and Vicat setting times

3.2.1 Comparison between ultrasonic pulse velocity and heat evolution

To better understand the early age reaction of AAC paste, the changes in ultrasonic
pulse velocity of AAC pastes with different supplementary materials in the first 24 h
are given in Fig. 7-4. The UPV curves of the pastes with Ms0 and Ms1.2 activators
were given in Fig. 7-4a and b, respectively. As shown in Fig. 7-4a and b, the paste
with the addition of PC always showed a higher UPV as compared to other pastes
regardless of the activator type. All AAC pastes activated by Ms0O showed a similar
trend and magnitude of the velocity over time. This indicates that the sodium
hydroxide activator did not significantly change the reaction mechanism of AAC
pastes with various mineral addition. However, when the sodium silicate activator
solution (Ms1.2) was used, the evolution of UPV and the magnitude of the velocity
varied by the supplementary material used. The mixture Msl.2 30PC70Slag
exhibited a rapid increase of UPV in a very short period, and the velocity increased to
around 3000 m/s in the first 3 h. The UPV evolution of the other three mixtures with
the addition of SF, LSP and FA showed an induction period without any increase in
velocity. And the time to the end of the induction period was also similar to the time
for the end of the dormant period observed in the isothermal calorimetric curves. After
this induction period, the UPV started to increase again.

To investigate the effects of Ms value on the early age reaction of AAC pastes, the
alkali-activated fly ash-slag pastes activated by Ms0, Ms0.4, Ms0.8, Ms1.2 and Ms1.6
also are given in Fig. 7-4c. The Vicat setting times, isothermal calorimetric results and
the UPV curves are plotted in Fig. 7-5. Ti and Tf indicate the initial and final setting

times in this figure, respectively.
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30FA70slag mixture.

Generally, the evolution of calorimetric results well agreed with the evolution of UPV.
For all the pastes, the initial and final setting times occurred when the UPV ranged
from 1350 to 1550 m/s, and between 1650 and 1950 m/s, respectively.
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Fig. 7-5 The correlation between UPYV, heat flow, cumulative heat and Vicat setting
times results of 30FA70Slag (a) Ms0 (b) Ms0.4, (c) Ms0.8 (d) Ms1.2 (e) Ms1.6.

As shown in Fig. 7-5a, the UPV evolution of mixture MsO_30FA70Slag (sodium
hydroxide activator) presents three stages: (Ip) dormant period, (IIp) acceleration
period, (Illp) deceleration period. In stage lo, the UPV kept around 350 m/s, which
was also consistent with the value reported for Portland cement in the literature [295].
This P-wave value in this stage was significantly less than that in pure water (1510
m/s at 30 °C), owing to energy attenuation of the ultrasonic wave signals induced by
interface scattering, reflection and absorption and air bubbles in the suspension. A
previous study [150] also considered the AAC paste in this stage to show the liquid-
like behaviour. In this stage, the dissolution and initial reaction products formations
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occurred simultaneously, which was also evidenced by the dissolution peak of the heat
flow. The interaction between the Ca and Si dissolved from precursors resulted in
initial reaction product formation [43], [44]. As a result of this initial network, a better
passageway for the propagation of ultrasonic waves in stage IIp was formed. In stage
Iy, a rapid increase of ultrasonic waves was observed, meanwhile, the heat flow also
reached the acceleration peak point at the end of this stage. This is probably due to a
large number of reaction products having been formed and the connection between
different solid phases has been strengthened, leading to the propagation path of P-
wave from the liquid-like to the solid-like behaviour. It was previously reported that
very high alkaline conditions (sodium hydroxide) could accelerate the activation
process as the presence of OH™ promotes slag dissolution and increases the solubility
of silica and aluminum [70], [296]. This indicates that the sodium hydroxide activator
(Ms0) contributed to the further dissolution of slag, resulting quicker reaction. In stage
111y, the P-wave increased slowly and the heat flow also started to decrease. This is
probably due to the formation of reaction products starting to fully fill the capillary
network of the matrix and hence the increasing rate of UPV began to decrease.

As shown in Fig. 7-5b, ¢, d and e, sodium silicate activated mixtures generally showed
five stages in the first 24 h: (I) dormant period, (II) first acceleration period, (I1I) first
deceleration period, (IV) second acceleration period and (V) second deceleration
period. In stage I, all the pastes also exhibited a very low velocity, which was also
similar to the sodium hydroxide-activated paste (MsO 30FA70Slag). The initial
reaction products are formed by the interaction between the silicon ions originating
from the sodium silicate solutions and the Ca, Al, Mg and Fe dissolved from the
precursor particles surface as reported in many studies [71], [267], [296]. In stage II,
the velocity started to increase, and the Ca ions continuously dissolving from the
precursors - interacted with the silicates in the sodium silicate solution, forming a
large amount of reaction products. Therefore, an additional exothermal peak was
observed for the sodium silicate-activated pastes in stage II and the intensity of the
peak decreased with a decrease in the Ms value of the activator solution. Due to the
presence of higher amounts of silicates in the activator solution of Ms0.8, Ms1.2 and
Msl.6, the reaction rates for these pastes in stage II were accelerated, and the initial
setting for these pastes occurred in this stage. The reason for the quick setting times
and faster UPV of sodium silicate-activated pastes in this stage as compared to sodium
hydroxide-activated pastes under the same Na>O % could be explained by the time
difference required to reach a critical concentration of ionic species in the suspension
to form reaction products. This time is longer for the sodium hydroxide-activated
pastes due to the lack of aqueous silicates in the activator solution [43], [70].

However, it is interesting to note that the pastes with Ms0.4 showed the lowest
increasing rate of velocity in this stage as compared to all other pastes (as shown in
Fig. 7-4c). As elucidated in previous literature, the sodium silicate activator solution
with low Ms value contained more silicate monomers, which readily reacted with
calcium or aluminum ions, while more cyclic trimers reacting relatively slow with the
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calcium or aluminum ions were detected in the sodium silicate activator with high Ms
value, [105], [259], [297]. Yet, because of the initial high reaction rate in the low Ms
value case (Ms0.4), the initial reaction products could cover the precursors' surface,
which in turn delays the further reaction in the following stage [47], [81]. The high-
Ms activator with lower pH can allow a longer time for the dissolution of precursors.
Once the calcium and aluminum ions reach the critical concentration in the matrix,
the subsequent reaction takes place rapidly, forming a large amount of reaction
products [47], [49], [150]. Therefore, the high Ms value paste showed shorter setting
times than those with low Ms value.

In stage 111, sodium silicate-activated pastes showed different induction period times.
The UPV showed an increasing rate while the heat flow rate had a decreasing trend in
this stage. This can be due to the substantial consumption of silicates originating from
the activator solution causing the reaction between silicates and calcium ions to reach
an equilibrium state at the end of the previous stage. Many authors [43], [44] have
introduced this stage as the dissolution-controlled stage since the dissolution of
precursors controls the reaction rate. They pointed out that the previous reaction
products like C-A-S-H or C-S-H would form near the surface of precursors acting as
a barrier and temporarily suppress further dissolution to form new reaction products.
It is interesting to note that once the Ms value exceeded 0.8 the induction period at
this stage was relatively shortened, possibly due to more residue silicates from the
activator solution after the consumption in the previous stage becomes available to
reach a new critical concentration to form new reaction products.

In stage IV, the UPV started to increase again, and the heat flow also reached the peak
value of the acceleration stage. Puertas et al. [71] reported that within 3h and 24h, the
OH- content in the sodium silicate paste increases dramatically, increasing the solution
pH and promoting the dissolution of slag. As a result, the interaction between silicates
and calcium dissolved from slag took place to form further reaction products, which
could also be linked to the solid phases in this stage. Therefore, the total solid volume
fraction is further increased and results in a gradual increase in UPV during this stage.
Cao et al. [43] also investigated the early-age reaction process of sodium silicate-
activated pastes using the FTIR technique and reported that the shift in the Si-O-Si(Al)
from 978 cm’! at 250 min to 970 cm™' at 1200 min, indicating the change of gel
composition with a higher polymerization degree, providing a highly polymerized unit

gel.

In stage V, a slight increase in the UPV was recorded and it started to reach a plateau.
During this time, the heat flow reached the deceleration stage. This indicates the
dissolution of precursors and chemical reaction process reached a new equilibrium
state, therefore the reaction rate declined gradually and the UPV increased at a slower
rate.

The early age reaction process of sodium hydroxide-activated pastes was more
straightforward with only three stages compared to those with sodium silicate
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activator. The main difference between sodium hydroxide-activated and sodium
silicate-activated pastes seems to be the silicates from the activator solution, which
can significantly change the reaction mechanism [43].

3.2.2 Comparison between Vicat setting times and cumulative heat release

Normally, the setting takes place when a specific reaction degree or a certain degree
of microstructure formation occurs [298]. As a result, it is meaningful to compare the
reaction degree, cumulative heat release and UPV with setting times. The reaction
degree is generally defined as the ratio of the cumulative heat released during the
reaction process at time “t” to the total heat released at infinite time Q. (Eq.
(7-4)) [44], [58], [242]. Uppalapati et al. [44] reported that using the cumulative heat
release to determine the reaction degree is a possible way of assessing the setting times.
However, as the determination of the ultimate heat release Q. at an infinite time is not
possible. In this study, an exponential model suggested by many authors [55], [242]
was used to determine the Q.. (Eq. (7-5)).

a(t) = % (7-4)
0 = 0. o0 ([7]) (7-5)

where a(t) is the degree of reaction at a certain age t, Q(t) is the cumulative heat
release at time t, Q, is the ultimate heat release at infinite time, T and £ are the time
and shape parameters, respectively.

After fitting Eq. (7-5) to the cumulative heat release curves of alkali-activated fly ash-
slag pastes, the Q, of the mixture MsO 30FA70Slag, Ms0.4 30FA70Slag,
Ms0.8 30FA70Slag, Ms1.2 30FA70Slag and Ms1.6_30FA70Slag were found as 145,
150, 161, 139 and 116 J/g, respectively. Therefore, the reaction degree of AAC pastes
at initial and final setting times can be calculated using Eq. (7-4). Table 7-2 presents
the reaction degree, cumulative heat release and UPV at setting times of AAC pastes.
The reaction degree of around 9.24 — 13.70 % and 13.51 — 17.58 % indicated the
formation of critical volume fraction of reaction products, leading to initial and final
setting times in AAC with different Ms values. Uppalapati et al. [44] pointed out that
the difference in the reaction degree between the AAC pastes in terms of Vicat setting
times was ascribed to the degree of polycondensation between initially formed
reaction products. In general, it could be seen that the mixtures with a higher amount
of silicates in the activator solution showed a higher reaction degree when they
reached their initial and final setting times.
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Table 7-2 Comparing Vicat setting times with reaction degree, cumulative heat
release and UPV.

Mixtures Initial set Final set
Initial UPV Cumulative Reaction Final UpPv Cumulative Reaction
setting (m/s) heat release degree setting (m/s) heat release degree
times (J/g) (%) times J/g) (%)
(min) (min)

Ms0_30FA70Slag 125 1540 13.40 9.24 210 1920 19.60 13.51
Ms0.4_30FA70Slag 282 1350 14.61 9.74 620 1730 21.27 14.18
Ms0.8_30FA70Slag 87 1435 18.65 11.58 175 1739 21.89 13.60
Ms1.2_30FA70Slag 69 1326 19.04 13.70 146 1746 24.43 17.58
Msl.6_30FA70Slag 63 1372 1522 13.12 90 1649 18.82 16.22

3.3 Flow curves and very early structural build-up of AAC pastes

Fig. 7-6 presents the downward flow curves of AAC pastes with different mineral
additions. For reasons of clarity, only the pastes activated by Ms0 and Ms1.2 will be
reported. The dynamic yield stress and plastic viscosity of the AAC mixtures were
calculated by Eq. (7-2) and (7-3), respectively, and were summarized in Table 7-3. For
the pastes activated by Ms0, SF incorporated mixture showed the highest dynamic
yield stress due to the ultra-high fineness of SF. Collins and Sanjayan [299] also
pointed out that the replacement of 10% condensed SF with slag can lead to a
significant loss in workability with a very low initial slump value. LSP and FA
incorporated mixtures showed much lower dynamic yield stress as compared to SF
and PC incorporated pastes. Therein, MsO 30FA70Slag has a lower dynamic yield
stress than MsO_30LSP70Slag due to the “ball-bearing” effect of spherical FA
particles [110], [300]. PC incorporated mixture also exhibited a higher dynamic yield
stress with the highest plastic viscosity due to the higher amount of initial reaction
products formed at an early age.

Regarding the mixture activated by sodium silicate solution (Ms1.2), due to the
presence of aqueous silicates in the activator, the reaction in Ms1.2_30PC70Slag was
accelerated. Due to the rapid stiffening, it was difficult to obtain a homogeneous and
flowable mixture. Therefore, the flow curves for only SF, LSP and FA incorporated
mixtures with Ms1.2 are presented in Fig. 7-6b. As can be seen from the figure, the
general trend in the flow curves of Ms1.2 was similar to the pastes activated by Ms0.
As seen from Table 7-3, the mixture with the addition of SF showed significantly
higher dynamic yield stress than Msl.2 30LSP70Slag and Msl1.2 30FA70Slag.
However, it should be noted that the mixtures activated by Ms1.2 generally had lower
yield stress than those activated by Ms0, probably due to the plasticizing and
deflocculating effects of the repulsive double-layer electric forces originated from the
adsorption of the aqueous silicates on the particle surfaces [102].
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Table 7-3 The rheological parameters of AAC pastes.

Mixture Dynamic yield stress Plastic viscosity (Pa‘s)
(Pa)
Ms0 30SF70Slag 516.31 0.74
Ms0 30LSP70Slag 64.67 0.87
Ms0 30FA70Slag 38.36 0.91
Ms0 30PC70Slag 236.55 1.22
Msl1.2 30SF70Slag 111.56 0.64
Msl1.2 30LSP70Slag 3.51 1.33
Msl1.2 30FA70Slag 4.44 0.96
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hydroxide pastes activation (Ms0), (b) sodium silicate (Ms1.2) activation.

To better understand the very early structural build-up of AAC pastes with different
supplementary materials, the SAOS measurements were conducted and presented in
Fig. 7-7. As shown in Fig. 7-7a, the incorporation of PC into AAC mixture activated
by Ms0 led to a rapid increase in storage modulus with the highest increasing rate. In
addition, SF incorporated mixtures exhibited a higher storage modulus than LSP and
FA, possibly due to the increased interparticle interaction of ultra-fine SF particles and
their role in providing more nucleation sites leading to a relatively faster reaction rate
and particle packing of SF.

Regarding the pastes activated by Msl1.2, the pastes with PC addition still showed the
rapid increase in storage modulus since both PC and the slag were reacted to form a
large amount of reaction products owing to the aqueous silicates in the activator
solution. It should be noted that the mixture activated by Ms1.2 generally showed a
lower storage modulus as compared to that activated by Ms0. This can be explained
by two mechanisms, on the one hand, the solution with Ms0 has a higher pH, resulting
in a faster reaction at the initial time [47]; on the other hand, the solution with Ms1.2
provides more silicates providing a lubricating effect through the adsorption on the
particle surface [102]. Afterwards, sufficiently high but lower alkalinity of the solution
with Msl.2 compared to one with MsO may allow a continuous dissolution of
precursors in a certain period. Therefore, once the calcium, aluminum and silicates
reach the critical concentration, the reaction products would form rapidly during a
short time period. This phenomenon is more obvious for the case of the addition of
LSP and FA, which showed a rapid increase in storage modulus in a short time
(beyond 40 min.).

As aresult, it can be concluded that the pastes incorporating PC or SF have a potential
to be used in the practical engineering requiring a high structural build-up rate, such
as the reduction of formwork pressure, slip form paving, stability and 3D printing
concrete. While the early lower structural build-up rate for the mixture with the
addition of FA and LSP activated by Ms1.2 are preferred for the application of multi-
layers casting.
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Fig. 7-7 The evolution of storage modulus of AAC pastes with different mineral
addition, (a) sodium hydroxide pastes activation (Ms0), (b) sodium silicate (Ms1.2)
activation.

3.4 Microstructure and chemical composition of reaction products of AAC pastes

To investigate the early-age microstructure of AAC pastes, SEM analyses were
conducted on the fractured surface of the samples at the age of 1d. The morphology
of the reaction products and microstructure of AAC pastes with different
supplementary materials are given in Fig. 7-8 and Fig. 7-9.

Unreacted very fine spherical SF particles, unreacted spherical FA particles and the
irregular-shaped LSP and unreacted slag particles with high angularity can be
observed in Fig. 7-8 and Fig. 7-9. The formations filling the spaces between unreacted
particles are the reaction products. For the mixture with CE incorporation, the needle-
like formations are ettringite. A lot of reaction products were covered on SF, LSP and
FA particles surface, indicating their nucleation sites effects during reaction [110],
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[111].

Furthermore, to understand the chemical composition of reaction products, EDX
analyses for multiple points were conducted on the fractured surface. Calcium,
aluminum and silicon contents of the reaction products at the age of 1d were
determined and renormalized to 100% on an oxide for plotting on the ternary diagrams
in Fig. 7-10. These plots clearly showed the high variation in the gel composition
depending on the supplementary materials and Ms value of the activator solution. As
shown in Fig. 7-10a and b, the main reaction product of SF incorporated mixtures was
C-(N)-A-S-H with high Ca content regardless of Ms value of activator solution. The
pastes with the addition of LSP contained a mixture of reaction products C-(A)-S-H
and C-S-H regardless of activator type in this study. The pastes with the addition of
FA activated by Ms0 mainly had the C-(A)-S-H and C-(N)-A-S-H with high Ca
content, while when increasing Ms to 1.2, only C-(N)-A-S-H with high Ca content
could be detected. It should be noted that the reaction products of the pastes with
addition of PC activated by Ms0 were mainly C-S-H with a high content of Ca, which
was rarely documented in literature. This is possibly due to some ettringite formations
being also included. At the same time, the gel C-(A)-S-H and C-S-H has also been
found in the mixture Ms1.2 _30PC70Slag.

It should be noted that, although the N-A-S-H gel phase was not detected somehow
in any mixtures in this study, the previous studies pointed out that the existence of N-
A-S-H type gel could not be plausibly excluded [301]. Regarding C-(N)-A-S-H/C-S-
H/C-(A)-S-H as the primary reaction products, the interaction volume was
approximately 1.0 to 2.0 pm into the sample surface at a 15 kV acceleration voltage
[302]. Therefore, the possibility of C-(N)-A-S-H and N-A-S-H/(N,C)-A-S-H gel
intermixing may still exist, however the differentiation of intermixed gels is quite
difficult due to the resolution limit of EDX technique [248]. However, the amount of
N-A-S-H/(N,C)-A-S-H is typically regarded to be negligible as compared to C-(N)-
A-S-H or C-(A)-S-H [303]. Similarly, the formation of hydrotalcite phase rich in Al
and Mg is also possible due to the high amount of Mg in slag, which has been well
documented in the previous literature [31], [48]. To validate the existence of N-A-S-
H gel, a further microstructural technique (i.e. 2°Si Nuclear magnetic resonance) is
needed.
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Fig. 7-8 SEM images of AAC pastes activated by sodium hydroxide activator (Ms0),
(a) MsO_30SF70Slag, (b) MsO 30LSP70Slag, (c) Ms0_30FA70Slag, (d)
Ms0 30PC70Slag.

Fig. 7-9 SEM images of AAC pastes activated by sodium silicate activator (Ms1.2),
(a) Ms1.2_30SF70Slag, (b) Ms1.2_30LSP70Slag, (c) Ms1.2_30FA70Slag, (d)
Ms1.2 30PC70Slag.
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Fig. 7-10 Ternary representations of EDX data for AAC pastes with different
mineral additions at the age of 1d, (a) the pastes activated by Ms0, (b) the pastes
activated by Ms1.2, showing literature for C-S-H [304]-[306], C-(A)-S-H [248],

[303], [307], C-(N)-A-S-H [70], [308], C-(N)-A-S-H with high Ca [89], [248], [305]
and low Ca content [248], [309], and N-A-S-H [248], [307].
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4. Conclusion

This chapter focuses on the effects of supplementary materials on the rheology,
structural build-up and early age reaction of alkali activated slag cement pastes. The
following conclusions can be drawn in this study:

1. The addition of Portland cement significantly shortened the induction period and
accelerated the acceleration/deceleration stages of AAC pastes. However, an increase
in Ms value in the activator solution resulted in the extension of the induction period
with a decrease in the intensity of the acceleration peak in the heat curve of AAC.

2. Based on the isothermal calorimetric and ultrasonic measurements, the early
reaction process of sodium hydroxide-activated slag/fly ash pastes consists of three
stages: induction, acceleration and deceleration stage, while five stages are observed
in the sodium silicate-activated slag/fly ash pastes: induction, acceleration,
deceleration, second acceleration and second deceleration period. The main difference
between the sodium hydroxide and sodium silicate-activated pastes is the aqueous
silicates originating from the activator solution, which can increase the reaction rate
at an early age, leading to quick setting times.

3. A specific value of the cumulative heat release or ultrasonic pulse velocity range
can be used to estimate the setting times of pastes.

4. The studied AAC pastes produced by different supplementary materials fit the
Bingham model. The AAC pastes with PC or SF incorporation have a significantly
higher storage modulus regardless of the activator type.

5. The FA or LSP added AAC pastes activated by sodium silicate solution show an
induction period without a significant increase in storage modulus, followed by a rapid
increase in storage modulus.

6. The main reaction products of AAC pastes determined by SEM/EDX technique
seem to be the C-(N)-A-S-H/C-(A)-S-H and C-S-H at the early age. However, the
existence of N-A-S-H reaction products could not be readily ignored due to the
limitation of SEM/EDX. A further microstructure analysis (i.e. Nuclear magnetic
resonance) may need to validate the presence of N-A-S-H.
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Chapter 8 Influence of retarders on the rheological and setting behaviour of
AACs

As well known, the AAC made with sodium silicate solution shows a very quick
setting time. In this chapter, the effects of several chemical retarders on rheological
and setting behaviour of AACs are investigated.
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1. Introduction

As well known, the setting time of cementitious materials is of high importance for a
successful casting process. The sodium silicate-based activators (sodium silicate and
sodium hydroxide) were found to show the best performance in terms of strength
development; however, the main shortcoming of the sodium silicate-activated slag
cements (AAS) is the rapid set [162]. Despite the superior mechanical performance
of the AAS activated by sodium silicate-based activators, their quick and uncontrolled
setting significantly hinders their common usage in real practice. Therefore, it is vital
to find an appropriate chemical admixture to retard the rapid setting of these types of
AAS. Chang [162] found that phosphoric acid (H3PO4) can work as a retarder in
sodium silicate-activated GGBFS systems. The author pointed out that incorporating
0.87 M phosphoric acid (H3POs) into the AAS mixture could retard the setting time;
however, it reduced the early age compressive strength and increased the drying
shrinkage. Some studies also investigated the role of phosphates in the setting of AAC.
Kalina et al. [173] reported that the phosphate anion from the trisodium phosphate
(Na3POy) used as a retarder would bond to the Ca?" ions released from the GGBFS in
a highly alkaline environment, thereby forming calcium dihydrogen, later hydrogen
phosphate structures. Therefore, it is theorized that the lack of calcium ions in the
solution reduces the nucleation and development of the C-S-H phase and hence the
initial setting time delays. Gong and Yang [165] also observed the same phenomenon
that relatively high sodium phosphate concentration had a strong retarding effect on
the setting of the alkali silicate-activated GGBFS-red mud blended system. However,
Shi and Li [310] reported no notable retardation effect when NasPO, was added to the
alkali-activated phosphorus slag systems. Furthermore, the use of borates as retarders
for PC is well known [311]. Yousefi et al. [163] found that borax can improve the
fresh state properties of alkali-activated slag/fly ash systems in terms of workability
and setting time without negatively affecting the mechanical properties. They also
reported that a dosage of 6% borax was optimal in improving the fresh state properties
while keeping the mechanical performance. Revathi et al. [312] also pointed out that
both initial and final setting times were prolonged, and the yield stress of AACs
decreased in the presence of borax. The same authors revealed that the presence of
borate ions significantly influenced the early dissolution of alumina and silicate
species due to the reaction of BOy tetrahedron with [SiO4], causing the retardation of
[AlO4] in the network resulting in increased setting time. Furthermore, some
researchers also tried to use organic acids as retarder in AAC [171], [313]. Sun et al.
[171] investigated the effect of tartaric acid on the early hydration of sodium
hydroxide-activated slag pastes. They pointed out that tartaric acid can prolong the
initial setting time due to the complexation reaction of Al rather than Ca.

To improve the understanding of the roles of different retarders on the rheology,
structural build-up, setting time, strength development and the microstructure of AAS,
sodium-silicate activated GGBFS mixtures with citric acid, sodium tetraborate
decahydrate, and sodium triphosphate pentabasic were produced and tested in this
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study. The structural build-up of the AAS pastes with different types of retarders in
different dosages was assessed by small-amplitude oscillation shear tests (SAOS). The
initial workability and the workability loss of AAS with different retarders were
evaluated by a mini-slump test. X-ray diffraction (XRD) analysis and pore solution
chemistry by inductively coupled plasma — optical emission spectrometry (ICP-OES)
were applied to find out the mechanism behind the setting characteristics. The porosity
and the pore size distribution of the hardened samples were assessed by mercury
intrusion porosimetry (MIP). The compressive and flexural strength of the mixtures
were also determined to see the effect of retarding chemicals on the mechanical
properties. Scanning electron microscopy (SEM) was also employed to observe the
morphology of hydrates.

2. Experimental program

2.1 Mixture design

It was reported that the sodium silicate activators with an Ms value of around 1.0 - 1.5
could result in the highest mechanical and durability performance for alkali-activated
slag cement [268]. For this reason, the sodium silicate activator with a Ms value of
1.2 was used in this study. The Na>O content and water to solid binder (w/b) ratio
were kept constant as 5% and 0.45 for all mixtures, respectively. Three types of
chemicals, citric acid (CA, C¢HsO7) with purity of 99.0%, sodium tetraborate
decahydrate — Borax (SB, Na;B4O7-10H,O) with purity higher than 99.5% and
sodium triphosphate pentabasic (SP, NasOioP3) with purity higher than 98.0%
provided by Sigma-Aldrich, were used as retarding chemicals in this study. These
three chemicals were added to the activator solution in different amounts (3%, 4% and
5% by weight of the total precursors) one day before, prior to mixing with precursors.
The detailed mix proportions are shown in Table 8-1.
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Table 8-1 Mixture proportions of the paste samples.

Mixture Na;0% Ms  W/SB* GGBFS CA** SB**  Sp**

notation (%) (%) (%) (%)
REF Msl.2 5 1.2 0.45 100 0 0 0
CA3 5 1.2 0.45 97 0 0
CA4 5 1.2 0.45 96 4 0 0
CAS 5 1.2 0.45 95 5 0 0
SB3 5 1.2 0.45 97 0 3 0
SB4 5 1.2 0.45 96 0 4 0
SB5 5 1.2 0.45 95 0 5 0
SP3 5 1.2 0.45 97 0 0 3
SP4 5 1.2 0.45 96 0 0 4
SP5 5 1.2 0.45 95 0 0 5

* The sum of GGBFS, chemicals and dry part of activator solution is considered as
the solid binder.

** CA, SB and SP indicate the chemical admixture citric acid, sodium tetraborate
decahydrate and sodium triphosphate pentabasic.

2.2 Sample preparation

The AAS pastes for the rheological measurements were mixed by using a rotational
rheometer with a helix geometry [159]. The mixing protocol consisted of two stages:
firstly, the shear rate was gradually increased from 0 to 3000 min™! within 30 s, and
then the mixing speed was kept constant at 3000 min™!' for 120 s. For the other tests,
the paste samples were prepared in a Hobart mixer. GGBFS was added to the activator
solution in the Hobart mixing bowl and mixed at low (140 + 5 rpm) and high (285 +
5 rpm) speeds for 90 s each.

3. Results and discussions

3.1 Workability loss, setting times and mechanical performance

The influence of different retarders on the spread diameter (%) of AAS pastes is given
in Fig. 8-1. As shown in Fig. 8-1, the AAS mixture without any retarding chemicals
(REF_Ms1.2) presented a rapid workability loss within 20 min and lost all workability
at the age of 27 min. The sodium triphosphate pentabasic (SP) addition provided a
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higher initial spread diameter as compared to the reference mixture, but SP addition
could not provide enough workability retention at all used dosages. Increasing the SP
dosage from 3% to 5%, the time to complete loss of workability just prolonged from
33 min to 39 min. These findings are also consistent with the previous studies [163],
showing that the SP can only slightly increase the time to retain the flowability of the
pastes.
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Fig. 8-1 Mini-slump retention of AAS pastes at 20 °C.

The organic citric acid (CA) addition improved the initial workability and provided
longer workability retention as compared to the control mixture and the SP. The
highest initial workability among CA mixtures was obtained at 3% dosage (CA3).
However, CA3 presented a sudden workability loss after around 25 min. At 4% CA
dosage, the initial workability was slightly lower than that of CA3, but the mixture
kept its initial workability longer than CA3. In addition, the workability loss observed
in CA4 was more gradual as compared to CA3. Increasing the CA dosage to 5% (CAS)
caused a slightly lower initial workability compared to REF_Ms1.2; however, the
workability loss was more gradual, and the complete loss of workability in the CAS
mixture lasted the longest among all tested mixtures (around 115 min). On the other
hand, it should be noted here that the flow diameter of CA5 was significantly lower
than CA4 in the first hour.

Sodium tetraborate decahydrate (SB) led to a relatively appropriate initial flow
diameter and workability retention as compared to SP and CA. The initial spread
diameter and the workability retention within the first 40 min of SB3, SB4 and SBS5
were significantly higher than REF Ms1.2 AAS mixture. SB3 showed a sudden
workability loss after 40 min and lost its all flowability at 58 min. SB4 and SBS also
showed significant workability loss upon 40 min as well but their workability loss rate
were slower than SB3. The time for the complete loss of workability was prolonged
from 58 min to 75 min when the dosage of SB increased from 3% to 5%. Yousefi et
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al. [163] also found that the mixtures with SB had a better workability retention as
compared to the mixtures with SP addition, which was also consistent with the results
of storage modulus (as presented in Section 3.3) in this study.

Table 8-2 presents the initial and final setting times of the tested AAS mixtures. As
can be seen from the Table 8-2, REF Msl.2 showed rapid initial and final setting
times of 46 min and 150 min, respectively. Although there is no well-defined or
suggested minimum initial setting time for AAS yet, it is for sure that an AAS paste
with a setting time shorter than 60 min would not be appropriate for general use.
Furthermore, even much longer setting times would be more suitable for the common
use of the AAS for general purposes. In this respect, revealing the performance of
different types of retarding chemicals in extending the short setting times of sodium
silicate-activated AAS without a detrimental effect on strength development is
important. Table 8-2 clearly shows that all of the tested three different types of
chemicals retards the setting times of sodium silicate (Ms 1.2) activated AAS to
different extents. It is observed that their influence on final setting time was more
pronounced than the initial setting time.

Table 8-2 Setting times of AAS pastes.

Mixture notation Initial setting times Final setting times (min)
(min)

REF Msl.2 46 150
CA3 69 393
CA4 126 425
CAS >4d /
SB3 86 392
SB4 106 460
SB5 120 676
SP3 70 270
SP4 73 275
SP5 76 277

As can be seen in Table 8-2, similar to the results of mini-slump, the incorporation of

SP at 3% dosage could prolong the initial setting time from 46 min to 70 min, and the

further increase up to 5% did not significantly prolong the initial setting time, ranging

from approximately 70 min to 76 min. The same tendency was also observed in the

final setting times, which fell between 270 min and 277 min. The CA and SB were
160



Chapter 8

found to be more dosage-sensitive in increasing setting times. The CA with 3% dosage
prolonged the initial and final setting times 23 min and 243 min, respectively,
compared to REF_Ms1.2. These extensions in initial and final setting was 80 min and
275 min, respectively, at 4% CA dosage. The further increase of the CA dosage to 5%
caused extremely long setting times (exceeding four days for the initial setting time).
The addition of SB at 3% extended the initial and final setting times 40 min and 242
min compared to the reference. The further dosage increase to 5% resulted in the
extension of the initial and final setting time with 74 min and 526 min compared to
the reference. An overall evaluation of the setting time results presented in Table 8-2
reveals that the borax-based retarder presents more reasonable setting times at
different usage dosages. It also allows the dosage-based arrangement to reach the
desired setting properties in AAS design. In previous literature, Yousefi et al. [163]
also indicated that the setting time increased almost linearly as the borax content was
increased from 2% to 8% of the weight of precursors.

The flexural and compressive strengths of AAS mixtures are presented in Table 8-3.
It was obvious that the flexural and compressive strength for all mixtures increased
with age. It could be seen that the CA incorporated mixtures did not gain any
measurable strength at 2 days. These mixtures could gain flexural and compressive
strength at the ages of 7 and 28 days, but the obtained strength levels were much lower
than the REF_Ms1.2. The low mechanical performance of CA incorporated mixtures
was more pronounced in high dosage cases, probably due to the decrease in pH value
of the activator solution by the dosage increase. Therefore, it can be concluded that
the mixtures with CA addition were far inferior to REF_Ms]1.2 in terms of mechanical
performance.

Interestingly, among all mixtures, the best mechanical performances were obtained
from SP incorporated samples. The compressive strength of SP mixtures was higher
than 40 MPa at the age of 2 days in all used dosages. The flexural and compressive
strength values even slightly increased with a higher dosage of SP. The mixtures with
the addition of SB showed a lower flexural and compressive strength than that of
REF Msl1.2 at 2 and 7 days. However, SB3, SB4 and SB5 showed higher mechanical
properties than REF Ms1.2 at 28 days. These results are also parallel with the results
of isothermal calorimetric tests (Section 3.2).
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Table 8-3 Mechanical performance of AAS pastes.

Mixture Flexural strength (MPa) Compressive strength (MPa)
notation

2-day 7-day 28-day 2-day 7-day 28-day

REF_Msl.2 4.1+0.3*% 8.1+04 8.6 0.5 333+1.2 65.1+0.9 762+ 1.7

CA3 0 3.8+£0.2 7.0+£0.3 0 29.5+0.8 448+1.2
CA4 0 24+04 3.5+0.1 0 16.3+1.1 233+0.5
CA5 0 0 1.6+0.9 0 0 89+0.2
SB3 3.5+0.1 6.7+0.7 8.7+0.5 23.2+0.3 62.6+1.2 85.1+14
SB4 35+04 6.9+0.2 8.5+0.2 232+0.2 60.4+0.9 824+13
SBS 3.7+0.2 6.1£04 8.1+0.8 19.6 £0.5 59.1+0.5 80.2+0.5
SP3 53+04 79+0.2 8.6 0.6 432+0.6 65.8+0.7 86.9+0.9
SP4 5.5+0.5 8.1+0.5 8.6+0.7 433+0.6 66.1+1.2 87.7+1.0
SP5 5.8+£0.3 83=+0.3 9.0+1.2 44.6+£0.1 67.7+0.6 88.6+0.8

* Standard errors.

3.2 Reaction kinetics of AAS pastes

Calorimetric curves for AAS pastes with different retarders are presented in Fig. 8-2.
It has been reported that the calorimetric curve for sodium silicate-based GGBFS
mixtures has five distinctive stages: dissolution, induction, acceleration, deceleration
and steady-state [51], [81], [152].

In general, during the first 20 min a sharp local peak is observed for all sodium silicate-
based GGBFS mixtures. The heat flow evolved rapidly upon contact between the
activator and the GGBFS was mainly attributed to wetting and dissolution of GGBFS
particles and partly the interaction of silicate units and sodium with calcium dissolved
from GGBFS [207], [272]. After the dissolution stage, the heat flow for the AAS
pastes starts to show an induction period. The main calorimetric peaks after the
induction period for the AAS pastes are usually associated to the strength and
microstructural development [271].

It could be seen that CA was the most effective retarder to prolong the induction period
of AAS mixtures. As compared to REF _Ms1.2, the onset of the acceleration stage was
delayed from 14.9 h to 30.5 h and 56.5 h for 3% and 4% CA, respectively. However,
such a pronounced retarding effect of CA costs the loss of strength development (Table
8-3). Following the compressive strength development trend of CA incorporated
mixtures, the induction period and time to reach the end of acceleration period were
longer than the REF_Ms1.2 and the intensity of the main calorimetric peak was much
lower as compared to that of REF Ms1.2. It should be noted that when the dosage of
CAreached to 5%, no second calorimetric peak was observed during the measurement
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time. Therefore, the heat evolution of the mixtures was very sensitive to the CA
dosages, which was also consistent with the mechanical performance of the mixtures
incorporated with CA.

SP showed a converse trend as compared to CA in terms of heat flow. As shown in
Fig. 8-2, in the SP incorporated mixtures, the onset of the acceleration period occurred
much earlier than that of REF_Ms1.2 and this was followed by a very sharp increase
in the intensity of the main calorimetric peaks. These observations agree well with the
better mechanical performance of SP incorporated mixtures as compared to
REF Msl.2.

No very significant heat flow differences as compared to REF Ms1.2 were observed
in SB incorporated mixtures in the first 24 hours. The time of the end of the
acceleration period was achieved earlier than that of REF Ms1.2; however, the
intensity of the main peaks of SB incorporated mixtures were slightly lower as
compared to the mixture REF Msl.2. These were also consistent with the
compressive strength results at early ages.

Regarding the cumulative heat release, the cumulative heat release of REF_Msl1.2
reached to 131 J/g at 7 days (Fig. 8-2b) and the cumulative heat release of the mixtures
with CA was significantly lower than the reference mixture without CA. As can be
seen from Fig. 8-2b, increasing the CA dosage from 3% to 5% resulted in the decrease
of cumulative heat release at 7 days from 107 J/g to 13 J/g. This shows that the CA
addition is very effective in slowing down the GGBEFS reactions and its dosage should
be limited in a certain range, otherwise the activator solution would not activate the
reaction of GGBEFS. The inclusion of SB from 3% to 5% can only slightly decrease
the cumulative heat at the age of 7 days from 121 J/g to 114 J/g. The trend in the case
of SP was inversed. The cumulative heat at the age of 7 days increased from 141 J/g
to 149 J/g, supporting its better mechanical properties as compared to REF_Ms1.2.
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Fig. 8-2 The evolution of heat flow and cumulative heat release of AAS pastes (a),
(c) and (e) are the heat evolution for CA, SB and SP addition, respectively. (b), (d)
and (f) are the cumulative heat release for CA, SB and SP addition.

To better correlate the initial setting time with the reaction kinetics of AAS pastes with
different types of chemical retarders, the first three hours of heat flow and cumulative
heat curves of four mixtures (REF_Msl1.2, CA4, SB4 and SP4) were measured and
plotted in Fig. 8-3. As shown in Fig. 8-3a, after the dissolution peak, an additional
exothermic peak was observed for each AAS mixture, as also reported by
Gebregziabiher et al. [81] and Shi et al. [271]. It was observed that these additional
exothermic peaks occurred essentially before the initial setting times of AAS pastes.
The arrows in Fig. 8-3b show the cumulative heat values of AAS pastes with different
types of chemical retarders when they reached initial setting times. As could be seen
from Fig. 8-3b, REF Ms1.2, SB4 and SP4 exhibited their cumulative heat around 17
J/g at the initial setting time. However, the trend was slightly different for CA4 as its
cumulative heat showed only 12 J/g at the initial setting time possibly due to the low
reaction rate of the mixture leading to the physical effects, such as water loss by
evaporation, more dominant in setting time test.

Overall, it is therefore likely that these additional exothermic peaks made an important
contribution to the initial setting of AAS mixtures.
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Fig. 8-3 The evolution of heat flow (a) and cumulative heat release (b) of AAS
pastes in the first three hours.

3.3 FTIR-ATR and pH value analysis of activator solutions

The FTIR-ATR and pH value measurements were conduncted on four selected
activator solutions (REF_Msl1.2, CA4, SB4 and SP4), and their results are presented
in Fig. 8-4 and Table 8-4, respectively. As shown in Fig. 8-4, all activator solutions
showed a main band with a peak at around 1010 cm!, which was related to the
overlapped Si-O-Si bands of different Q" species in the activator solution. The peak
position for REF_Ms1.2 is located at 1006 cm™!, while the peak shifted to 1016 cm,
1008 cm™! and 1008 cm™! for CA4, SB4 and SP4 activator, respectively. The spectra
shift towards higher wavelengths compared to the REF _Msl1.2 spectra shows the
increase in Si-O-Si bond strength for the activators with chemical retarders [314].
New peaks were formed for the solutions CA4 and SP4 while some broad humps were
appeared in the spectra of SB4 solution, showing the formation of new bonds. In Fig.
8-4a, the additional peak located at 1590 cm™! could possibly linked to C=C aromatic
streching vibrations as reported in ref [315], [316]. Another peak at 1392 cm™' could
be attributed to Si-OH bonding [316]. Besides, the observed peak at 1280 cm™! was
normally related to the Si-C bonding [317], indicating the citric acid was modified by
silicate species in the alkaline solution. It should be noted that there is a significant
decrease in the intensity of the band region between around 900 cm™' and 950 cm™'.
This is possibly due to the H released from CA consumes small silicate anions in the
sodium silicate solution [314].
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As shown in Fig. 8-4b, SB4 showed traces of shoulders at around 950 cm!, 1100 cm
""and 1200 cm™. The wide absorption band at around 1100 cm™ can be attributed to
tri-, tetra-, pentborate, and diborate groups belonging to the BO3 and BO4 groups, as
well as asymmetric stretching from Si-O-Si [318]. The band at around 950 cm! should
be associated with the B-O vibration of BO4 units and was also related to the stretching
frequency of Si-O-B [319]. While the region centered at 1200 cm™ was possibly
assigned to the stretching vibration of B-O of the BO; units from the boroxol rings.
As for the SP4 activator shown in Fig. 8-4c, three additional peaks at 907 cm™!, 1104
cm! and 1209 cm! were also shown for the SP4 activator. The band at 1104 cm! can
be related to the bridging stretching Si-O-P and Si-O-Si vibrations [320]. While the
band at 907 cm! was possibly assigned to symmetric P-O vibrations [321].
Furthermore, presense of the band at 1209 cm™ can be assigned to the P=0 structure
[321]. These evidences showed that the addition of chemical retarders changed the
various types of bridging bonds in the activator solution.

Table 8-4 presents the pH value of these four mixtures. CA4 activator had the lowest
pH value as compared to other mixtures, indicating that CA4 led to less dissolution of
GGBFS, which was also consistent with the setting times results. While REF _Ms1.2
showed the highest pH value, which was consistent with its quick setting times.

Table 8-4 The pH values of selected activator solutions

Mixutre REF Msl.2 CA4 SB4 SP4
notation
pH values 13.56 12.84 13.22 13.35

3.4 Structural build-up of AAS pastes

It has been reported that SAOS measurement can successfully evaluate the
structuration process of cementitious materials [46], [159]. Thus, the mixtures used in
this study were tested by the SAOS method to monitor the structuration process of
AAS mixtures through the storage modulus measurements.

Fig. 8-5 shows the storage modulus evolution of CA, SB and SP incorporated mixtures
comparatively with REF Ms1.2. As can be seen from Fig. 8-5, the storage modulus
evolution of AAS pastes has two phases: Phase one defines a gradual development of
storage modulus evolution until the onset of another regime in storage modulus
evolution which is characterized by a sharp and continuous increase of storage
modulus (phase two). For the mixture REF_Ms1.2, the first phase occurred before 20
min, where there was negligible growth in storage modulus. In this phase, the colloidal
interaction forces between particles were dissipated owing to the viscous nature of the
activator solution [49]. In the meantime, due to the high silicate concentration in the
Ms1.2 solution, the silicate anions would adsorb on the particle surface, increasing the
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magnitude of repulsive double-layer electric forces [102]. Thus, the storage modulus
was negligible at an early age due to the plasticizing and deflocculating effects. Phase
two was between 20 min and 45 min. A sharp increase in the storage modulus was
observed during such a short period of time. This is probably due to the continuous
dissolution of GGBFS in phase one, letting the ions in the suspension gradually
saturate so that the interactions between different ions in phase two occurred rapidly
and started to form a rigid network. The measurement was stopped when the storage
modulus reached the limits of the measurement system of 400 kPa [20], [50].

As can be seen from Fig. 8-5, the addition of CA, SB and SP made a significant change
on the onset of the sharp increase in storage modulus due to their retarding effect. As
can be seen from Fig. 8-5a, the period of phase one slightly increased and the
rigidification rate of storage modulus in phase two significantly decreased by the
increasing dosage of CA. Previous studies reported that H* provided by CA reduced
the alkalinity of activator solution [313], slowing down the heat evolution. Similar to
this, the CA addition can also delay the increase in storage modulus and setting times
in this study.

The incorporation of SB significantly increased the period of phase one and delayed
the main increase in storage modulus in phase two as compared to that of CA addition
(Fig. 8-5b). On the other hand, unlike the CA addition, the incorporation of SB did
not influence the structuration rate significantly, indicating that SB would only cause
a delay on the onset of structuration but not change the microstructure of AAS pastes
during the structuration phase. Yousefi et al. [163] also found that a higher amount of
SB (i.e., 8% weight of precursors) can also improve the workability and setting times
without any deterioration on compressive strength. This also indicates that SB has
great potential to retard the hardening rate of AAS even at a high dosage.

In the presence of SP, AAS pastes also exhibited a more extended period of phase one.
However, the retarding effect of SP on AAS pastes was not as strong as SB. The
mixtures with 4% and 5% SP showed an almost similar trend of structural build-up,
indicating that the excessive amount of SP cannot effectively retard the structuration
process of AAS.
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Fig. 8-5 The evolution of structural build-up of AAC pastes (a) CA addition, (b) SB
addition and (c) SP addition.

3.5 Pore solution chemistry and its relation to the structural build-up of AAS
pastes

Four mixtures (REF_Ms1.2, CA4, B4 and SP4) were selected to investigate the
reaction process of AAS at an early age. The relationship between the ion
concentrations of Si, Na, Al, Ca, Mg, B, P and Fe in the pore solution and structural
build-up of AAS as a function of time are presented in Fig. 8-6. The ion concentrations
at zero time show the ion concentrations in the activator solution itself. As well known
on the one hand, the measured ion concentrations of the pore solution show the
remaining part of the dissolved ions from the GGBFS or the existing ions in the pore
solution after their consumptions to produce the reaction products [47]. On the other
hand, it should be noted that the early structural build-up of AAS paste is a physico-
chemical process with a combined result of colloidal interactions and chemical
reaction processes, which is similar to PC system [33], [101]. Nevertheless, the
correlation between pore solution chemistry and early structural build-up is very
helpful to understand the dissolution kinetics and setting process of AAS.

]

According to Fig. 8-6, the pore solution chemistry of all AAS pastes was dominated
by Na and Si, whereas much lower P, B, Al, Ca, Mg and Fe were identified. As
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explained in Section 3.3, the evolution of storage modulus can be divided into two
phases. In phase one, there was a negligible increase in storage modulus as the GGBFS
particles were well dispersed in the activator solution. This dispersion effect leads to
more interaction of the alkaline solution and GGBFS grains, thereby promoting the
dissolution. Consequently, the concentration of Al, Ca, Mg and Fe increased to a peak
value at the end of phase one due to the ongoing dissolution of GGBFS. While the
main elements in pore solution, Na and Si, did not change significantly in phase one.
Once the dissolved ions gradually reached the oversaturated state, the solid reaction
products started to form, leading to the onset of the second phase. In this phase, a
significant increase in storage modulus and the concomitant dramatic decrease in the
concentration of Ca and Si was observed, probably due to the fast precipitation of C-
S-H consuming Si and Ca in the pore solution [70]. Palacios et al. [20] also determined
the saturation indices from the elemental concentration determined by ICP-OES to
predict the solid reaction products that would form. Their thermodynamic calculations
showed that M-S-H, C-N-A-S-H, hydrotalcite, siliceous hydrogarnet
(CasFex(SiO4)034'(OH)s64) and several Na-containing zeolites: hydroxy-sodalite
(NagAlsSicO24(OH),-:2H,0),  natrolite  (NaxAlSizO19-2H,0),  Na-chabazite
(Na;AlSisO12°6H,0) and faujasite X (NaxAlxSizsO9:6.2H,0) were at all-time
oversaturated, reflecting that these solids could potentially form. These solid reaction
products could also possibly form in this study as the composition of their AAC
mixtures was quite similar to REF_Ms1.2. Correspondingly, it could be seen that the
concentration of Na, Fe, Al and Mg also decreased in phase two as some potential
solids started to form in this stage. Favier et al. [78] also showed that after some time,
the decreasing trends of Al and Na in the liquid phase were concomitant, indicating
the Al was taken up in the tetrahedral position of aluminosilicate phase and Na
compensated for the charge balance. Their findings support the results of this study.

In general, the mixtures with the addition of CA did not significantly prolong phase
one, and the concentration of Ca and Al were lower than that of REF_Ms1.2. Also,
the mixtures with CA addition spent more time in phase two than that of REF_Ms1.2,
indicating that CA4 had a lower structural build-up rate. Correspondingly, it could be
seen that the concentrations of Ca and Si kept constant or slightly decreased in this
stage, denoting less reaction products would form. This indicates that CA addition
reduced the pH value of the activator solution, and thus the dissolution rate of GGBFS
decreased. Eventually, the reaction process of CA4 was delayed.

When the pore solution chemistry of REF Ms1.2 and SB4 mixtures were compared
(Fig. 8-6a and c), it could be seen that the occurrence of the peak concentrations of
Ca, Al, Mg and Fe was delayed in SB4 mixture, and their concentrations first quickly
increased continuously in phase one. Herein, although the peak of Al was not easily
visible in the log scale, its concentration actually increased to the maximum value (45
mmol/1) at the age of 45 min, and then decreased to 28 mmol/l at the age of 120 min.
While the concentration of B rapidly decreased initially and continuously declined
through the measurement time, more specifically, the B concentration rapidly
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decreased from 649 mmol/l (at zero time) to 444 mmol/l (at the age of 10 min), and
then slightly decreased to 417 mmol/l (at the age of 120 min). In previous literature,
it was reported that the reason for the retardation effect of SB in Portland cement
systems had been shown as the slowing down of hydration due to the calcium ion
consumption by borax to form a calcium-based borate layer, which prevents the
formation of reaction products [322]. Revathi et al. [312] reported that the higher early
dissolution of alumina and silicate species was significantly disturbed by the presence
of borate ions in the AACs pastes due to the reaction of BO4 tetrahedron with [SiO4],
so that the retardation of [AlO4] in the network was effected and thus setting time of
the mixtures prolonged. For this reason, the borate in the pore solution would also
possibly interact with Ca and Si ions, thereby delaying the structural build-up and
setting of AACs.

The mixture SP4 presented a similar retarding mechanism with mixture SB4,
characterized by a delayed reaction product formation due to the consumption of Ca
ions from precursors by the SP. The consumption rate of Ca decreased for SP4 as
compared to REF Ms1.2 as shown in Fig. 8-6. This finding also supports the retarding
effect of SP. As shown in Fig. 8-6d, the concentration of P slightly decreased first and
then almost kept constant through the measurement time. This could be because the
Ca ions dissolved from the GGBFS would bond with the phosphate anion from the
SP. Previous studies [323] stated that the phosphate anions have strong affinities to Ca
cations. Shi and Day [271] furthermore indicated that the formation of Ca3(POs).
retarded the activation of GGBFS as usually observed during the hydration of PC.
Besides, Kalina et al. [173] used Raman spectroscopy and X-ray photoelectron
spectroscopy to investigate the effects of NazPO4 on the reaction process of alkali-
activated GGBFS system and showed that the calcium hydrogen phosphate phases,
which prolong the initial setting time by delaying the growth of C-S-H due to Ca ion
consumption, was first formed in the system. However, it was reported that these
phases were not stable and they dissolved by time and the formation of less soluble
phases such as secondary C-S-H gel and calcium hydroxyapatite took place.

Moreover, Dupuy et al. [324] recently used magic angle spinning nuclear magnetic
resonance (MAS NMR) to study the structural evolutions of geopolymers. The authors
tried to correlate the setting time evolutions with the NMR spectral deconvolution
results. They analyzed 31P results and found that the presence of phosphate groups
(PO4*) and P Q! (bonds to Al and/or Si) were supposed to be at the terminal of the
aluminosilicate chains, leading to partial geopolymerization. Therefore, this can
induce the formation of a secondary network, resulting in an extended setting time.
Although the situation in the boron-based system was more complicated as the boron
atoms in a tetrahedral environment (B'Y) were connected to silicon tetrahedrons, the
increasing setting time was attributed to discrepancies between the geopolymer
network and the secondary network, which were related to the BT quantity.
Furthermore, the presence of asymmetric B™ with one non bridging oxygen among
the residual B™ is recognized in relation to the declined pH value, which also
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contributed to the increase in setting time.
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Fig. 8-6 The relationship between the evolution of structural build-up and pore
solution chemistry of AAC pastes (a) REF_Msl1.2, (b) CA4, (c) SB4 and (d) SP4.

3.6 X-ray diffraction of AAS pastes

The XRD patterns of AAS pastes at the age of initial set and 7 days are shown in Fig.
8-7. The main diffraction peak corresponding to C-A-S-H type gel for the AAS pastes
are difficult to observe at the age of the initial setting time. Previous studies [44] also
reported the same observation that the C-A-S-H gel was difficult to be identified at an
early age. No new phase formations around the setting time of the mixtures
REF Ms1.2 and CA4 could be identified by the XRD. However, some crystalline
traces were observed for sample SB4, indicating the formation of a type of calcium-
based borate mineral, colemanite (Ca;BsO11-5H20). This is also consistent with the
results of pore solution chemistry that the concentration of B (boron) decreased in the
first 10 min (Fig. 8-6¢). Similarly, whitlockite (Ca3(PO4)2) traces were also observed
for the mixture SP4, which was also in agreement with the decrease in P as shown in
Fig. 8-6d. In previous studies, the researchers also pointed out that the formation of
Ca3(POs); has a retarding effect on the reaction of AACs [165].

As can be observed from Fig. 8-7b, the peaks around 29.5° in 26 were visible for all
the pastes [152], [163], [300], indicating the formation of poorly-crystalline C-A-S-H
at the age of 7days. It could be seen that CA4 showed a poorly crystalline structure
for C-A-S-H as compared to the other mixtures. This was also consistent with the
finding that CA4 could develop much lower strength at the age of 7 days (Table 8-3).

173



Chemical admixtures-Retarders

Yh VYNWM" (b) 7 days G-ArS-H

(a) Initial set

b .

P

Vo

g

i

i
REF_MW‘*‘ REF_MLM

r T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

2 theta 2 theta

Fig. 8-7 X-ray diffractograms of AAC pastes at the age of (a) initial set and (b) 7
days. Peaks marked are Whitlockite (Wh, PDF# 09-0169), Colemanite (Co, PDF#
33-0267) and C-A-S-H (PDF# 89-6458).

3.7 Porosity of AAS pastes

Fig. 8-8 shows the pore size distribution of AAS pastes determined by MIP at the age
of 28 days. In general, AAS paste had a very fine pore structure except for mixture
CAS and CAA4. It could be seen that with the increasing addition of CA, the cumulative
pore volume of AAS pastes increased. In particular, when the dosage of CA reached
5%, the microstructure of AAS pastes became very porous as compared to other
mixtures. This is also consistent with the results of mechanical performance as
presented in Table 8-3. As can be seen in Fig. 8-8b, the mixtures with the addition of
SB showed much smaller cumulative pore volume than that of mixtures with CA
addition. In addition, these mixtures incorporating SB exhibited very similar or
slightly smaller cumulative pore volume as compared to that of REF Msl.2,
indicating there was no degradation of the microstructure of the AAS with the addition
of SB. However, as can be seen in Fig. 8-8b, borate incorporated mixtures have a
somewhat coarser pore size distribution as compared to REF _Ms1.2.

Furthermore, SP showed a significant positive effect on the reduction of porosity,
enhancing the microstructure of the AAS pastes. Unlike the other two chemical
retarders, with increasing dosage of SP, the cumulative pore volume of AAS mixtures
even decreased, which was also in agreement with the compressive strength. A denser
microstructure of AAS pastes could be formed due to the addition of SP.

As shown in Fig. 8-8 and Table 8-3, the addition of SP or SB can increase the
mechanical performance and reduce the porosity of AAS pastes. This is possibly
because these chemical admixtures would also participate in the alkali-activation
system [163]. Antoni et al. [164] have pointed out that the flash set of class-C fly-ash-
based geopolymers could be prevented by adding anhydrous borax with a significant
increase in the compressive strength of the geopolymer. A few researchers also
confirmed that when borax was used as a part of alkaline activator for geopolymer
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pastes, the flexural strength increased due to the formation of B-O bonds in the
reaction products [325], [326]. Furthermore, Revathi and Jeyalakshmi [312] reported
that using an appropriate dosage of borax into the GGBFS-Fly ash system could
slightly increase the compressive strength, implying that competition between [BO4]
and [AlO4] in the network of the silicate ended up with a lower degree of Al
incorporation. Additionally, the very high reaction rate of Ref Msl.2 may have
retarded the subsequent reactions and produced a non-uniform distribution of reaction
products as compared to those mixtures with chemical retarders (SB and SP).
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Fig. 8-8 Pore size distributions determined by MIP at the age of 28 days (a) CA, (b)
SB and (c) SP.

3.8 SEM/EDX of AAS pastes

SEM/EDX analyses were carried out on the samples REF_Ms1.2, CA4, SB4 and SP4.
Backscattered electron imaging (BSE) and secondary electron imaging (SE) of AAS
pastes at the age of 28 days are shown in Fig. 8-9. It should be noted that the
highlighted white regions in SEM (BSE) images indicate the unhydrated GGBFS
particles, the grey regions between the particles denote reaction products and the black
regions represent the pores and micro-cracks. In general, from the morphology point
of view, it seems that the binding paste in REF Ms1.2, SB4 and SP4 are denser and
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present a more homogeneous morphology, while the CA4 sample shows
heterogeneously distributed cavities, indicating a more porous microstructure.
Besides, the amount of unhydrated GGBFS particles of SP4 seemed to be lower than
in other mixtures. These are also in agreement with the MIP results as presented in
Section 3.6. Similarly, as shown in SE images, SP4 showed a better packing and a
denser microstructure, and this was followed by SB4, REF Ms1.2 and CA4.

The EDX results obtained for at least 15 points selected from within the binder region
(BSE image) of AAS pastes are shown in Fig. 8-10 and Table 8-5. In literature [327],
[328], researchers have demonstrated that a reduction of the Ca/Si ratio has a markedly
beneficial impact on the mechanical properties of cementitious materials. It is
believed that the higher molar quantities of C-S-H gel per volume were obtained when
the Ca/Si ratio is low [327]. Indeed, the SP4 mixture had the lowest Ca/Si ratio 0f 0.91
and presented the best mechanical performance among all mixtures.

The Al/Siratio of SB4 mixture was the lowest as compared to other mixtures, meaning
that less Al was incorporated into the C-A-S-H structure. This may be related to the
incorporation of 4-coordinated boron into the C-A-S-H structure. These interactions
have been characterized by NMR studies by Du et al. [329], [330], who identified the
chemical shift related to the B-O-Si bonds according to the number of silicon atoms
associated with each boron. In the case of SP4, some researchers [331] also reported
that AI** ions induce a modification of P-O-P bonds that are partly replaced by Al-O-
P bonds. Other authors [332], [333] also pointed out that phosphorous atoms could be
bonded to a different number of aluminum atoms which could also be linked to the
silica network. This might be the reason why SP enhanced the mechanical
performance of AAS. Indeed, the SP4 also showed the highest Na/Si ratio of all
mixtures as the phosphate groups required a large amount of alkali for charge
compensation [332].

As for magnesium, it is generally known that they would participate in the formation
of hydrotalcite type sub-micrometer phase as reported previously by Wang and
Scrivener [276]. However, the hydrotalcite reaction products were not detected by
XRD carried out at the age of 7 days, as presented in Section 3.5. It could be possibly
due to the fact that the hydrotalcite would start to form at a later age when a high
degree of GGBFS reaction was reached, as reported by Song and Jennings [334].

Calcium, aluminum and silicon contents of samples with 28 days of curing are also
renormalized to 100% on an oxide basis for plotting on the ternary graph (i.e.,
neglecting the other elements present). These plots clearly show the variation in the
gel composition in terms of the effects of different chemical retarders. It could be seen
that the major reaction product for these four mixtures was a chained-structure C-A-
S-H, which was commonly recognized in the alkali-activated GGBFS system [248].
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REF Msl.2, (c), (d) CA4, (e), (f) SB4 and (g), (h) SP4.

Table 8-5 Average atomic ratios determined by EDX analyses.

Mixture Ca/Si Al/Si Na/Si Mg/Si

REF Msl.2 1.06+0.11 0.31+£0.03 0.32+£0.12 0.21£0.11

CA4 1.19+£0.20 0.33+0.02 0.27 £0.04 0.24 £0.31

SB4 0.94 +£0.05 0.25+0.04 0.39+£0.07 0.13+£0.05

SP4 0.91 £0.04 0.31+£0.05 0.42+0.16 0.21+£0.06
Sio
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Fig. 8-10 Compositional Ternary Diagram Al203-Si02-CaO (as normalized to
100%) of AAS at 28 days showing the literature for C-S-H [304], [305], C-(A)-S-H
[248], [303], [307], C-(N)-A-S-H [70], [308], C-(N)-A-S-H with high Ca [89],
[248], [305] and low Ca content [248], [309], and N-A-S-H [248], [307].
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4. Conclusion

This chapter compares the effects of different chemical retarders on the early
structural build-up, setting behaviour, reaction kinetics, microstructure and
mechanical properties of sodium silicate-activated GGBFS mixtures. The following
conclusions can be drawn from this study:

1. The retarding effect of citric acid (CA) was found the most predominant, and it is
followed by sodium tetraborate decahydrate (SB), then sodium triphosphate
pentabasic (SP) in terms of flowability and setting times. However, the addition of CA
had a negative effect on the mechanical performance, porosity and microstructure.
The inclusion of SP could promote more heat release and significantly enhance the
compressive strength at an early age. By considering fresh and hardened state
properties together, SB has been found as the most appropriate chemical retarder as
compared to CA and SP for sodium-silicate activated AAS mixtures tested under the
experimental conditions used in this study.

2. The induction period of AAS paste could be significantly extended by the
incorporation of CA and shortened by the addition of SP. The use of SB showed a very
similar heat flow curve as compared to the reference sample but exhibited a lower
cumulative heat at the age of 7 days.

3. Some meaningful relationships between early structural build-up and pore solution
chemistry have been observed. The main increase in the structural build-up is delayed
by the addition of chemical retarders. During the period of the main increase in the
structural build-up, Ca, Al and Si decrease rapidly and interact together to form
reaction products.

4. The MIP results and BSE images showed that the addition of SP could lead to a
denser microstructure with lower porosity, while a porous microstructure was formed
by the incorporation of CA. The XRD and EDX results confirmed that the main
reaction product of AAS with the addition of chemical retarders was C-A-S-H.

179



Part VI

Part VI

Setting mechanism and nanostructure of sodium
hydroxide- and sodium silicate-activated slag
mixtures
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Setting mechanism of AAS mixtures

Chapter 9 Setting mechanism of AAS mixtures from rheological point of view

In this chapter, the setting mechanism of AAS mixtures made with sodium hydroxide
or sodium silicate is investigated from a rheological point of view.
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1. Introduction

Revealing the fundamentals behind the structural build-up of cementitious materials
is very important to industrial formulations due to the contradicting needs for rheology
of fresh mixtures. For instance, fresh concrete should have low yield stress and a
reasonable plastic viscosity for a good workability, however, after the concrete casting
into the formwork, the rapid development of structural build-up is advantageous for
decreasing formwork pressure and speeding up the casting process [35]. Additionally,
in terms of 3D-printing of cement-based materials, it is critical to optimize the degree
of structural build-up to ensure the sufficient buildability [159], [335], [336]. Indeed,
rapid structural build-up can influence the bond between cast layers within the printed
structures. Meanwhile, an acceptable structural build-up rate is necessary to achieve
a strength level capable of supporting the weight of successive extruded layers [39].
Although there are many studies in the literature on the initial rheology and
structuration over time for conventional casting processes or novel ones like 3D
printing for Portland cement mixtures, few studies are available focusing on the
kinetics of structuration of AAS pastes. Understanding of the effects of activator
nature on the rheology and structural build-up of AAS is of importance. This chapter
aims to distinguish the fundamental differences in the initial rheological properties
and time-dependent behaviour between sodium hydroxide- and sodium silicate-
activated pastes. The initial rheological properties were evaluated by yield stress and
viscosity, and the effects of activator type on the yield stress and viscosity were
investigated. The time-dependent behaviour was also evaluated by various tests, such
as calorimetric measurement and small amplitude oscillation sweep test. The supplied
data can be used to further the fundamental understanding of the kinetics of structural
build-up in AAS suspension. This can enhance the knowledge and control of structural
build-up of AAS pastes at fresh state.

2. Experimental program

2.1 Materials and mixture design

Ground granulated blast furnace slag (GGBFS) was used as a sole precursor in this
chapter. In comparison with the rheological behaviour of AAS, CEM I 52.5-N type
Portland cement (PC) and inert quartz powder were also used. Specifically, the quartz
powder was subjected to a series of milling procedures and its particle size distribution
to ensure that quartz powder and GGBFS have the identical particle size distribution
as far as possible. Fig. 9-1 presents the particle size distributions of binding materials.
The dio, dso and doo of the GGBFS / quartz powder is around 1.5/1.3 um, 11.6 /13.2
pm and 22.8 / 26.1 um, respectively. The specific gravity of PC, GGBFS and quartz
are 3.15, 2.92 and 2.65, respectively.
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Fig. 9-1 Particle size distribution of binding materials.

The mixture properties are given in Table 9-1. As well known, in the manufacturing
of AAS concrete, sodium silicates with a Ms value (SiO»/Na,O) of less than 1.5 are
commonly used for lower carbon emission solutions. Also, it was reported that the
AAS concretes with a Ms ratio between 1.0 and 1.5 could provide better mechanical
and durability performance [268]. For these reasons, the alkaline activator with a Ms
value of 1.2 was investigated in this study. As shown in Table 9-1, PC is a Portland
cement paste with water to cement ratio of 0.34. AASO is a sodium hydroxide-
activated GGBFS mixture with a Ms value of 0, AAS1.2 is a sodium silicate-activated
GGBFS mixture with a Ms value of 1.2. The AAS mixtures had a constant Na>O%
concentration of 5% by weight of precursors. To eliminate the influence of the
chemical interaction between slag and activator solution and investigate the physical
effect of the particles on the rheological properties of AAS mixtures, the quartz
powder mixtures were also prepared by using sodium hydroxide and sodium silicate
solutions (AAQO and AAQI1.2). Solid volume fractions were similar for all the
mixtures. Although quartz powder can show some very low amount of dissolution by
time in high alkaline environment, quartz powder was still assumed as an inert
material in this study since the measurements were carried out in a short time period.
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Table 9-1 Mixture proportions of AAS and PC pastes.

Mixture W/SB* Ms ratio Na20% Liquid Sodium Additional GGBFS quartz PC Initial
notation (SiO2/Na20) content sodium hydroxide water () (g solid
/ silicate (g) (2 volume
WiC solution (2 fraction
(€3] (%)
PC 0.34 - - 0 0 37 0 0 110 48.55
AASO 0.37 0 5 0 6.24 37 93.76 0 0 48.64
AAQO 0.41 0 5 0 6.24 37 0 85.10 0 48.64
AAS1.2 0.37 1.2 5 18.90 1.46 26.88 89.76 0 0 48.58
AAQ1.2 0.40 1.2 5 18.90 1.46 26.88 0 81.46 0 48.58

* W-water, B-solid binder (GGBFS + solids in activator solution). 100 g solid binder
was used in all the mixtures.

2.2 Sample preparation

A rotational rheometer with a helix geometry was used to prepare the AAS samples
for the rheological and calorimetric tests. The mixing protocol consisted of two stages:
First, the shear rate was gradually increased from 0 to 3,000 min"! within 30 s, and
then the mixing speed was kept constant at 3,000 min™! for 120 s. The samples for
setting times and ultrasonic wave tests were prepared by a Hobart mixer. The
precursors particles were added to the activator solution in the Hobart mixing bowl,
and mixed at low (140 + 5 rpm) and high (285 £ 5 rpm) speeds for 90 s each.

2.3 Protocol for flow curves and SAOS tests

The flow tests were carried out by continuous shear rate ramping up and down to
evaluate the rheological properties (yield stress and viscosity) of AAS and PC pastes
under shear. After mixing and pouring the sample into the small rheometer cup, a pre-
shearing with a shear rate of 100 s™! was first applied for 30 s, and then a rest period
of 30 s was applied for avoiding residual stresses [49]. Afterwards, the shear rate was
logarithmically increased from 0.1 s to 100 s within 300 s, and then it was decreased
from 100 s™' to 0.1 s*' within the following 300 s. The shear stress and shear rate data
were recorded every second. The downward flow curves obtained from each AAS
paste fit well the Bingham model or modified Bingham model [49], [51], [159] (Eq.
(2-1) and Eq. (2-2), respectively). The viscosities of the alkaline solutions (sodium
hydroxide and sodium silicate) used in this study were also measured using the flow
tests.

Small amplitude oscillatory shear (SAOS) tests were conducted to monitor the
viscoelastic properties of AAS pastes in their non-destructive regimes. Therefore, the
critical strains limiting the linear viscoelastic regions (LVER) of the pastes were
determined by strain sweep tests. The strain amplitude was increased from 0.001% to
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50% at a constant frequency of 1 Hz. As shown in Fig. 9-2, a strain amplitude of
0.005%, which is lower than the determined critical strain limiting the LVER, was
used to guarantee the strain amplitude test was carried out within the LVER of the
material. The temperature was controlled at 20 £ 0.5 °C throughout the measurements.

Storage modulus (Pa)

10" 10° 10° 10" 10° 10

Oscillation strain (%)

Fig. 9-2 Oscillation strain sweep for PC and AAS paste, a frequency of 1 Hz was
used.

Continuous SAOS measurements were performed with the following steps: (i) After
mixing, the fresh paste was loaded into the rheometer cup and was subjected to the
pre-shear at a rotational speed of 100 s™! for 30 s to reach the reference state. (ii)
Afterwards, the paste samples rested for 30 s to dissipate residual stresses due to
mixing and pre-shearing. (iii) Then, the time-sweep tests were conducted at around 8
min. In intermittent SAOS measurements, steps (i) and (ii) were the same as the
continuous SAOS measurements. The time-sweep tests were carried out for 10 min,
then the pastes were subjected to a high shear at 600 s™! for 2 min. (iv) The procedure
(iii) was repeated six times.

3. Results and discussions

3.1 Rheological properties of AAS and PC pastes

3.1.1 Yield stress and plastic viscosity

Fig. 9-3 presents the downward portion of the shear stress versus the shear rate of the
pastes. The plastic viscosity and dynamic yield stress values determined from the flow
curves in Fig. 9-3 are shown in Table 9-2. It could be seen that the dynamic yield
stresses of AAS pastes were much lower than that of PC pastes, agreeing with the

results by Alnahhal et al. [49] and Favier et al. [101]. Furthermore, the sodium silicate-
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activated GGBFS mixture (AAS1.2) even showed significantly lower yield stress than
sodium hydroxide-activated GGBFS mixtures (AASO0). Regarding the plastic
viscosity, the AAS1.2 mixture exhibited the highest value as compared to AASO and
PC pastes.

To investigate the effect of GGBFS on the early rheological properties of AAS pastes,
the inert quartz powder having similar particle size distribution were used to prepare
the AAQ pastes. It should be noted that the AAQO and AAQ1.2 pastes have the same
solid volume fraction with AASO and AAS1.2 pastes, respectively.

Concerning the mixtures AASO and AAQO, it could be found that AASO displayed a

higher yield stress than that of AAQO at the same solid volume fraction. This

observation supports the formation of initial reaction products in the mixtures AASO;

as a result, the solid volume fraction of AASO increased after mixing, leading to a

higher yield stress. However, when comparing the yield stress of AAS1.2 and AAQ1.2,
there was no significant difference between their yield stress. This indicates that

almost no new reaction products are formed at very early age for the sodium silicate-

activated system.

Besides, the plastic viscosity values of AAQ pastes are lower as compared to AAS
pastes. This probably can be explained by the water film thickness theory. Previous
studies [117], [337] pointed out that plastic viscosity generally showed inverse
correlations to the water film thickness. As well known, quartz powder exhibits
superior natural hydrophilic properties, leading to a higher water film thickness. As a
result, the plastic viscosity of AAQ pastes decreased.
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Fig. 9-3 Flow curves of AAS and PC pastes.
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Table 9-2 Rheological parameters of the cementitious pastes and activator solution.

Mixture Dynamic yield Plastic Interstitial fluid Estimated yield Newtonian
notation stress (Pa) viscosity (Pa-s) stress of viscosity of
interstitial fluid interstitial fluid
(Pa) (Pa-s)
PC 27.88 0.94 Water N/A 0.001
AASO 8.00 2.13 Sodium ~0.01 0.010
hydroxide
AAQO 427 1.91
solution
AAS1.2 0.78 3.18 Sodium silicate ~0.009 0.015
AAQ1.2 1.00 1.49 solution

3.1.2 Shear thickening and shear thinning behaviour

As well known, fresh cement pastes can be considered as suspensions of particles with
different sizes in a continuous fluid phase. Therefore, some interaction forces, such as
surface forces (or colloidal interactions), Brownian forces, hydrodynamic forces and
various contact forces between particles may exist [26]. Under the external shearing,
these forces eventually determine whether the pastes exhibit shear thickening or shear
thinning behaviour. In order to better observe the shear thickening and shear thinning
behaviour of the cementitious materials at a wide range of shear rates, the shear rate
was logarithmically increased from 0.1 s™' to 1000 s*'. The viscosity curves of PC
paste in the log-log scale, as presented in Fig. 9-4, can be divided into two stages: (i)
apparent viscosity decreased linearly when the shear rate was increased from 0.1 s™!
to 100 s!, due to the Van der Waals colloidal forces dominating the hydrodynamic
forces (including both viscous and inertial) within the low strain rate regime [101]. In
the meantime, this effect also gives rise to a shear-thinning macroscopic behaviour as
shown in Fig. 9-3 and Fig. 9-4. (ii) with an increasing shear rate from 100 s™! to 1000
s, the apparent viscosity showed almost a constant value, showing that the viscous
contribution was predominated above the contributions of colloidal interactions and
particle inertia over a large range of shear rates. The apparent viscosity trend of
sodium hydroxide-activated GGBFS mixture (AASO) also presented almost the same
trend with PC paste. In addition, the viscosity of AASO was lower than that of PC
pastes at low shear rates but higher at high shear rates.

However, sodium silicate-activated GGBFS pastes (AAS1.2) showed a completely
different rheological behaviour. The apparent viscosity of AAS1.2 was considerably
lower than PC and AASO paste at the low shear rates ranging from 0.1 s to 10 s,
indicating less colloidal interaction contributions to the viscosity of AAS1.2 pastes.
With an increasing shear rate from 10 s to 50 s™', the curves of apparent viscosity
started to keep a constant value, showing that the viscous hydrodynamic forces were
predominating during this shear regime. Furthermore, the apparent viscosity of
AASI1.2 increased with an increase in shear rates from 50 s to 1000 s'. This is
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probably because particle inertia dominated the response at the high strain rates and
may lead to shear thickening behaviour [26].
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Fig. 9-4 Apparent viscosity as a function of shear rate from 0.1 s-1 to 1000 s-1 for
AAS and PC paste.

3.1.3 The effect of activator on the yield stress of AAS pastes.

The source of the yield stress is due to the network of attractive particle-particle
interactions that permit the suspension to withstand a finite amount of stress without
flowing [26]. Therefore, it could be seen that PC pastes can exhibit higher yield stress
due to the formation of an internal network of particles with attractive interactions
either via direct contacts or via colloidal forces, and the contributions of the C-S-H
formations bridging particles at the very early age [26], [49].

It is very interesting to observe that AAS1.2 mixture presented significantly lower
yield stress as compared to that of PC and AASO mixtures although they all have a
similar solid volume fraction (Table 9-1). The reason for the lower yield stress of
AASI1.2 was probably because the colloidal interactions were no longer predominated
in the case of sodium silicate-activated GGBFS mixture. In the existing literature [33],
[471-[49], [110], [338], the activator solution composition and its viscosity were
considered to have a strong influence on the rheological and viscoelastic behaviour of
alkali-activated pastes. Therefore, the estimated yield stress and Newtonian viscosity
of the activator solution were determined by using the shear protocol in Section 2.2.1,
and were shown in Table 9-2. One explanation of lower yield stress of sodium-silicate
activated GGBFS (AAS1.2) might be the high viscosity of the activator solution,
which is 15 times higher than that of water as shown in Table 9-2, dissipating the
colloidal interactions between precursor particles [30], [31], [49], [110]. Some other
researchers recently reported that the silicates in the AAS1.2 activator could be
available to be adsorbed on the surface of GGBFS. As a result, the formation of the
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strong double-layer repulsive forces between GGBFS particles led to the higher
dispersion of the particles, also contributing to reducing the yield stress [102].

However, the mixture AASO exhibited higher yield stress as compared to AAS1.2. A
possible explanation could be related to the higher pH of AASO compared to AAS1.2
at a constant content of Na;O %, and the lack of aqueous silicates in the activator
solution. Because, when the GGBFS was mixed with sodium hydroxide activator
solution, a large number of GGBFS particles would accumulate in the absence of the
lubricating effect of aqueous silicates, and the formation of early reaction products
took place simultaneously due to the enhanced dissolution of GGBFS in highly
alkaline environment [81], [110]. Besides, AASO activator showed a lower viscosity
as compared to AAS1.2.

In order to demonstrate the presence of reaction products formation and colloidal
interaction for the mixtures AASO and AAS1.2, the oscillation strain-sweep tests were
carried out. Fig. 9-5 presents the evolution of oscillation stress for the mixtures AASO
and AAS1.2 as a function of oscillation strain. As shown in Fig. 9-5, the evolution of
oscillation stress of the mixture AASO showed two characteristic peaks, which is
similar to what is commonly observed in a PC system [49], [101]. The first peak
observed around a strain value of around 0.1 % has been associated with the breaking
of calcium silicate hydrates (C-S-H) percolating between GGBFS particles [33], and
this also was defined as the critical strain. The second peak at around 9% strain value
indicates the network rupture of flocculated GGBFS particles. The formation of the
flocculated structure was correlated to the colloidal interactions, which were also
associated to the origins of yield stress [33]. For these reasons, the mixture AASO
showed somewhat higher yield stress as shown in Table 9-2.

In contrast to AASO, a distinctively different behaviour was observed in the mixture
AASI1.2. There were no such noticeable peaks in the mixture AAS1.2, and the stress
development as a function of oscillation strain was significantly lower than that of
mixture AASO. As discussed before, the particles are not flocculated due to the viscous
effects of aqueous silicates preventing the formation of a network of interacting
particles. Therefore, it could be concluded that the mixture activated by sodium
hydroxide in general showed a similar rheological behaviour with PC pastes, whereas
the initial rheological performance of sodium silicate-activated mixture was
distinctively different and was mainly controlled by the viscosity of suspending
activator solution.

As shown in Table 9-2, the yield stress of the activator solution is very low as
compared to pastes mixtures, therefore they have no significant influence on paste
rheology.
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Fig. 9-5 Evolution of oscillation stress as a function of strain for sodium hydroxide-
activated pastes (AASO) and sodium silicate-activated pastes (AAS1.2).

3.1.4 The effect of activator on the viscosity of AAS pastes

The viscosity of AAS pastes is generally controlled by two parameters, the activator
properties and the packing properties of the precursors since AAS pastes generally
can be considered as suspensions of precursors in an activating solution with
Newtonian behaviour [26], [33], [101].

As could be seen in Table 9-2, the estimated yield stress of activator solution is very
small (almost zero), therefore the activator solution can be considered as a Newtonian
fluid. The Newtonian viscosity of the activator AASO and AAS1.2 used in this study
was 0.010 Pa-s and 0.015 Pa-s, which was 10 to 15 times higher than that of deionized
water, respectively. As a result, as shown in Fig. 9-3 and Table 9-2, the plastic viscosity
of AASO and AAS1.2 pastes was over 2 to 3 times higher than that of PC paste.
Similarly, Alnahhal et al. [49] also reported that alkali-activated slag-fly ash pastes in
general have a greater plastic viscosity than PC paste because of the high viscosity of
the alkali activating solution.

Apart from the effect of viscous nature of activator solution, the solid volume fraction
also plays an important role in the viscosity of cementitious pastes. To distinguish the
contributions of the solid fraction to the viscosity, the relative viscosity is considered
in this study, which is the ratio between the relative viscosity of AAS pastes and the
viscosity of the activator solution (AASO and AAS1.2). Eight pastes of AASO and
AAS1.2 were prepared with different solid volume fraction, respectively, and the
relative viscosity of AAS pastes are shown in Fig. 9-6. As shown in Fig. 9-6, the
relative viscosity of AASO and AAS1.2 converge when the solid volume fraction
approaches to the value corresponding to the maximum packing fraction. Also, the
evolution of the relative viscosity of these two mixtures showed a similar trend.
Therefore, it is suggested that these two mixtures have a similar maximum packing
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fraction, which is in the range of 0.5-0.55. In general the deflocculated cement paste
in presence of superplasticizer always showed a maximum packing fraction in the
range of 0.6-0.7 [101]. As a result, the grain contribution to the viscosity tends to be
much higher for alkali-activated cements than for PC pastes at a same solid volume
fraction. It should be noted that when the solid volume fraction was between 0.30-
0.47, the relative viscosity of AASO was larger than that of AAS1.2. This is due to the
sodium hydroxide results in more reaction products as compared to AAS1.2 in these
range of solid volume fraction.
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Fig. 9-6 The evolution of relative viscosity as a function of the solid volume
fraction.

3.2 Time-depended properties of AAS pastes

3.2.1 Vicat setting times and reaction kinetics of AAS pastes

The initial setting time of AASI1.2 mixture was around 51 min, which was
significantly shorter than that of AASO (126 min). The final setting times also showed
the same trend that sodium silicate-activated mixtures (120 min) reached to the final
set earlier than the sodium hydroxide-activated mixtures (180 min). These results were
in agreement with a previous study [162], reporting the shortened initial and final
setting times by the alkali activator dosage (weight sum of Si0,% and Na>O%)
increase. It is also reported that the quick setting times of AAS mixture activated by
sodium silicate solution is due to the dissolved Ca?" and aluminate species interact
with Na* and silicate ions originated from activator solution, leading to the massive
formation of reaction products [20]. The same authors also used thermodynamic
calculations to indicate that the precipitation of reaction products can take several
hours for sodium hydroxide-activated slag mixtures, this is due to no initial silicate
species are present in solution and the concentration of silicate and aluminum species
as well as Ca ions gradually increases as the slag dissolves.
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As well known, the setting time determined by a Vicat needle penetration depth can
provide some information on the setting evolution after the initial setting time, but it
is not sensitive to the structuration changes before the initial setting time. Therefore,
the more details about the structuration process of AAS mixtures before initial setting
time by using SAOS measurements will be discussed in the following sections.

The heat evolution and cumulative heat release of AAS mixtures are given in Fig. 9-7.
In general, the calorimetric curve for sodium hydroxide- and sodium silicate-based
GGBFS mixtures can be divided into five distinctive stages: dissolution, induction,
acceleration, deceleration and steady-state [51], [81], [207], [271]. Two recognizable
peaks were observed for these two mixtures: the first one taking place before the first
30 min is assumed to be related to the wetting and dissolution of GGBFS particles and
partly the interaction of silicate units and calcium dissolved from GGBFS [207], [272];
the second one after the induction period is normally associated with the strength and
microstructural development [271]. It could be seen that the intensity of these two
peaks for AASO were much higher than AAS1.2. The occurrence of the second peak
for AASO was much earlier as compared to AAS1.2, indicating a quicker early-
reaction process. Regarding the cumulative heat, the AASO and AAS1.2 mixtures
exhibited approximately 125 J/g and 105 J/g heat at 72h, respectively. To investigate
the relationship between the heat release rate and the initial setting times of AAS
mixtures, the heat evolution of AAS mixtures in the first 3h is also given in Fig. 9-7.
After the first exothermic peak, the heat flow of AAS1.2 decreased slowly in the first
hour, and the released heat indicated more formation of reaction products, contributing
to the quick initial setting of AAS1.2. Afterwards, the heat flow of AAS1.2 entered
the induction period, and it started to increase until approximately the age of 8h.
However, the heat flow of the AASO mixture rapidly decreased in the first 1.5h as
compared to AAS1.2, and moved into the acceleration period from approximately the
age of 1.5h. Meanwhile, in the acceleration period, the AASO reached to its initial and
final setting times.
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Fig. 9-7 The heat evolution (a) and cumulative heat release (b) of AAS mixtures.

3.2.2 Structural build-up of AAS and PC pastes.

The evolution of storage modulus of PC and AAS pastes by continuous and
intermittent SAOS tests are illustrated in Fig. 9-8. The storage modulus evolution is
assumed to be an important indicator for the structuration of cementitious materials at
an early age [47], [49], [111], [159].

In the continuous SAOS measurements, regarding the PC pastes, the storage modulus
started from a very high value and increased rapidly in the first 15 min. Afterwards,
the storage modulus continued to increase with a significantly lower rate. The same
trend was also observed in AASO paste, showing a rapid increase in storage modulus
for the first 15 min and a significantly lower increasing rate beyond 15 min. The
possible reason for the PC system has been explained by [33] as follows. The
dispersed cement particles after mixing phase start to be flocculated and form a
percolated network due to the colloidal interactions at rest. Afterwards, the nucleation
of C-S-H starts immediately to transform locally the soft colloidal interactions
between cement particles into far more rigid interactions. The percolated rigid
network, which is formed by the linkage of C-S-H bridges between cement particles,
is associated with the steady increase of the storage modulus of the PC mixtures [33].
It seems that AASO mixture also experiences the same aforementioned phases in PC
system, resulting in an increase in storage modulus. Overall, for PC and AASO, the
percolation effect plays a very important role in the increase of structural build-up
[110].

However, as shown in Fig. 9-8, AAS1.2 mixture exhibited a significantly different

structuration trend, presenting very slow increase in the storage modulus for the first

20 min, and an accelerated increase for the next 30 min. As mentioned in Section 3.1,

the flocculation of well dispersed GGBFS particles after mixing is prevented by the

viscous effects of the activator solution and thus a colloidal network of interacting

particles cannot be formed at rest in AAS1.2 mixture [49]. Kashani et al. [102] also
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reported that the addition of sodium silicate would decrease the structural build-up
due to the plasticizing and deflocculating effects of the silicate anions adsorbed on the
particle surfaces caused by the increase of the magnitude of the repulsive double layer
electric forces. For these reasons, the sodium silicate activator solution leads to more
interaction of the alkaline solution and GGBFS grains, thereby promoting the
continuous dissolution [110], [111]. Indeed, it is reported that the concentration of Al,
Ca, Mg and Fe increased to a peak value with negligible increase in structural build-
up due to the ongoing dissolution of GGBFS [47], while the main elements, Na and
Si, did not change significantly in this stage. Once the dissolved ions gradually
reached the oversaturated state, the solid reaction products would start to form.
Afterwards, a significant increase in storage modulus and the concomitant dramatic
decrease in the concentration of Ca and Si was observed, probably due to the fast
precipitation of C-S-H consuming Si and Ca in the pore solution [20]. Therefore, it
could be concluded that the higher number of nucleation sites in bulk region [243] in
the AAS1.2 mixture cause a faster setting as compared to the AASO mixture in which
the nucleation sites only occur around the GGBFS particles.

Recently, Zhang et al. [339] also investigated the effect of different activator solutions
(sodium hydroxide, sodium silicate and water) on the dispersion properties of slag-fly
ash powders. The size distribution, elongation and circularity of the pastes were
measured by the Morphologi G3 particle characterization tool. Test results showed
that the NaOH-activated pastes also exhibited highest size diameter of agglomerate
structures as compared to that of sodium silicate-activated pastes. This is also
consistent with this study that the initial storage modulus for sodium hydroxide-
activated pastes is higher than the pastes activated by sodium silicate.

To prove the above statements, the storage modulus in the intermittent SAOS
measurements are also presented in Fig. 9-8. In the intermittent SAOS measurements,
a high shear rate reaching to 600 s™! was introduced after each SAOS measurement to
ensure that the temporary structures during the SAOS measurements were fully
destroyed. As shown in Fig. 9-8, in the first interval, the storage modulus just
increased as in the case of the continuous measurements; however, after high shearing,
the storage modulus rapidly decreased to a low value for AASO and PC pastes,
indicating the percolation network was destroyed. For the PC system, if the external
shear energy is introduced periodically to break the percolation network, the increase
of the storage modulus is considerably delayed. Unlike PC, under periodic external
shear damage, the storage modulus of AASO increased at a progressively faster rate.

On the other hand, the trend in AAS1.2 was quite different from the case in AASO and
PC. After introducing an external shear energy, the storage modulus of AAS1.2 did
not change much and remained at a very low value, indicating the lack of the strong
formation of the flocculation or percolation network. Only in the third cycle, the
storage modulus of AAS1.2 increased to 200 kPa, which is still lower than the value
of PC at the end of the first cycle. However, at this moment, applying the external
shearing to the AAS1.2 pastes was not possible due to the already formed permanent
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structures at this time. This shows the significant differences of structuration
behaviour between sodium hydroxide-activated and sodium silicate-activated pastes.
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Fig. 9-8 The evolution of storage modulus of AAS mixtures by continuous and
intermittent SAOS measurements (a) PC pastes, (b) AASO pastes and (c) AAS1.2
pastes.
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To investigate the effect of activator solution on the formation of flocculation
structures without the effects of strong chemical interaction between the activating
solution and the particles, the continuous SAOS measurements were also carried out
on the quartz pastes (consisting of the inert quartz and alkaline solution). As well
known, no significant chemical interaction is expected between the quartz powder and
the alkaline solution in a short time as the dissolution of quartz is hard at room
temperature conditions [340]. As seen from Fig. 9-9, the AAQO mixture showed a
significantly higher initial storage modulus and further increase rate than that of
AAQ1.2, indicating a less flocculated structure in the AAQ1.2 case. The results
obtained from the inert filler case reveals the less flocculated structure when aqueous
silicates are present in the solution due to the lubricating effect [102]. As shown in
Fig. 9-9a, the AASO always showed a higher storage modulus as compared to AAQO
during the measurement time. The increase in storage modulus of AAQO originated
from the physical percolation effects due to the colloidal interaction between particles,
as there was almost no reaction between quartz powder and alkaline solution.
Therefore, the area between the curves of AASO and AAQO can be roughly considered
as the chemical contribution from the reaction of GGBFS. However, as there was no
percolation effect in the case of sodium silicate solution, the total increase in the
storage modulus AAS1.2 can be roughly associated to the reaction products. The
reason why AAQ1.2 showed a higher storage modulus than AAS1.2 in the early time
was because the GGBFS was dissolved in the sodium silicate solutions.

Overall, the increase in the structuration of sodium hydroxide-activated mixtures was
achieved by the formation of the well-percolated network, while the structuration of
sodium silicate-activated mixtures increased due to a result of accumulation of
reaction products.
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4. Conclusion

This chapter presents the rheological properties and structural build-up process of
sodium hydroxide- and sodium silicate- activated GGBFS mixtures. The following
conclusions can be drawn:

1. Sodium silicate-activated GGBFS mixtures showed lower yield stress and higher
plastic viscosity as compared to sodium hydroxide-activated GGBFS mixtures at a
constant Na,O% concentration and solid volume fraction. At high shear rates, the
sodium silicate-activated GGBFS mixtures tended to show shear-thickening
behaviour, while a shear-thinning behaviour was observed for the sodium hydroxide-
activated GGBFS mixtures.

2. Sodium hydroxide-activated GGBFS mixtures showed a longer setting time and
lower heat release rate as compared to sodium silicate-activated GGBFS mixtures at
very early ages; however, the heat release rate of sodium hydroxide-activated GGBFS
mixtures was accelerated at later ages.

3. The increase in early structural build-up of sodium hydroxide-activated GGBFS
mixtures was due to the formation of a well-percolated network; however, the massive
formation of reaction products led to the increase in early structural build-up of
sodium silicate-activated GGBFS mixtures.

This chapter exhibited fundamental differences between the sodium hydroxide-
activated and sodium silicate-activated slag pastes in terms of rheological and
structural build-up behaviour, could be guiding the industry in selecting the most
appropriate activator for the production of GGBFS-based alkali-activated mixtures to
be used for different needs. The structural build-up results can be utilized to develop
the tool for predicting the setting evolution of AAS pastes activated by different
activators.
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Chapter 10 Nanostructure of AAS at initial setting times

This chapter investigates the nanostructure of AAS at initial setting times, and tries to
correlate the early reaction products with structural formation of AAS.

200



Chapter 10

1. Introduction

The understanding of the change in nanostructure of AAS from mixing to initial sets
is also very important. Palacios et al. [20] reported that the rapid loss of fluidity and
fast setting of sodium silicate-activated mixtures is due to the initial precipitation of
ill-defined N-A-S-H and C-N-A-S-H products. Li et al. [142] used various combined
activators to understand the setting and hardening control of AAS. The authors
elucidated that Ca (and hence also Mg) acts as a network modifier in slag, resulting in
a faster dissolution of these precursors, but fly ash does not exhibit the same degree
of reactivity. Furthermore, determining the nanostructure of AAS will also enable the
industry to develop new strategies to design AAS mixtures and promote its application.
There are a lot of ways of doing this, Chen et al. [341] used fourier-transform infrared
spectroscopy (FTIR) to observe the Q? band shifting to a higher wavenumber and
becoming broader with an increase of silicate modulus in the activator solution.
Puertas et al. [71] used various techniques, such as, X-ray diffraction (XRD) and FTIR
and nuclear magnetic resonance (NMR) to determine the structure and composition
of the main reaction products. Ismail et al. [248] used environmental scanning electron
microscopy with energy dispersive X-ray (EDX) to determine the gel composition and
reported that the silicate-activated slag showed a nanostructure dominated by a C-A-
S-H type gel, while silicate-activated fly ash is dominated by N-A-S-H 'geopolymer'
gel. However, all of these studies, mentioned above, focus on the later ages of the
AAC. Due to the difficulties to determine the initial gel composition of AAS, there
are few studies taking the early nanostructure of AAS into consideration, especially at
the initial setting time.

Therefore, this chapter aims to determine the early gel composition at initial setting
time of AAS, and investigate the relationship between the early structural build-up
and nanostructure of AAS. The structural build-up of AAS evaluated by the small
amplitude oscillation sweep tests. The nanostructure of AAS was determined by the
combined use of 'H-?°Si cross polarization magic-angle spinning NMR (CP MAS
NMR) and #Si MAS NMR. The rheological behaviour and gel composition at initial
setting times was compared between sodium hydroxide-activated (NH-AAS) and
sodium silicate-activated slag mixtures (SS-AAS). The new scientific findings
provided by this study will enrich the understanding of the setting process of AAS.

2. Experimental program

2.1 Mixture design

The mixture designs are given in Table 10-1. Two AAS mixtures selected from chapter
6 were explored in this study, NH-AAS was activated by pure NaOH, while mixture
SS-AAS was activated by the combination of NaOH and liquid sodium silicate with
a Ms value of 1.2. The water to solid binder ratio (w/sb) and sodium content (Na>O %)
of mixture NH-AAS and SS-AAS are 0.45 and 5%, respectively. The pH value of
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activator solutions were determined by a pH meter at 20 °C. It should be noted that
using a pH meter to measure the pH of the activator solutions may result in some
errors owing to the extremely high alkali ion concentrations and the presence of silica
in the activator solution [105].

Table 10-1 Mixture design of AAS.

Mixture Mixture nature W/SB Ms Nax0% Si02% pH
notation
NH-AAS Sodium 0.45 0 5 0 13.82
hydroxide
SS-AAS Sodium 0.45 1.2 5 6 13.50
hydroxide and

sodium silicate

2.2 Sample preparation

The activator solutions were prepared one day before to ensure the full dissolution of
NaOH prior to mixing. For the preparation of the paste samples for rheological
behaviour and microstructural analysis, the GGBFS was mixed with alkaline solution
in a plastic container for 30 s at 200 rpm with a mechanical stirrer, then the pastes
were mixed for 3 min at 1800 rpm.

3. Results and discussions

3.1 Structural build-up behaviour, initial setting times and heat evolution of AAS
pastes

Fig. 10-1 presents the evolution of early structural build-up of AAS pastes activated
by sodium hydroxide and sodium silicate, respectively. It can be seen that these two
mixtures exhibited completely different structural build-up behaviour. The pastes
activated by sodium hydroxide solution showed a higher initial storage modulus,
followed by a continuous increasing rate of structural build-up with time. The trend
of the structural build-up behaviour is quite similar to that of the Portland cement.
Previous studies have reported that the sharp increase in the storage modulus of the
Portland cement in the first 30 min is due to the formation of the percolated network
[33],[49], [342], afterwards the storage modulus increases with a relatively lower rate,
indicating the progressive formation of hydration products at the contact points
between cement particles [33]. Due to the high alkaline environment for the mixture
NH-AAS, the rapid reaction rate of GGBFS could also enhance the formation of
reaction products, further inducing the occurrence of the percolated network [110]. In
the meantime, the rapid formation of reaction products could cover on the surface of
GGBFS, preventing further reaction of GGBFS [47]. Therefore, a continuous increase
in storage modulus of NH-AAS could be observed. It could be considered that the
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setting process of NH-AAS shared a similar mechanism as that of Portland cement
[343].

However, the evolution of structural build-up of SS-AAS was significantly different
from the case of NH-AAS. The initial storage modulus started from a very low value
as compared to NH-AAS. In the first 20 min, almost no structural formation could be
observed for the mixture SS-AAS. However, afterwards, the storage modulus of SS-
AAS steeply increased. Some researchers attributed the very low initial storage
modulus of SS-AAS to the viscous nature of sodium silicate solution with a great
number of aqueous silicates, which prevents the formation of the percolated network
[49], [101]. Due to the mild alkaline environment provided by sodium silicate solution
allowed a considerable time for dissolution GGBFS, providing sufficient calcium and
aluminum. Once these ions reached to their critical concentration, they will interact
with the silicates originating from the activator solution, leading to a great number of
reaction products in the matrix [20], [47], [49]. Therefore, a rapid increase in storage
modulus could be observed for the mixture SS-AAS. Besides, it could be seen that the
initial setting times of AAS pastes were also consistent with the trend of the structural
build-up. The mixture of SS-AAS showed a short initial setting (45 min) as compared
to that of NH-AAS (120 min).

Fig. 10-2 depicts the evolution of heat flow and cumulative heat release of AAS pastes.
As well known, there are five distinctive stages for the AAS mixtures: dissolution,
induction, acceleration, deceleration and steady-state [51], [81], [152]. As shown in
Fig. 10-2a, during the first 20 min a sharp local peak is observed for the AAS mixtures.
The heat flow evolved rapidly upon contact between the activator and the GGBES is
mainly associated with the wetting and dissolution of GGBFS particles and partly the
interaction of silicate units and sodium with calcium dissolved from GGBFS [207],
[272]. After the dissolution stage, the heat flow for the SS-AAS pastes starts to show
an induction period, while no distinctive induction period is observed for NH-AAS
pastes. The acceleration calorimetric peaks (second peaks) after the induction period
for the AAS pastes are usually attributed to the strength and microstructural
development [271]. The occurrence of acceleration peaks of SS-AAS is delayed as
compared to the NH-AAS mixtures, and the intensity of acceleration peaks in SS-
AAS decreased as compare to the NH-AAS mixture, which is also consistent with
previous studies [81], [207]. As shown in Table 10-1, sodium hydroxide has a higher
pH value than the sodium silicate activator solution. And it was reported that the
higher alkaline environment normally enhances the dissolution rate and reaction
degree of slag [228]. Additionally, a higher alkalinity also improves the solubility of
silica and alumina in solution which could induce more reaction products formation
[69], [70].

The cumulative heat release of NH-AAS showed a higher value as compared to that
of SS-AAS at the age of 72 h. However, in the first 3.5 h, the SS-AAS in contrast
released more heat as compared to NH-AAS. This is due to the interaction between
the calcium ions continuously released from GGBFS and the silicates ions originated
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from sodium silicate solution, quickly forming large amounts of gel products [43].
This is also consistent with the rapid increase in storage of SS-AAS in the early time.
Besides, the NH-AAS and SS-AAS both presented a similar cumulative heat release
of about 17J/g at their initial setting time.

To further understand the setting process and nanostructure of AAS, three critical
reaction times based on structural build-up results, SS-AAS at 20 min and 45 min and
NH-AAS at 120 min, were selected to conduct the NMR analysis. Two more points
based on isothermal calorimetric curves of SS-AAS pastes at the beginning of the
acceleration stage (16 h) and at the end of the deceleration period (72 h) were also
selected to carry out the NMR tests. More details will be discussed in the following
sections.
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Fig. 10-1 Evolution of structural build-up of sodium hydroxide-activated and
sodium silicate-activated GGBFS pastes.
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Fig. 10-2 Evolution of heat flow (a) and cumulative heat release (b) of sodium
hydroxide-activated and sodium silicate-activated GGBFS pastes.

3.2 NMR analysis of AAS pastes.

3.2.1 NMR analysis at initial setting times.

As aforementioned it is important to understand the setting process of AAS, therefore
the NMR tests were carried out at the age of initial setting times of AAS (at 120 min
for NH-AAS and at 45min for SS-AAS) and one more critical point at the age of 20
min for SS-AAS mixture. The *’Si Mas NMR spectra for the anhydrous GGBFS and
the pastes at different reaction time are given in Fig. 10-3. As shown in Fig. 10-3, the
anhydrous slag was the primary sources of the signal at -76.8 ppm in all the spectra.
In addition, a shoulder between -80 and -105 ppm was shown at initial setting time
for NH-AAS and SS-AAS mixture, reflecting the reaction products formation. These
reaction products should be responsible for the initial setting of AAS. While at 20 min
there was no difference between the spectra of SS-AAS 20min and GGBFS,
indicating no formation of reaction products. This is also consistent with the results
of structural build-up, showing no structural formations at 20 min for the SS-AAS
mixture.
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Fig. 10-3 The original spectra of °Si MAS NMR spectra of AAS, (a) NH-AAS, (b)
SS-AAS.

To better understand the nanostructure of AAS, an accurate deconvolution should be
performed on the shoulder region. However, due to the peaks of Q" (mAl) (n=0,1,2,3,4
and m=0,1,2,3,4) units were hidden and overlapped behind the shoulder in the >Si
MAS NMR spectra [210], a '"H-*’Si CP MAS NMR test was performed to find the
peaks position prior to the deconvolution of 2°Si MAS NMR spectra. It should be
noted that the chemical shift of each resonance was required to be consistent in both
the 2Si MAS NMR and 'H-#Si CP MAS NMR spectral deconvolutions.

Fig. 10-4 and Fig. 10-5 present the differences between the spectra of Si MAS NMR

and '"H-?Si CP MAS NMR of the pastes activated by sodium hydroxide and sodium

silicate, respectively, as well as their detailed deconvolution. As shown in Fig. 10-4a
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and Fig. 10-5a, the resonances observed in the 'H-*Si CP MAS NMR is influenced
by their proximity to protons and the Hartmann-Hahn contact period, and so this
spectrum particularly shows those Si species present in the hydration reaction
products [195]. As a result, the 'H-Si CP MAS NMR data in the Fig. 10-4a and Fig.
10-5a can confirm that the broad resonance feature observed in the 2Si MAS NMR is
due to the presence of the anhydrous slag in the AAS. It should be noted that although
the '"H-?’Si CP MAS NMR can provide better resolution of the spectra in terms of
hydration reaction products, it can only give qualitative information rather than
quantitative information. Therefore, the combined use of 'H-*Si CP MAS NMR and
2Si MAS NMR enable a more complete examination of the variations in the
nanostructure of reaction products that formed in the AAS mixtures.

The nanostructure of AAS can be identified by the Q"(mAl) structural units, showing
various chemical environment of silicon tetrahedral of phases in Si NMR spectra,
where n denotes the number of oxygen bridges between each silicon tetrahedral unit
and other silicon atoms, and m represents the number of aluminum tetrahedral
occupying in bridging position [275], [344]. The deconvolution results of the Q*(mAl)
structural units in the °Si MAS NMR spectra are summarized in the Table 10-2. After
decomposition, the deconvoluted peak located at around -76.8 ppm of mixtures of NS-
AAS and SS-AAS at initial setting times referred to the remnant GGBFS (QY), and
the integration of these peaks reached to 80.04% and 81.28% of the spectra of 2°Si
MAS NMR, respectively. This indicates that when the remnant GGBFS reached to
approximately 80.6%, and hence the initial setting of AAS would occur. In other
words, when both NH-AAS and SS-AAS mixtures tend to set, they both have a similar
reaction degree. Combining the results of rheology and setting time, it can be
concluded that the solidification of NH-AAS is a continuous process, however the
initial set of SS-AAS occurs suddenly in a shorter period of time.

As shown in Fig. 10-4¢, the peak position for the mixture NH-AAS 120 min at § = -
79.2 is attributed to Q! site, which was the end of chain silicate tetrahedral within C-
A-S-H gels [194], [345]. The Q*(1Al) and Q? site located at -83.5 ppm and -86 ppm
are associated to the middle-of-chain silicate within C-A-S-H gels [275], [346]. The
peak at -89.2 corresponds to Q*(1Al) and Q*(4Al) sites due to the overlap of
resonances in this area [194], [248], [304]. Herein, it should be noted that the Q3(1Al)
site denoted a high extent of cross-linking with the C-(N-)A-S-H gel [194], [195],
while Q*(4Al) site refers to the Al-rich N-A-S-H gel [309]. Besides, three additional
sites at around -96 to -110 ppm are assigned to Q*2Al), Q*(1Al) and Q*0Al),
respectively. These Q*(mAl) environment is attributed to a polymerized Si-rich N-A-
S-H gel [20], [195], [347].

Similarly, three resonances as shown in Fig. 10-5¢ for the mixture SS-AAS at § = -
78.5 ppm, -83.0 ppm and -86 ppm are attributed to Q', Q*(1Al) and Q? sites,
respectively, indicating the formation of C-A-S-H. The Q*(1Al) and Q*(4Al) sites are
located at -88.6 ppm, which is the formation of high crosslinking C-(N-)A-S-H and
N-A-S-H, respectively. While the alumino-silicate gel N-A-S-H can be confirmed by
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three additional peak at 8 between -93 and -106 ppm, indicating the Q*(3Al), Q*(2Al)
and Q*(1Al) sites, respectively.

As shown in Table 10-2, it could be found that SS-AAS mixture showed a higher
percentage of N-A-S-H formation (Q*(mAl)) as compared to C-A-S-H (Q!, Q*(1Al)
and Q?), while C-A-S-H (Q!, Q*(1Al) and Q?) was the most dominating reaction
product in the NH-AAS mixture. Here, it is very difficult to distinguish Q3(1Al) and
Q*(4Al) due to their overlapped resonance. However, it is still believed that the SS-
AAS mixture contained more percentage of N-A-S-H as compared to NH-AAS
mixture at initial setting time. In literature [105], [142], the authors have elucidated
that sodium silicate solution in general contained high Q Si species. Due to the
condensed silicates in the activator of SS-AAS, these higher-Q Si is more likely to
condense with Al and Ca to form 3D Ca-modified gel at early ages [74], [348]. While
regarding the NaOH-activated mixture, due to the presence of numerous phases within
the precursors and previous observations of Al dissolving preferentially over Si from
aluminosilicate precursors, it is unlikely that congruent dissolution of the various Si
coordination environments within the precursor will occur during alkali activation.
Rather, it is expected that the depolymerised calcium silicate phase observed in the
precursors [309], [349] will dissolve faster than the highly polymerised
aluminosilicate phase and these released depolymerised silicates interact with
aluminum and calcium ions to form chain-like C-A-S-H gel [69], [71]. This could be
the distinctive difference between SS-AAS and NH-AAS in terms of gel composition
at early ages.

It is plausible that the hydration products of AAS at initial setting time are composed
of the C-A-S-H and N-A-S-H gels. In the meantime, the mixing of C-A-S-H and N-
A-S-H resulted in a 3-D Ca-modified gel (N,C)-A-S-H, which was also reported by
Garcia-Lodeiro et al. [303]. However, very few studies focused on the gel composition
of AAS at initial setting times, only Palacios et al. [20] used the thermodynamic
modelling and NMR technique to confirm the presence of the coexistence formation
of the alumino-silicate gel and C-A-S-H gel in the sodium silicate-activated slag
mixtures at early times. These C-A-S-H and N-A-S-H gels are formed from the
reaction of Ca®* ions and aluminate species dissolved from slag and Na+ and silicate
species originally in the solution. Therefore, the rheological properties and the setting
process are dominated by these reaction products.

However, more studies in general pointed out that the main reaction products of AAS
at later ages are C-A-S-H gels, it is therefore very worthwhile to investigate when
these N-A-S-H gels start to disappear or whether they are converted into C-A-S-H
gels as the reaction continues. To investigate the change of the gel composition of
AAS, the NMR tests were conducted on two critical points based on isothermal
calorimetric curves of SS-AAS pastes (as shown in section 3.2.2).
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Fig. 10-4 The deconvolution of 'H-??Si CP MAS NMR and °Si MAS NMR spectra
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Fig. 10-5 The deconvolution of 'H-2*Si CP MAS NMR and #’Si MAS NMR spectra
of SS-AAS at initial setting time (45 min), (a) Comparison between the original

spectra of 'H-*Si CP MAS NMR and °Si MAS NMR, (b) The deconvolution of 'H-
2Si CP MAS NMR, (c) The deconvolution of *Si MAS NMR.
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Table 10-2 The deconvolution results of the 2Si MAS NMR spectra of AAS
mixtures over time based on area percentage (%).

Mixtures Unreacted Reaction Products
slag
C-A-S-H/C-(N-)A-S-H N-A-S-H
Q0 Ql Q(1A) Q2 Q3(1Al) Q4(3A1)  Q4(2AD)  Q4(1AD)  Q4(0AI)
&Q4A(4Al)

NH- 80.04 493 2.74 1.34 438 - 4.59 1.62 0.38
AAS_120min

(-76.8 (-785  (-83.0 (-86.4  (-89.3 ppm) (-96.5 (-104.4 (-110.4

ppm) ppm) ppm) ppm) ppm) ppm)

ppm)
Ss- 81.28 1.07 1.93 1.51 532 2.99 4.75 1.14
AAS_45min

(-76.8 (785 (-83.1 (-86.0  (-89.0ppm)  (-93.1 (-97.2 (-105.6

ppm) ppm) ppm) ppm) ppm) ppm) ppm)
SS-AAS_16h 68.68 245 3.80 4.65 7.63 5.34 4.85 2.60

(-76.8 (785 (-83.1 (-86 (-88.9 ppm)  (-93.1 (-97.3 (-105.6

ppm) ppm) ppm) ppm) ppm) ppm) ppm)
SS-AAS_72h  47.76 10.71 19.52 8.48 6.75 3.76 3.03

(-76.8 (-788  (-83.6 (862 (-89.1ppm)  (-93.6 (-97.5

ppm) ppm) ppm) ppm) ppm) ppm)

3.2.2 NMR analysis of SS-AAS pastes based on calorimetric curves

Fig. 10-6 illustrates the °Si MAS NMR of SS-AAS pastes over time. As the curing
age increases from the beginning to 16 h, the broad peak did not shift a lot, while the
shoulder area between -80 and -105 ppm was enhanced. With time elapsing from 16
h to 72 h, the broad peak started to shift to a higher value, the shoulder area between
-90 and 105 ppm significantly decreased. This is possibly due to the increase of
polymerization degree and cross-linking of gels over time and the disappearance of
the alumino-silicate gel.
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Fig. 10-6 The 29Si MAS NMR spectra of SS-AAS pastes over time.

To further understand the change of the nanostructure of SS-AAS pastes, Fig. 10-7
presents 2Si MAS NMR decomposition results at around the starting point of
acceleration peak and the end of the deceleration peak based on isothermal
calorimetric curves. The area percentage of various Q"(mAl) structural units are
quantified and summarized in Table 10-2. It could be seen that the Q' and Q? sites
within C-A-S-H increased from 2.45 % to 10.71 % and from 4.65 % to 8.48 % with
the increasing curing time from 16 h to 72 h, respectively. In particular, the content of
Q?(1Al) significantly increased from 3.80 % to 19.52 % with time elapsing, and
became the most dominated Q"(mALl) structural units for SS-AAS pastes at the age of
72 h. This is also consistent with previous studies, reporting the dissolved calcium and
aluminum from slag will enhance the gel polymerization and result the chain in C-A-
S-H gels with more links [194]. As the reaction time started from the initial setting
time (45 min), to 16 h and then to 72 h, the content of Q*(1Al) & Q*(4Al) gradually
increased from 5.32 % to 7.63 %, and then decreased to 6.75 %. Meanwhile, the
content of N-A-S-H gel (including Q*(mAl), m=3, 2, 1, 0) first increased from 8.88 %
to 12.79 % when the age increased from 45 min to 16 h, and then decreased to 6.79 %
when the age increased from 16 h to 72 h. This indicates that the system is
continuously enriched with N-A-S-H until the end of the induction period, but as the
reaction progresses, the N-A-S-H in the system gradually disappears or depolymerises
to form C-A-S-H when reaching to the end of the second exothermic peak of SS-AAS.

Based on the NMR results in this study and the compatibility between C-A-S-H and
N-A-S-H gel [303], the activation process of SS-AAS pastes in the early times can be
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explained. After mixing the GGBFS with sodium silicate solution, the process begins
with the dissolution of the GGBFS particles in the alkaline solution via rupture of the
T-O-T bonds (T: Si or Al) and Ca-O bonds in the slag, resulting in a wide variety of
dissolved species. This can be confirmed by various previous studies, which use the
ICP-OES technique to observe the change of different ion concentrations [47], [69]—
[71], [110], [142]. When the ions reaches their oversaturation, a great number of C-
A-S-H and N-A-S-H gels precipitates. These gels in general contains a high aluminum
content (as shown in NMR results in this study). As the alkaline reaction proceeds,
the silicates from original activator solution has been consumed and more bonds Si-
O start to dissolve from GGBFS, keeping the silicon concentration at a high level and
with it the silicon uptake in both gels. In this study from the initial setting time to 16h,
Si uptake will enhance the gel reaction process in terms of C-A-S-H, leading a higher
Q*(1A) as compared Q!. In the meantime, the percentage of N-A-S-H gel also
increases when the age increases from the initial setting time to 16h.

Furthermore, with time elapsing, the calcium and aluminum ions present in the
aqueous solution start to diffuse across the cementitious matrix and a certain level of
Ca ions react with N-A-S-H to form (N,C)-A-S-H. Due to the identical ionic radius
and electronegative potential of sodium and calcium ions, calcium replaces the
sodium ions via ion exchange in a mechanism similar to that observed in clay and
zeolites [350], hence preserving the 3D structure of the (N,C)-A-S-H type gel. Where
adequate calcium is available, it diffuses into pores in the matrix and interacts with
the (N,C)-A-S-H gel. The Ca?" polarising effect (which results in the formation of Si-
O-Ca bonds) distorts the Si-O-Al bonds, resulting in tension and eventually breakage.
As aluminum is released from the N-A-S-H gel, fewer polymerised structures such as
C-A-S-H gels form. Simultaneously, the C-A-S-H gel formed in earlier phases is
capable of absorbing a greater amount of silicon and alumimum ions in bridge
positions [274]. Besides, Puertas el al. [71] also found that at the age of 24h the
calcium concentration and pH value of the waterglass-activated slag mixtures reached
the peak value in their measurements. This also supports that the N-A-S-H gel will
degrade to C-A-S-H due to its low stability in the presence of high pH and high
calcium concentrations, which is reported by Garcia-Lodeiro et al. [303]. Eventually,
the chain-like C-A-S-H gels will form and dominate in the reaction products, which
is also consistent with this study where Q*(1Al) is the main reaction products at the
age of 72h.
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Fig. 10-7 The deconvolution of 2Si MAS NMR spectra of SS-AAS at around: (a)
starting point of acceleration period (16h) and (b) the end of deceleration period
based on isothermal calorimetric curves (72 h).
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3.2.3 Quantitative assessment of C-A-S-H/C-(N-)A-S-H and N-A-S-H

Richardson and Groves [56] have proposed a conceptual model named “substituted
general model” (SGM) to describe the C-(N-)A-S-H product, which is a mixture of
14 A tobermorite, jennite, and Ca(OH), structures. However, in recent studies, more
formation of cross-linked Si sites, such as Q* and Q*(1Al), is identified by the high-
resolution 2°Si MAS NMR [26], [37], [41], [43]. As reported by Myers et al. [26], in
tobermorite structural models, Q3 type silica bonding environments can only be
described by cross-linking between bridging sites in the silicate chains, and another
conceptual model “Cross-linked substituted tobermorite model” (CSTM) has been
proposed to support the description of the C-(N-)A-S-H gel as a mixture of cross-
linked (11 A tobermorite) and non-cross-linked (14 and/or 9 A tobermorite) chains.
And it should be noted that there are some structural constrains are included in the
CSTM model: (i) (Q? + Q*(1Al)) silicate species are twice as many as (Q* + Q3(1Al)
+ Al[4]). (ii) the fraction of aluminum substitution into Q3 type sites is equal to the
ratio of Q*(1Al) to Q? sites in cross-linked tobermorite, since aluminum is only
substituted into bridging sites; and (iii) the substitution of one Al[4] species into cross-
linked tobermorite introduces one Q*(1Al) and two Q?(1Al) Si species. Regarding the
structural model of N-A-S-H, unfortunately, no acknowledged conceptual model has
been proposed due to its complicated 3D structures.

To further investigate the structure of the investigated samples in this study, two
extreme scenarios are considered. In this study, as the Q3(1Al) and Q*4Al) are
overlapped at around -89 ppm, it was assumed as a first case that all the signals came
from Q*(4Al) and there was no Q3(1Al) in the nanostructure, which means all C-
(N-)A-S-H structures consist of non-cross-linked gel as defined by the SGM model.
In the second extreme case, it was assumed that the C-(N-)A-S-H had the maximum
crosslinking degree (maximum content of Q*(1Al), and the remaining part is Q4(4Al)),
considering the aforementioned structural constrains. This indicates that the C-(N-)A-
S-H is a mixture of cross-linked and non-cross-linked tobermorite-like structures as
defined by CSTM.

Table 10-3 presents the C-A-S-H/C-(N-)A-S-H and N-A-S-H gel amounts considering
the two extreme scenarios of above. As shown in Table 4, the calculated amounts of
C-A-S-H/C-(N-)A-S-H and N-A-S-H vary in a narrow band for these two extreme
scenarios. For example, NH-AAS 120 min exhibited a range of C-A-S-H/C-(N-)A-
S-H between 9.01 and 9.68, and N-A-S-H was between 10.30 and 10.97. It can be
found that in both two scenarios the relative amount of C-A-S-H/C-(N-)A-S-H is more
close to N-A-S-H gel for the mixture of NH-AAS 120 min, while the N-A-S-H gel is
much more dominant in the mixture of SS-AAS 45 min. With time elapsing, the C-
A-S-H/C-(N-)A-S-H amount increased rapidly, while the amount of N-A-S-H firstly
increased until the end of induction period based on calorimetric curves, and then
started to decrease.
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Table 10-3 Nanostructure of investigated pastes in this study considering the two
extreme scenarios.

Mixture Ql Q2( Q2 Q3(1 Q44 Q4(3 Q42 Q4(1 Q4(0 C-A- N-
1Al) Al) Al) Al) Al) Al) Al) S- A-
H/C- S-H
(N-)
A-S-
H
No NH-
cross AAS_120m 10.9
link in in 4.93 2.74 1.34 - 4.38 - 4.59 1.62 0.38 9.01 7
C-A-
S- SS-
H/C- AAS_45mi 14.2
(N-)- n 1.07 1.93 1.51 - 5.32 2.99 4.75 1.14 - 4.51 0
A-S-H
SS- 10.9 20.4
AAS_16h 2.45 3.80 4.65 - 7.63 5.34 4.85 2.60 - 0 2
SS- 10.7 19.5 387 13.5
AAS_72h 1 2 8.48 - 6.75 3.76 3.03 - - 1 4
Maxi NH-
mum AAS _120m 10.3
Cross in 4.93 2.74 1.34 0.67 3.71 - 4.59 1.62 0.38 9.68 0
link in
C-A- SS-
S- AAS _45mi 13.9
H/C- n 1.07 1.93 1.51 0.27 5.05 2.99 4.75 1.14 - 4.78 3
(N-)A
S-H SS- 11.5 19.8
AAS_16h 2.45 3.80 4.65 0.61 7.02 5.34 4.85 2.60 - 1 1
SS- 10.7 19.5 41.3 10.8
AAS_72h 1 2 8.48 2.68 4.07 3.76 3.03 - - 9 6

3.3 FTIR analysis of AAS pastes

Infrared spectroscopy can be used to monitor the evolution of reaction products with
time in the AAS samples. The FTIR spectra of AAS samples at initial setting time is
given in Fig. 10-8. The FTIR spectrum of anhydrous GGBFS is formed by a broad
band at 970 cm™!, assigned to v5(Si-O) stretching modes, and another located at 508
cm’!, ascribed to v, (0-Si-O) bending modes of SiO4 tetrahedra. In AAS pastes
activated by sodium silicate solution at initial setting times, v5(Si-O) band shifted
towards higher values (at 988 cm™) and v,(O-Si-O) band shifts towards lower values
(at 494 cm™). The trend is also similar to the case of NH-AAS pastes, a v5(Si-O) band
shifted towards higher values (at 987 cm™") and v,(O-Si-O) band shifted towards
lower values (at 493 cm™'). These bands narrowed and shifted to a higher value due to
the continuous reaction, indicating the formation of more highly polymerized reaction
products [20], [71]. Besides, the similar value of v3(Si-O) bands between NH-AAS
and SS-AAS denotes the similar reaction degree of GGBFS at initial setting times,
which is also consistent with NMR results. In the vibration region of Al-O bonds, a
displacement of the wide band at 671 cm™! in the anhydrous GGBFS moves towards
709 cm! for SS-AAS and 698 cm™! for NH-AAS mixture, respectively.

Fig. 10-9 exhibits the FTIR spectra of SS-AAS mixture over time. It could be seen
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that the v5(Si-O) band shifted towards higher values with time elapsing, indicating the
formation of more highly polymerized reaction products. At the age of 16h and 72h,
the bands appearing at 1006 cm™ and 1020 cm! represent the stretching vibration of
the silicate-based gels bound with Na (i.e. the formation of C-(N-)A-S-H) [351], [352],
which is also consistent with the findings of the previous studies [210], [353].
However, FTIR data are difficult to interpret since the Si-O-T (T=Al, Si) vibrations of
the unreacted GGBFS, aluminosilicate hydrate and calcium silicate hydrate all
produce an overlapping spectrum [354].
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Fig. 10-8 The FTIR spectra of AAS samples at initial setting times.
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Fig. 10-9 The FTIR spectra of SS-AAS samples over time.

3.4 SEM/EDX analysis of AAS pastes

Scanning electron microscopy (SEM) was used to study the microstructural surface
of the GGBFS particles and energy-dispersive X-ray spectroscopy was applied to
analyze the gel composition [20], [248]. Fig. 10-10 presents the SEM images of AAS
pastes during the reaction process. At the age of 120 min for NH-AAS and 45 min for
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SS-AAS, the GGBFS particles surface became rough due to the precipitation of
reaction products, thereby leading to the initial set of AAS pastes.

As shown in Fig. 10-10e and f, the surface of the GGBFS particles of the SS-AAS
mixture at the age of 20 min was very smooth, indicating no formation of reaction
products. This is also consistent with the structural build-up and NMR results in this
study. With time elapsing, the dissolved calcium and aluminum ions from the GGBFS
reached oversaturation and interacted with the silicates originating from the activator
solution, forming more reaction products. Therefore, the surface of GGBFS particles
became increasingly rough, and more particles would accumulate on each other due
to the formation of reaction products (as shown in Fig. 10-10k and 1) [20].

To analyze the composition of reaction products, at least 15 points have been selected
from the roughened surface. The results of the energy dispersive x-ray spectroscopy
(EDX) are shown in Table 10-4 for the AAS pastes over time. At the age of initial
setting times of the AAS pastes, NH-AAS showed a higher Ca/Si ratio as compared
to that of SS-AAS pastes. With time elapsing, the Ca/Si in the SS-AAS mixture
gradually increased to 1.49 and the age of 16h, indicating more calcium ions starting
to be incorporated into the reaction products. Besides, it could be seen that the Al/Si
ratio in the SS-AAS mixture decreased with curing time increasing. This is also
consistent with the NMR results, showing that the chain-like C-A-S-H was dominated
at the later ages, while the 3D almuminosilicate gel started to disappear. The Na/Al
ratio in the SS-AAS also increased over time, reflecting that the Na ions played as a
charge balancer to form the C-(N)-A-S-H gel in the mixture [247]. While the presence
of Mg in the AAS mixture possibly indicated the formation of hydrotalcite, which is
a common reaction products in AAS for magnesium-rich precursor [246].

Table 10-4 Atomic ratios of the AAS pastes over time.

Mixture Ca/Si Al/Si Na/Al Mg/Al
NH-AAS- 1.05+0.1 0.43+0.1 0.09+0.2 0.75+£0.2
120min

SS-AAS- 1.02 +£0.08 0.28 £0.1 0.47+0.1 0.76 +£0.3
20min

SS-AAS- 0.94 +0.04 0.35+ 0.1 0.17+0.1 0.73+0.3
45min

SS-AAS-16h 1.49+0.7 031+04 034+0.2 0.47+0.1
SS-AAS-72h 0.73+£0.2 0.27+0.3 1.15+0.1 0.66+0.3
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SS-AAS_72h

Fig. 10-10 SEM images of AAS pastes over time; (a, b) anhydrous GGBFS; (c, d)
NH-AAS at 120 min; (e, f) SS-AAS at 20 min; (g, h) SS-AAS at 45 min; (i, j) SS-
AAS at 16 h; (k, 1) SS-AAS at 72 h;
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4. Conclusion

In this Chapter, a series of tests including SAOS, isothermal calorimetry, NMR, FTIR
and SEM/EDX were conducted to investigate the rheological behaviour and
nanostructure change of AAS pastes. Based on the experimental results, the main
conclusions can be drawn as follows:

1. The structural build-up and setting time results indicated that the setting of NH-
AAS is a continuous process. While SS-AAS showed a lower initial storage modulus,
followed by an abrupt increase in structural build-up, showing that the initial set
occurred suddenly. At initial setting time, NH-AAS and SS-AAS both release similar
heat and reach a similar reaction degree.

2. At initial setting times, the C-A-S-H and N-A-S-H gels are both formed in the NH-
AAS and SS-AAS mixtures. The difference, however, is that the C-A-S-H gel is more
dominating in NH-AAS, while SS-AAS contains more N-A-S-H gel.

3. With time elapsing, more N-A-S-H gel in the mixture SS-AAS precipitates up to
the end of the induction period. However, these 3D N-A-S-H gel will degrade to chain-
like C-A-S-H gel after the acceleration peak of the isothermal calorimetric curves.
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Chapter 11 Conclusions and perspectives

An overview of the results and findings of this thesis if summarized in this concluding
chapter. Some further research perspectives are also presented.
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1. General conclusions

The influences of activator solution, precursors, mineral addition and chemical
admixture properties on rheology and structural formation of alkali-activated cements
were comprehensively investigated. The rheological behaviour of AAS was
significantly influenced by the concentration of sodium hydroxide activator. A strong
relationship between the Vicat initial setting time and ultrasonic pulse wave for
sodium hydroxide-activated slag mixtures identifying the characteristic points or
inflection points in the ultrasonic curves and reaching a specific value in the ultrasonic
velocity. The early reaction process of the sodium hydroxide-activated slag pastes
determined by ultrasonic pulse wave and calorimeter consists of three stages:
dissolution, acceleration/condensation and deceleration stages. The yield stress and
apparent viscosity of the pastes increase by the addition of sodium hydroxide, and the
pastes start to show shear-thickening behaviour when sodium hydroxide concentration
reaches 8M. It was also revealed that Si, Al and Ca ion concentrations in the pore
solution increase with an increase in sodium hydroxide concentration, and the pore
solution of the pastes is dominated by Na and OH-. No significant influence of sodium
hydroxide concentrations upon 4M on the compressive strength of the mortar samples
was observed.

The effects of slag/fly ash ratio, mass ratio of SiO to Na,O (Ms) of sodium silicate
activator solution and sodium silicate dosage on structural build-up, flow properties
and setting characteristics of AAC mixtures were investigated. The solid-like
behaviour becomes more dominant with increasing Slag/FA ratio. The Ms value had
significant effect on the structural build-up. Significantly higher initial storage
modulus with a low increasing rate was observed for the Ms values lower than 0.8.
However, for higher Ms values, a sudden increase in storage modulus was observed
after negligible initial structuration. An increase in sodium silicate dosage caused a
considerable delay in the abrupt increase in the structural formation. ICP-OES tests
revealed the lower release of Al and Ca into the pore solution of slag/FA mixtures with
low Ms values. A relationship between pore solution chemistry and structural build-
up of AAC has been established.

To obtain a more sustainable and economic alkaline activator, silica fume activator
(SFA) was introduced and compared with common commercial sodium silicate
activator (SSA). The setting time of AAS activated by SFA prolonged significantly
with an increase of Ms value opposite to SSA activation case. From the rheological
point of view, SFA-activated mixtures exhibited a slower structural build-up in the
early stage and better workability retention than SSA-activated mixtures. In addition,
SFA mixtures showed lower drying shrinkage and slightly higher mechanical
properties as compared to SSA mixtures. Microstructure analysis revealed that the
mixture produced by SFA with Ms value of 1.2 had less micro-cracks and a well-
packed microstructure as compared to the mixtures produced by SSA. The overall
evaluation of the test results revealed that SFA could be a more economical and
sustainable alternative to SSA with its lower cost, much lower CO; emissions, and
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more favorable engineering properties

Regarding the effect of supplementary materials on the structural build-up of AAC
mixtures, the pastes incorporating Portland cement or silica fume have a potential to
be used in the practical engineering requiring a high structural build-up rate, such as
the reduction of formwork pressure, slip form paving, stability and 3D printing
concrete. While the early lower structural build-up rate for the mixture with the
addition of fly ash and limestone powder activated by Ms1.2 are preferred for the
application of multi-layer casting. By the investigation of SEM/EDX it is found that
the AAC pastes present the similar gel C-(N)-A-S-H/C-(A)-S-H and C-S-H at the
early age regardless of the type of supplementary materials used.

The utilization potential of citric acid, sodium tetraborate decahydrate and sodium
triphosphate pentabasic to control fresh state properties of sodium silicate-activated
slag pastes has also been studied. The early structural build-up, reaction kinetics, pore
solution chemistry, setting behaviour, and hardened properties such as microstructure,
pore structure, and mechanical properties of AAS with these chemicals were
investigated. It was found that early structural build-up, reaction kinetics and setting
behaviour of AAS can be well controlled by using these chemicals. The citric acid
was found the most effective admixture to prolong the setting time of AAS; however,
it caused a dramatic decrease in mechanical properties. On the other hand sodium
triphosphate pentabasic could provide a slight delay in setting time, while sodium
tetraborate decahydrate prolonged the setting time significantly without any
detrimental effect on the mechanical properties.

To further understand the difference of rheological behaviour between sodium
hydroxide- and sodium silicate-activated slag mixtures, a deeper and comprehensive
investigation was performed. The sodium silicate-activated slag mixtures exhibited a
lower yield stress and a higher plastic viscosity than sodium hydroxide-activated slag
mixtures. The small-amplitude oscillatory shear (SAOS) tests indicated a negligible
colloidal interaction between slag particles in sodium silicate-activated system;
therefore, the early increase in structuration was associated with the formation of
reaction products due to the interaction between the dissolved calcium ions and the
silicates originating from the activator solution. On the other hand, the stiffness and
the early increase in structural build-up of sodium hydroxide-activated slag system
were attributed to the formation of well-percolated network.

Nuclear magnetic resonance (NMR) was also used to determine the nanostructure of
AAS at initial setting times. It was found that the C-A-S-H and N-A-S-H gel were the
main reaction products for the AAS pastes at the initial setting times. Furthermore, the
N-A-S-H gel will gradually degrade to C-A-S-H during the period of the acceleration
peaks within isothermal calorimetry curves for the AAS mixtures.
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2. Main contributions

The main contributions of this thesis can be summarized in the following aspects:

1. The influences of activators, precursors, mineral addition and chemical retarders on
structural build-up and rheology is systematically investigated. ICP-OES was used to
investigate the pore solution chemistry, and the concentration of various ions was
correlated with the structuration of AAC pastes.

2. A more sustainable and economic activator, silica fume activator, is evaluated and
compared with commercial sodium silicate activator.

3. The setting process of sodium hydroxide- and sodium silicate-activated mixtures
was evaluated by a series of rheological measurements. The presence of a percolation
network was confirmed by SAOS tests. Physical contributions from the percolated
network and chemical contributions from the reaction have been identified.

4. The relationship between early structural build-up and reaction products determined
by NMR is found. The nanostructure of AAS at initial setting time has been
determined.

3. Perspectives

The relationship between composition variables and inter-particle forces, as well as
hydration kinetics in AAC, should be studied in more detail. This will result in a
comprehensive knowledge of the interaction mechanisms and the impact of the
various components.

Greater attention should be devoted to various research gaps and restricted research,
such as the method of activator addition, sodium hydroxide-metakaolin-based systems
or systems employing a greener activator (such as Na>COj or a blend thereof) and so
on.

Robust formulations and pertinent chemicals to fulfill the rheological and mechanical
specifications of AAMs. To enhance the poor workability of AAC, for instance, the
development of organic plasticizers specialized for AAC or the inclusion of inorganic
plasticizers is necessary.

While the AAC paste has been rheologically tuned at laboratory scale, its performance
should be assessed in real-world systems, such as concrete. Based on this thesis’
findings, one can first pick a meaningful mixing technique for concrete systems,
integrating the real shear rate regimes that binder particles experience between
concrete aggregates. Then, AAC paste investigations must be validated on AAC
concrete scale, and the shear technique will be revalidated in AAC concrete systems.
If specific shear rates cannot be attained in the planetary concrete mixer, for instance,
high shear mixing on the concrete scale or alternate aggregate grading will be explored.
The accumulated expertise facilitates the assessment of new properties with both
228
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quantitative (e.g. ConTec Visco 5 rheometer, Sliding pipe rheometer) and empirical
(slump flow, V-funnel, L-Box, etc.) approaches.
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