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Abstract

Civil engineering plays a crucial role in addressing pressing societal concerns, from ensuring
safety to promoting sustainability. With the ongoing challenge of climate change, there is an
increasing need to mitigate carbon emissiavisich can be achieved lyriving innovation in
construction materials and methods. Concrete, essential for modern infrastructure, is
environmentally impactfuinainly due to its dependence on Portland cement in prodyciiash

the large volumes that are being consumed tolfatitietalneeds.

This thesisinvestigates hybrid alkahctivated materials (AAMs) as a viable alternative to
traditional concrete formulations. By substituting a significant portion of Portland cement with
supplementary cementitious materials (SCNighrid AAMs offer a pathway towards reducing
environmetal footprint while maintaining performanc&he focusof this workis on optimizing
sodium sulfateactivated hybrid AAMsomprising metakaolinjmestone, and Portland cemgent

along with an alkalactivator, in this cassodium sulfate

Through a systematic approach ugimactorial design of experiments (@) and multiscale
testing, thisresearch aims to tailor the performance of hybrid AAMs to meet both-agely
strength requirements and leteym performanceInitial findings indicate that the addition of
sodium sulfate enhances the reactivitymatakaolin allowing for a reduction in Portland cement
content without commising earlyage performancalowever, challengelsave been identified
through this workconcerning the longerm strength ohybrid AAMs, which are tentatively
attributed to phase instabilitgnd higher porosity (asinferred from the decreased electrical
resistivity) Recommendations emphasize a nuanced approach to binder composition, balancing
alkali contentwith Portland cement and metakaolin conte¢at ensure optimal strength

development.

The proposed framewomkroposeghe following steps in designing hybrid AAM&tivated with

sodium sulfate:

(1) Determining binder @mposition: Identify optimal ratios of metakaolin, limestone, and
Portland cement to achietiee desiredater age performance and reduce carbon footprint.
(2) Achieving sulfate blance: Evaluate thedequate sulfate contentaohieve sulfate balance

in the system



(3) Optimizing alkali @ntent: Evaluate the minimaklkali contentneeded toachieve the
required earlyage strength.

(4) Re-evaluating binder @amposition: If the selected alkali content compromises -kger
strength, reassess binder gmmsition. Replacing metakaolin by limestone increases the
tolerance of the system to high alkali content and increasing Portland cement content may
help reduce the amount of alkalis needed
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Chapter 1 Introduction

1.1 Background

The field of civil engineering is at the intersection of many other fields and at the heart of many
societal concerns. Civil engineers must notably consider in their design the safety, durability,
functionality, environmental impact, social impact, eeff¢ctiveness and aesthetic of everyday
infrastructure. Safety and cestfectiveness have long been the most important considerations of
civil engineers from every country. Nevertheless, the growing concerns around climate change and
carbon dioxide emissienhave started decades ago to cause a shift in construction practices and
civil engineering research. Today, the sustainability of construction materials is a very important

topic for the industry, and an active field of research in many countries.

Amongst all construction materials, concrete is by far the most produced and therefore, the one
which is causing the largest environmental impact. The popularity of concrete as a construction
materiallargely stems from its versatility, costffectiveness, low embodied G@otprint per

mass, as well as the largeale availability of its raw materials, the simplicity of its quality control
procesesand the possibility for lovskilled workers to easily manufacture concrete and use it in
the field. Making oncreteis rathersimple: it requires mixig around 70% of crushed rocks, or
aggregatesto a pasteof Portland cement and water. Dependingnoany factors such abe

grading of the aggregates, the type of Portland cemetiie waterto-cement ratio usedhe
performance of concrete may be tailored to the physical element that will be built, its placement

requirements, exposure conditions, life expectancy and more.

Determining Portland cement content is a crucial aspect ofdasign due to the rdlanship
between cement conteratnd strength and permeability. However, of all concrete components,
cement has by far the largest environmental imfzespite being only a small percentage of total
concrete volume and magXxrtlandcement typically generates about 96% of the @@ission of
astindard concrete (i.e., ‘cedumketfactorofB0%lh it shaukd 350
be added thdittle improvement ray be done on the production of Portland cement to decrease

its emissionssince a large portion of theéO, is generated from the chemical decomposition of
limestone (CaCg) in the clinker to form lime (CaO) and carbon dioxide C@Redwcing the

cement content in concrete is a possibility, but unless performed with advancel:sigx



techniques angarticlepacking, it usually results ialoss ofdurability and strengthparticularly
at early ageln addition, dieto the loss of compressive strength, more concrete is needed to sustain
a given load, which negates any gain from the cement reduction.

Therefore, taeduce the carbon footprint of concrete while enhancing its mechanical properties
and durability, the cement industry has significantly shifted in the past decades towards higher
cement replacemerity using supplementary cementitious materials (SCMwstead of plain
Portland cementDespite theestablished reduction i€@0O, emissionsthat have been achieved
through this shift, the industry is limited in its ability to further increase cement replacement with
SCMs due to the lossit may cause in early age mechanical performantaedto the slower
reactionkinetics of SCMs compared to PC or the lack of available portlafi#fjteThis is
particularly true in the case of low calcium SCMs, such as metakaolin or fly ash. Nonetheless,
decades of research in the field of alladtivation have shown that SCMs may react and form
strong bindersit early ages in the presence of alkalis and with added cdl8iln In attempts to

reach a similar behavior, research has been conducted by various gitBposn the addition of

small amourd of alkalis tobinderscontaining Portland cementhe subject at the heart of this
thesis is thus at the intersection of two major fields in civil engineering and material science. The
first is the topic of hybrid alkalactivated materials, which are formeg mixing an alkaline
solutionto about 70 wt.% of alumosilicate precursors or SCiMand about 30% of Portland
cement. The second is the topic of blended Portland cement binders, which are formed mainly of
Portland cement, with moderate amounts of SCMs incorporated. A partickiasyn subset of

this binder type are the limestone calcined clay cements),(l@ich typically consist of 50% of

Portland cement, 35% of calcined clay and 15% of limestone.

It is interesting to observe that hybrid AAMs, +€ements and Portland cements boosted with
small amounts of alkalis all face a common challenge. Both alkalis and high specific surface area
particles such afose ofcalcined claysand limestonaccelerate the early reaction kinetics, which
tends to negatively affect the final extent of reaction of the binder, and therefore lower strength at
7 days and onward®,9i 11]. However, in the absence of this acceleration, early age strength is
significantly impared. It is thereforepossible toobservethat binders with high levels of PC
replacement by SCMs will generally either suffer from low early strength or reduced later ages

strength. There is thus a need to combine the knowledge gained from the fields of hybrid alkali



activation and Portland cement chemistry to shed light on how to accelerate kinetics without
alteringlater ages performance.

1.1.1Rationale for the choice of materials in this thesis

This thesis will be focused on hybrid sodium sulfate activated AAMs binders made from
metakaolin, limestone and Portland cement. The rationale behind the choiceaf tinaterials
is presented shortly in this section.

Many studies have focused on the use of fly ashbtamt furnaceslag as precursor materials for
AAMs or as SCMs for Portland cement mixes. However, the depletion of these i8GEIne
locations,due to changes in global industrial production are expected to raise issues on their future
availability [12]. To achieve high levels of substitution of Portland cement, it is thus necessary to
investigateother types of gecursors tht areglobally available. In this regard, calcined clays have
emerged as a prosing option[12,13. Metakaolin originates from the calcinatioh kaolinitic

claysat around 650°C. It is the most studied calcined clay, both as a SCMs in Portland cement
binders and as a precursor for AANIL]. In this research, metakaolin was chosen as a model

system for calcined clays due to its high purity and reactivity.

Pure metakaolin AAMs experience significant issues with poor flowability and early age strength
[14]. They also require strong alkaline solutions for the alketivation of the metakaolin to take
place. Activators such as sodium hydroxide and sodium silicate have traditionally been used, but
are problematic due to their high corrosivity, cost and enwrental impacts on noncarbon
categorieg15]. The addition of small amowf Portland cement to metakaolin raises the pH of

the system, which enables thee of neaneutral salts such as sodium carbonate and sodium
sulfate[16]. For thisthesis sodium sulfate was selected becalitses, a by-product from other
industriesbut can also be found naturally in the environmefi7]. It is also a lowcost and
substantially ecdriendlier option to traditional activators. Finally, studies on the addition of small
amounts of NaSpand NaOH to Portland cement pastes and alite pastes have reported negative
impacts on long term strength of NaQt8]. From these findings, it is hypothesized that sodium

sulfate might be more compatible with a hybrid Portland ceinergtakaolin blend.

Many researchers have identified promising synergic behavior when incorporating moderate

amounts of limestone to metakaehortland cement bindef49,2(, as well as in metakaolin



AAMs [21i 23]. PerezCortes & Escalant&arcia (2020)[23] showed that the addition of
limestone to metakaolin AAMs helped refining the pore structure and improved microstructural
features by allowing the incorporation of calcium products in the main reaction phases. Since
limestone is an affordable, low embodi@@®. and widely available raw material, it is a promising
addition to hybrid metakaolRortland cement binders.

1.2 Researclobjectives

The objectives of this thesis are #figdd. The first goal is tdry to optimize the strength of hybrid
sodium sulfateactivated metakaolin AAMs containing moderate additions of limestone and
Portland cemenwith the use ot factorial design of experiment (DOE)he second goal of this
thesis is to investigate how sodium sulfate alone affects the early kinetics and the microscopic

phases othese same binders

The firstgoalwill be addessed througiwio sets oexperimentsthe first of which being conducted

on asimpler sodium sulfatactivated mix containing only metakaolin and Portland cenhetiis
preliminary experiment, the Portland cement (R@dsodium sulfateNS) contentswerevaried

over a large range of values (i.e., 0 to 5% NS and 10 to 50% PC) toaasdilatethe strength
response at early ages (i.e., 1 and 6 days). To further understand the impact of the binder
compositions on thperformance of theement pasted/icat needle thermogravimetric analysis

(TGA) and XRay diffraction (XRD) testing were conducted. Based on the results of this
preliminary experiment, the lowest optimal PC is determined, as well as a refigedfaptimal

NS conterdg. In asecond experimeng factorial DOEwas conducted orternary NSactivated
metakaolin AAMsnow also containig limestone (LS) For these binder&,S will be varied from

5 to 25%o0f binder compositiorand NS isadded to the total binder mass betwento 2.5%

while PC content is fixed at 309 binder compositionThe early kinetics of these sampleas
investigated through isothermal calorimetry testing, while their hardernteca t e 6 s wagsr oper t
evaluated through compressive strength and bulk resistivity testing at 3, 7 and 28 days. After 90
days of curig, XRD and TGAwere performed on the samples to heldate macroscale
performance to microscale sequantitative features. A statistical analysis on compressiv
strength values at all agess alsgerformed to relate LS and NS dosages to changes in strength

betweernthebinders.



The second goakill be addressed in a third experimeBiased on the second experiment, an
optimal binder compositionot maximize early age strengthas determined. For the third
experiment, the optimal dgrstrength binder, and a watactivated binder oéqual (MKPCGLYS)
compositiorwerecompared. For both binders, isothermal calorimetagused to assess the garl
kinetics. TGA andXRD werealsoconducted to follow the development of crystalline phases, as
well as amorphous ones. TG¥asused in a semguantitative manner to estimate hydrate water,
portlandite and calcite contents at various agjes. aim ofthis experimental prograis to shed
light on how microscale features are evolving during the hydration/akaliation ofoptimized
early strength N&ctivated binders.

1.3 Thesisoutline

This thesis is divided into five chapters, including the present one. While this chapter focuses on
introducing the literature and objectiv@sgpportinghis thesis, the second chapter provides a more
in-depth background. The background first includes a section on-atitalation and the@arious

types of gel forming in low calcium, high calcium, and hybrid AAMs. The following section is
centered arounthe properties of binders containingetakaolin and other calcined clays, with
subsections on clay paskes, fresh state of calcined clay binders and porosity evolution in calcined

clay binders.

The third chapter consists of the preliminary investigatiometakaolirhybrid AAMs. This work
resulted ina conference paper presented at the Ih6ernational Congress on the Chemistry of
Cement and Concrete (ICC@) Bangkok in 2023 In this chapter, the impact of PC and NS
contents on setting time, compressive strength, as well as TGA and XRD profiles are $halied.
strength results are treated statistically Appendix AT Factorial designrationaleso thatan
optimal minimal PC amount and an optimal NS range of values are deteffoviried next set of

experimers.

The fourth chapters reported in gournal paperformat centeren the optimization oNS-
activatedhybrid AAMs composed of metakaolin, limestone and Portland ceniéid. chapter
also investigatethe impact of NS orarly kinetics and microscafeaturesThe performance of
binders of various compositiowas evaluatedby means offresh state (i.e., setting time and

isothermal calorimetry), macroscale (i.e., compressive strength and bulk resistivity), and



microscale (i.e., XRD and TGAgvaluation More insight is also gained on how the binder
composition affect the optimal NS content with regards to early strength. The study of the
evolution of microscale features for a wadetivated versus N8&ctivated hybrid binder further

sheds light on the itroscale changes induced by NS addition.

Finally, the fifth chapter summarizes the main conclusions of the work, as well as

recommendations for future work.
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Chapter 2 Background

2.1 Alkali -activationprocess

Alkali-activated materials (AAMs) are alternative binders to traditional Portland cement (PC) and
are formed through the reaction of an aluminosilicate precursor source with a highly alkaline
solution. AAMs are patrticularly attractive substitute bindeiR@adue to their low carbon footptj

high durability and versatilit as well as their good mechanical properties. In AAMs, the source

of alkalinity no longer lies in thpresence oPortland cement, but in the activator solutibatis

added. This remees the need for clinker production, and therefore substantially lowers the carbon
emissions associated with AAMs manufacturfiblg Furthermore, numerous investigations on the
durability of AAMs have reported largely improved resistance to many chemical degradation
mechanisms such as alkallica reaction2i 4], as well as acid, chloride, and sulfate atsd&k

10]. The use of local raw sources is facilitasatte AAMs have the potenti#h be manufactured

with a variety of aluminosilicate precursors, including waste matdfials Transport costs and

their associated environmental load may therefore be effgctaaduced. However, the versatli

of AAMs comes at a cosas high performance is nogeasily attained or predicted. New
aluminosilicate sources must be thoroughly analyzed. Factorsirdfexdrly and longerm
properties of AAMs include the precursorso6 am
its main oxides, as well abe molarity, anion type and soluble silica content of the activator
solution[12i 14]. Quality control and midesign processes are significantly more challenging in
AAMs than in PC. To understand why and how AAMs differ from PC binders, it is necessary to
dive into the alkakactivation process and the main reaction products of diffét&Ms binders.

This section will focus on these topics and provide some background on the three main categories
alkali-activated binders: low calcium AAMsr geopolymershigh calcium AAMs, and hybrid

AAMs. The binders studied in this thesis are hybrid AAMs, but since these materials may contain
both low calcium and high calcium gels, it is important to describe them individually before
studying hybrid AAMsd react i orakagiactvdtiancpptosess Pr i o

will be briefly discussed here.
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The alkaltactivation process surrentlyan active field of study. The most common model for the
geopolymerization process was first proposed by Provis and van Deygblesind can be
summarized by the steps illustratedhe figurebelow occurring simultaneous|{5,16] (Figure
2-1).

Aluminosilicate Source

- Dissolution
Mg | ¢——HO
OH(aq)

Aluminate & Silicate

Speciation
Equilibrium

D
)
)
)

—
XX Gel1 258
pagry pag g

L

Reorganization

=

Ak

o]

Polymerization
and Hardening

N A 23y A7
WA A S
)OS \f;fyx SorF

Figure 2-1 Conceptual model for geopolymerization process, adapted[ft6m

In Duxsonetal.( 2007) 6s conceptual mod el buil tareon t hi
assumed to be released in solution and to form various oligomers until the formation of a first Al

ri ch gel[1l6] fihéeancrease dn)silica availability over time would allow for partial
substitution of Alntumywoul8 result imtheffdaeation df a-Hii whi éd e l
20. The reorganization of #fAGel 10 into fAGel 2
resonance (NMR) study on the interstitial p ha
might be more plasible[17]. According to Favieet al.(2015)[17], t he evol uti on of

oligomers in solution into AGel 20 would be t

! Monomers are small molecules which consist of the basic units of polymer structures. When three to ten repeating
monomer units are chemically bound, they form an oligomer. When more repeating monomer units are bound, they
will form a polymer.
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speciesr at her than the single reorganization of
however be possible in the polymerization phase. As a matter of fact, it was found that the
polymerization step was associated with an exothermic pekaitified by isothermal calorimetry,

which may be due to more crdgsking in the final amorphous aluminosilicate gel and thus
reorganization of this final gel into a more stable strudtl®& More recent work by Leét al.[19]
proposes a change to the originabdel by Provis and van Deven{@5] to include nucleation
alongside gelation after the dissolution of the aluminosilicates and silicates species. According to
these authors, this nucleation process would enable the formation etewlites which would

act as nuclei in the polymerizationogess and be associated with chemical expansion.

Aggregated clusters Partially

dissolved
Oligomers grow on metakaolin
metakaolin particles P
> A \A ggregated
£ Si /Al
I oligomers

Figure 2-2 - Aggregation process during the geopolymerization, as sho{@8]n

In the work of Whiteet al.[21], the geopolymerization process of metakaolin activated with pure
and blended hydroxide and silicate activat@ss investigated using Monte Carlo modeling. The
simulation supported the hypothesis of Pratial. (2005)[22] that the mechanism of gel growth

was dependent on the silica content of the activator. In systems without soluble silica, nucleation
is unlikely to occur near the surface of the metakaolin particles, which in turn enables the rapid
and complete dissolutioof the particle. On the othend, silicatecontaining activatorsvould

allow the nucleation of aluminosilicate gel particles that attach to the surface of the metakaolin
and therefore hinder its dissolutidghat her t han fully dissol ving,
gel forms on its surfacg-igure 2-2). This hypothesis was introduced earlier by Wanhgl.[24]

and later further supported by the cf/fBM imaging testing performed in the study by Tahgl.

[23].

2.1.1N-A-S-(H) gel formation in the low calcium AAMSs (geopolymer)system

The scientific community has long been divided on the adequate terminolbgyised to describe
low calcium AAMs. As the issue kept dividing the community, the numbeesignationsised

continued to expanalver the years. From mineral or inorganic polymers to abk@tided ceramics,

12



from soil cements to zeoceramics, the list kept on growing. In 2014, thetthteart report of
RILEM committee TC 224AAM established a terminology that helped reaxltonsensus
amongst author5]. T h e t -ealcioms alkélih o wi vat ed material 06 and

now be used interchgeably to describe thisindersystem.

The primary reaction products in geopolymer systems are crystalline zeolitic phases (i.e.; sodalite
type feldspathoids) and sodium aluminum silicate hydrate&-@(H)) [26,27] The N-A-S-(H)

gel is particularly challenging to study due to its complexégd amorphous nature. It is best
described as a threkmensional crosinked, highly disordered alkali aluminosilicate network

[28]. While the tobermoritdéike structure ofcalcium silicate hydratéC-S-H), the main binding

phase forming upon hydratiaf PC, has been studied for many decaded8-( H) 6 s compl e
polymeric structure is less well understood. It is important to keep in mind thatAR8-(#) gels

differ largely from GS-H andAl substitutedC-S-H gels, and notably in that the water is not a

major structural componef26].

In 2018, Lolliet al.[29] conducted computational molecular modeling to predict the structure of
N-A-S-(H) gels in metakaolin geopolymers. The authors built three models with different degrees
of disorder: a pure crystalline structure based on the siliceous sodalite minerattavesiliceous
sodalite created by removing two Sidolecules to the original structure, and an amorphous SiO
glass based on the one proposedshgikholeslanet al.[30]. To these siliceous crystal or glass
structures, Na andJ@ was added, and part of the Si ions were replaced by Al to match the Si:Al
ratio of the reference metakaolin. From the comparison of the XRD peaks in the simulated and
experimental structuseit was found that the defective crystalline model was the most appropriate

representation of M-S-(H) gels in metakaolin geopolyme(fSigure 2-3).

2 |t must be observed that even though-aicium AAMs are considered a subset of the broader AAMs family, their
main reaction product differs largely from that of high AAMs. More details on the latter will be provided in section
2.1.2
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Figure 2-3 - Model of NA-S(H) gel with different degree of disorder, frg29]

That same year, Walkest al. [28] used a different approach to shed light on the structural

framework of geopolymer gels. Their team used high purity synthetic aluminosilicate powders to

serve as model precursors in the geopolymer system and analyzed the molecular bonds and

coordination ®the aluminum, sodium and oxygen ions usify, >Na and’O 3QMAS NMR

spectroscopy (i .e., 6Three Quantum Magi c

Si Al o Na* Al

(o)

O,

., O H,0

EF

Q000000

Na Na--H,0

Figure 2-4 - Structural model of MA-S-(H), proposed by28], where Adr is extraframework

four-fold coordinated Al (as represented by the 4 dashed lines to oxygen species @eand O

In this conceptual moddFigure 2-4), the sodium and extfaamework aluminum ions act as

negative charge balance, and thé\MNs-(H) gel mostly comprises fotfold coordinated silicon

Angl

and aluminum units, which agrees with previous understanding of atoms coordination in

geopolymer gelf31,32] Theseauthors were the first to identify that a significant portion of tetra

coordinated Al were chargealanced by extrramework Al species.
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2.1.2C-A-S-H gel formation in the high calcium AAM system

In high calcium systems, the main gel is aAGS-H gel which has presents withsanilar Ca/Si
ratio to GS-H type | and a tobermoritdike structurg33] (Figure 2-5).

Nanoscopic particle size

—

ﬁ
AA AA AA‘_ — CaO layers

Layer buckling, vacancies?

wo- oY o o
Interlayer region { JA o Q O ) Dreierketten silicate chains

Substitution of Ca®*, Na*,

H,0, H*, Al species Y v YY YF Cross-linking, Al substitution,
2% r
ﬁ

vacancies in bridging sites
—

Figure 2-5 - Structure of GA-S-H gels in high calcium AAMs, fro[@6]. The blue triangles
represent Si sites, and the red triangle is an example of Al substitution into a bridging site.

Between 1993 and 1994, Richardsen al. [34,35] and Brydsonet al. [36] worked on an
experimental program to better understand the structure®HGQyels with Al inclusion. This
work was fundamental in understanding the properties-GR)cS-H gels, typical of both high
calcium AAMs and blended PC binders[35], Richardsoret al. demonstrated that Al substitutes
for Si only in bridging tetrahedrd&igure 2-6). This finding was further supported by a study by
the same authors, conducted in 19®4]. Using Richardsondés formul a
(MCL) of C-S-H, Fernandedimenezet al. (2003)[37] could estimate the percentages of Al and
Si in bridging tetrahedras and the percentage of vacandiegl@ging tetrahedras. Thdgund that
the sodium silicate and sodium carbonate activators led to increag®gl nounts, causing a
change in the morphology of-&H which could explain the reduced porosity and improved
mechanical properties of these AAMs. On the other hand, they reported greatents of A
substitutedridging sites in NaOFactivated AAMs.

Q Q,(1AD) QUAD @

Q,
0 OH
\e/
AN
HO o’ Yo S
si

Figure 2-6 - Position of Al in GA-SH chain, from[35]
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The early work of Faucon (1999) somehow contradicted the findings from Richatlabion

the location of Al on the bridging sites only and showed that Al could also substitute Si on pairing
sites at high Ca/Si rati¢38] (Figure 2-7). The molecular dynamics study conducted by Manzano

et al. in 2008[39] and NMR study of Pardadt al. in 2012 [40] supported this hypothesis.
Nevertheless, it must be noted that the Ca/Si ratios needed for substitution on pairing sites to occur

are unusual in high calcium AAMs systems.

IVaVERVAVERVAV,

CaO layer

CaO layer

Bridging Pt M

sites / S
- e

Figure 2-7 - Aluminum in GA-S-H in pairing and bridging sites, frof39]
In Brydsonet al. [36], it was found that the Al in S-H gels was predominantly in fofold
coordination. Buil ding on etah[#lfcorcludeddhatthg fourt he 2
fold coordinated Al occupied tetrahedral bridging sites, whgeAt) and Q(Al) could be found
in the interlayer. Alongsideome otheauthorg[42], they found sodium cations (Nao be the
main chargebalancing elements for Al substituted bridging tetrahedraslbaihypothesized that

Ca"* and interlayer or surfaces@\l) and Q(Al) could also serve as charpalance units.

The first study applying experimental and computational methods to understand the structure of
C-A-S-H gels and correlate it to mechanical properties was conducted by Reteatag!3]. It
revealed that @\-S-H gel in NaOHactivated slags were best modelled by a combination of
tobermorite 14 A (MCL 5) and tobermorite 11 A (MCL 14), while th& G-H gels in waterglass
activated slags were found as a combination of tobermorite 14 A (MTand tobermorite 1.1 A

(MCL 14) (Figure 2-8). The greater amount of tobermorite 11 A in watergéadivated slags was
effectively correlated to the lower porosity and improved mechanical properties of this class of
AAMs. Furthermore, the authors identified differerAES-H mechanical states basawl packing.

In both NaOH and waterglass activated, the lack of portlandite did not allow for the formation of
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ultra-high density GA-S-H, but most of the waterglassA>S-H belonged to the high density state,
while the higher porosity of NaOH-8-S-H had it belong to the low density state.

normal 11A

(a)

0

\

:, " H; H0\ /v
interlayer 'ln-. . .
A MOH'

11.3A

Figure 2-8 - 1.4A and 1.1 A tobermorite units, modified frp]

Even though Puertasdéd 2011 study only identifi
al et al.[45] found XRD peaks associated with €S801.AH>0) which were only slightly shifted

from those associated with 9 A tobermorited&le012AH,0) . Ther ef or e (N)i n Myer
A-S-H gel model, it was hypothesized that the gel could be a combination of all tobermorite units
(i.e., 9 A, 11 A and 14 A4]. Their model was also built on the hypothesis that dinked and
noncrosslinked tobermomt structures could represent théA€S-H gel more accurately than the
previously discussed namrosslinked models. The experimental results from this study correlated

well with the model in terms of Ca/Si ratio, but the AIl/Si ratio remained significantly
underestimated. According to the authors, the most plausible explanation for the higher Al/Si ratio

of the experimental AAMs is the existence of-@@intaining zeolitic structure similar in
composition to NA-S-(H).

2.1.3N-(C)-A-S-H and C-(N)-A-S-H gel formation in the hybrid AAM system

Hybrid AAMs were briefly introduced in sectidnl of this document as an alkalctivated binder
comprising approximately 70% of aluminosilicate precursors and 30% of Portland cement. The
inclusion of small amounts of PC in these mixes both changes theakahtion process of the

precursors and theytration of PC.

While in blended Portland cement mixes, pozzolanic SCMs such as metakaolin or fly ash react
directly with the portlanditeesultingfrom PC hydration a slightly different reaction is expected

to occur in hybrid AAMs. According to EscalarBarciaet al. (2023), portlandite (Ca(OH) -

reacts first with the alkaline sg#t6]. The modification of the formula proposed by the authors to

the particular case of sodium sulfate activators yields the following:
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Based on this reaction, it ensues that gypsum will be formed, providing the additional sulfate
required to mitigate the undersulfation of a high SSA system such as those of calcined clay binders
(see sectiorz.2.2.2for more details). The formation of sodium hydroxide (NaOH) will also play
a major role, as the presence of Portland cement alone may not be sufficient to fully dissolve the
large amount of SCMs in the mixture. By helping raise the alkalinity in the fiesler, NaOH
formation leads to greater reaction from the SCMs and more reaction product forikatamg
that portlandite will be rapidly depleted at low PC, NaOH thus substitutes for portlandite and

ensures that SCMs will react.

The precise nature of the hydrates and-hgarates forming in hybrid AAMs is a challenging
matter. It may however be partially understood by correlatimgcepts ofalkali-activation of

hybrid AAMs with thoseof blended AAMs. The latter refers to a type of aliadtivated binder

of intermediate calcium and comprising a blend of both high calcium (e.g., slag, class C fly ash,
etc.) and low calcium aluminosilicate precursors (e.g., class F fly ash, metakaddiepded and
hybrid binders, the low calciuprecursors will tend to react to formAS-(H) gels, but if calcium

from the high calcium precursor or cement is availablé-&H or CG-S-H formation will be
favored. Nevertheless, the formation of-AFS-(H) and G(A)-S-H are not mutually exclusive
Indeed,it was discovered by Yiet al. [47] in 2003that GS-H and geopolymeric gels could
coexist in a binder of specific composition. In their experiment, they showed that at certain NaOH
concentrations and in alkadctivated mixtures made of metakaolin and slag, a layer of NaOH ions
could occur aroundag particles, preventing most of the calcium to reach the geopolymeric gels
forming around metakaolin particles. This resulted in the early formation of two distinct,

coexisting gels.

The alkalineactivation process in hybrid binders was studied thoroughly by Glandieiroet al.
(2013)[48] (Figure 2-9). The authors developed a model to account for the differences in kinetics
between these binders and traditional Portland binders. They observed notably a retardation of C
S-H formation due to alkalinity of the soluticsltering anhydrous silicate hydration. It also
appeared that the-&H eventually formed had a higher degree of polymerization (i.e., more Q
species). This could notably be explained by the incorporation of Al from SCMs-{Ad)-&H

and the subsequent integration of Al(@ts G(Al) bridge unit. As for the NA-S-(H) gel formed
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from the reaction of the SCMs in the alkaline media, it stems anciaLodeiroetaldé s wor k
[48] that it converted to a (N,EA-S-H type gel due to the incorporation of calcium ions from the
pore solution into the gel. In a previous study, Gakadeiro et al. [49] showed that the
coexistence of &-H, C-A-S-H and NA-S-(H) gels was possible, but thatANS-(H) would tend

to disintegrate in favour of 8-S-(H) and that it ultimately could only remain stable at low pH
(<12).

N-A-S-H GEL 1 C-S-H GEI(1D)
Source of Source of (S/AI-1 @

Aluminosilicate Calcium Silicate

o &
@4 .

N-A-S-H GEL 2 (Si/Al~2) @) C-S-H (1D)

Na*(aq), OH-(aq), Si(OH), (aq)

Si(OH), Sy ¢ i m
A

— +

Hy H,0
H,0 S H,0 j
¥
(NC)-A-S-HGEL2 . C-A-S-H(1D—>2D) (N,C)-A-S-H GEL 2 C{A)-S-H (1D)
(Si/AI~2) (3D) (SI/AI~2) (3D) 5

Figure 2-9 - Alkali-activation of hybrid AAMs, modified froj#48]

The chemical composition of geopolymeric and hydrate gels formed in hybrid binders is depicted

on the ternary diagrams developed®arcialLodeiro et al. [49]. As shown inFigure 2-10, the
composition of ES-H + N-A-S-(H) and CA-S-H + N-A-S-(H) appear in intermediate regions on
the ternary diagrams, with some points also falling on the regions of the individual gels.
Interestingly, and as predicted by Gafciam d e i r o 9], the therdigal composition of
blended and hybrid gels moves towards thA-S-H gel region of the ternary diagram at later

ages for blended low calcium (fly ash) + high calcium (slag) AAM sys{g6150].
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Figure 2-10- Pseudeternary phase diagram proposed [#@]

2.2 Properties of binders containincgeakaolin anathercalcinedclays

Calcined clays have been increasingly discussed in the scientific literature in the last decades. The
need for widely available SCMs is a source of concern for many countries as traditional mineral
additives such as fly ash and slag have started to depkdcally[51]. The cement industry
heavily relies on SCMs to reduce the carbon footprint of concrete through cement substitution, as
well as to improve the durability of concrete mixtures. Calcined clays have therefore emerged as
an attractive alternate to fly ash and slag. When clays rich in kaolinite aedcined at
temperatures between 600 to 900 °C, they form metakaolin, a highly reactive aluminosilicate
precursor. Other clays, such as illite, smectite and montmorillonite, are however more challenging

to transform into suitable reactive SCJ25].

Figure 2-11 - Structure of (a) 1:1 clay and (b) 2:1 clagglaptedirom [52]
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2.2.1Clay particles: morphology, surface chemistry and reactivity

2.2.1.1Claymi ner al s® structure

Clay minerals are phyllosilicates, and they are formed of successive layers of silica tetrahedral and
alumina octahedral shedfSigure 2-11). In 1:1 clays, each layer comprises one silica sheet and
one alumina sheet, while 2:1 clays have two silica sheets separated by an alumifiEBkHeét

clay minerals have electrically neutral sheets, which means that the layers can be stacked, held by
vanDer-Waals forces and by the hydrogen bonds between the octahedral hydroxyl groups and
tetrahedral oxygen atoms from another lajt]. For kaolinitic clays, these-OH bonds are
sufficiently strong to prevent swelling between the successive clay units, while the 1:1 layers in
halloysite clays are separated by w§b&i (Figure 2-12).

Oxygen or Hydroxyl O \ / o Various Cations
Packed according to charge and geometry
O «— T 00
00 g 00
Repeated to form a sheet
Tetrahedral /—\ - [ Octahedral
Stacked in ionic and covalent bonding to form layers
1:1 Semibasic unit E g 2:1 Semibasic unitt

Stacked in various ways Stacked in various ways

8- 0-0-0-0-0-8-

Kaolinite ~ Halloysite Pyrophyllite Smectite  Vermiculite lliite Chlorite  Mixed Layer

Figure 2-12 - Different clay minerals structurd56]

As for 2:1 clay minerals, the sheets may be electrically neutral (e.g., pyrophyllite and talk), or
negatively charged (e.g., smectite, vermiculite and mica). In both cases, there are no available
hydroxyl groups at the surface of the layers. Therefore, 2:1 dlagprar al s &6 sheets ar e
the weak varDer-Waals forces for electrically neutral layers and coulombic bonds for negatively

charged ones.

2.2.1.2Clay calcination
Upon calcination, three processes occur: dehydration, dehydroxylation and recrystall&gtion
Dehydration is characterized by the release of water molecules adsorbed in the pores or attached

to interlayer cations. The degree of humidity of the clay, as well as its mineralogy and the type of
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cations in the interlayer will affect the temperature required for dehydratian380°C). This is
followed bydehydroxylationwhichis critical for clay reactivityAt this point hydroxyl ions (OH

are released as water, which for kaolinitic clays results in the metastable structure pictured in
Figure 2-13[55,57]

S 5 o 0 o 409

O] o) |V
HO—AI —Al HO—AI . \ / Al
\_)(/;H \OH Ho (o) HO OH

Al,Si,O5(OH), —> 2 ALLSi,O, + ’I‘HZO

Figure 2-13 - Dehydroxylation of kaolinite, modified frof58]

The dehydroxylation process causes a loss of structural getegmplete amorphization of the

clay is not achieved even after full dehydroxylati@Y]. If the clay is exposed to higher
temperatures (typically, above 830), recrystallization might take place. This occurs when the
energy provided to the clay particles through heating is sufficient to allow the metastable structure
to transform into a stable crystalline one. Since the amorphous content of calcinedactaye
parameter for reasfity, determining th@ropercalcination temperature for only dehydroxylation

to occur isof paramountmportance

After calcination, the hexagonal morphology of clay particles remains like that of their uncalcined
counterparts. As can be seerfrigure 2-14, metakaolin particles consist of layered stacks of these
hexagonal sheets. The plditee shape and high specific area of clay particles have long been an

issue for concrete producers as these factors negatively impact the workability-adraiaying
cementitious mixturef9]. In comparison to SCMs such as fly ash and slag, calcined clays require
particular care at the mistesign stage to ensure that workability and setting time requirement will

be met. I f the calcined cl aybs sdasmaorkability sur f ¢
of clay-PC blends, it is their high reactivity that is responsible for the decrease in setting time. In

a study on precursors for geopolymer systems, Hajimohammadi & van Deventer [@U]16)

showed that the diskition rate of silica and alumina species in alkaline solutions was significantly

higher for metakaolin than for slag, and even more so for fly ash.
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Figure 2-14 - SEM micrograph of metakaolin partidél]

2.2.1.3Reactivity and extent of reaction of clays and clinker

Most AAMs mix-desigrs rely on the knowledge of reactive silica and alumina amounts in the
aluminosilicate precursors. For calcined clay and other SCMs, the development of a simple yet
reliable method for quantifying the reactive oxide amounts from the raw sources is gtitl afto
ongoing researcj27,62] Even though no general agreement has been reached, various techniques
have been proposed. One of the most efficient is the dissolution of aluminosilicate precursors in
1% hydrogen fluoridg¢63]. However the health and safety issues related to the manipulation of
hydrogen fluoride limit its applicability. This methodology has therefore been attempted with other
acid (e.g. hydrochloric acid) and basic (e.g. NaOH) solutamsit was found reliable [666].

The use of XRay fluorescence (XRF) and-Ray diffraction (XRD) analysis also allowed some
authors to successfully quantify amorphous content from raw maf@rialFinally, reactivity
techniques based on the final gel composition rather than precursors composition have been
developed. In this regard, XRD with Rietveld quantification and NMR have proven to be effective
but can be technical and expensj@8i 70]. Furthermore, quantification of reactive content by
NMR may be complexified by the overlap between resonances of some precursors and their

reaction productg69].

The aforementioned techniques may be applied to most aluminosilicate precursors, but when a
precursor is pozzolanic, as calcined clays are, a specific range of test is available. These tests are
generally applied to predict the performance of blended dsmreamd therefore more work is likely
needed to adapt them to AAMs systems in which the main reaction occurs without portlandite, but

thanks to the presence of alkalis. According to Donag&lll. (2010)[71], the pozzolanic activity
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of a material can be assessed both directly (through the quantification of portlandite consumption)
and indirectly (through the measure of physical properties resulting from the raw material
reactivity). Direct methods include the Frattini test and itp#8fied version, the saturated lime
method, and proceed in conjunction with analytical methods such as XRD and thermogravimetric
analysis (TGA)[71]. On the other hand, indirect methods are based on compressive strength,
electrical conductivity and heat@ution by conduction calorimetry measuremdgiifq. In a study

by Tironi et al. (2013)[72], it was found that the Frattini test and the strength activity index (i.e.,
representing the ratio of compressive strength of a blended cement mortar to the compressive
strength of a Portland cement mortar) were the most reliable. Nevertheless, it wexkarghe
authors that the sole use of one method might not be enough to correlate to strength. Pozzolanic
activity may be inferred more directly by the Frattirethnod, but prior to strength testing, it is not
possible to accurately estimate the real contribution of the pozzolanic reaction to microstructure
densification and strength gain. This issue motivated the search of new methods to evaluate the
reactivity of clays and directly correlate them with strength in blended cements. Since strength
testing takes up to 28 days, it is not always possible to apply it when searching for new raw
materials. Therefore, in 2016, thé iRethod was developed by Awtal.[73]. This method uses

a simplified system to simulate a fresh blended paste and it comprises the investigated calcined
clay, portlandite, water, alkalis and sulfates. The fresh pastes are analyzed using isothermal
calorimetry for up to 7 days or may be driacan oven to quantify bound water amounts. These

two variations of the Rmethod have been found to correlate well to strength and are now
standardized in ASMT C1892022[74].

2.2.2Calcined clays in binders: fresh state and early kinetics

In blended calcined clay binders, as well as in atkelivated calcined clays (AAMKS), the role

played by this binder component during early kinetics is both physical and chemical. Metakaolin
and other calcined clay particles have large specific sudiaas (SSA), which will enable them

to contribute additional nucl eati on s[bl} es, a
Furthermore, the presence of these fine particles will tend to decrease interparticle distances, which
accelerate settingggiificantly. On a chemical level, the addition of metakaolin provides rapidly
available alumina, which affects the phase assemblage of both blended and AAMs {&dhents

In blended Portland cement, the nature of some of t8eéHCwill differ as a result of the inclusion

of Al and subsequent formation of&A>S-H gel. In AAMKSs, silicate and aluminate species from
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the metakaolin are released in solution in similar, high amounts. This behavior has been shown in
the work of Hajimohammaudt al. (2016).Figure 2-15 highlights the dissolved concentrations of

Si and Al in time when metakaolin is dissolved in 0.1M NaOH. In such cases, the high early
availability of alumina leads to faster reaction kinetics and more homogeneous gel fofition

Early age strength is benefited by this process, but it may come with impediments in strength
development due to the lack of silicon ions availdBtg. Indeed, the presence of high levels of
alumina in solution is known to hinder silica dissolution, a phenomenon of interest in the study of

alkali-silica reaction in blended and AAMs bhinders.

GTS
RHA

MK (si)
MK (Al)
GBFS (Al)
GBFS (si)
FA (Al)
FA (Si)

x b 0O

®r Ol &

Concentration (mg/L)

120

Time (hours)

Figure 2-15 Concentrations of dissolved silica and alumina in 0.1M NaOH of geothermal sludge
(GTS), rice husk ash (RHA), MK, grouhthst furnace slag (GBFS), and fly ash (FA), fri@]
2.2.2.1Admixture interaction

The large surface area of calcined clay, and their typically high amorphous content renders them
particularly reactive, which will directly impact the reaction kinetics and therefore the setting time.
To address the workability and setting time challengemerplasticizers and retarders are
sometimes combined. It has been shown that standard PCEs (polycarboxylate ether) admixtures
remain effective in clagontaining mixtures through the same electrostatic repulsion mechanisms
as in PC mixturefb9]. In sone cases, intercalation of the PCEs macromolecules in the interlayer
space of the c¢clays can |l ead to the deformati ol
PCE addedi76]. However, this phenomenon only occursameclays and has not been reported

in kaolinite and illite clays. A more common issue is that the greater surface area of calcined clay
particles compared to PC particles leads to greater adsorption of PCEs on their surface, hereby
leading to greater PCE denthto achieve the samevel of fluidity in the mix59].
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2.2.2.2Mix-designadjustments

Addressing the workability issue caused by calcined clay in cementitious mixtures can also be
done through changes to the ra@sign. Higher aterto-cementratios, lower fine aggregate
content and an optimized paste volume can all contribute to a more fluid mix without admixtures
[59]. The incorporation of calcined clays in concrete mixes also requires sulfate adjustments to be
made. Indeed, the presence of clay particles will prometeSEH gel formation, and therefore

more sulfate ions will be adsorbedto the surface of the-&-S-H gels[53]. This will lead to an

undersulfated system if no additional source of sulfate alkali or gypsum is provided.

2.2.3Calcined clay in binders: porosity evolution and strength development

The pore structure of cementitious materials plays an important role in their mechanical properties
and transport behavior. Understanding the size repartition of pores, their interconnectivity and
tortuosity, and how these parameters may affect the ditlyadnild mechanical performancetbé

binder is thus crucial. In the case of cementitious binders containing calcined clays, the porosity
and strength development will vary significanbigtweenrAAMs and PC systems. Therefore, this
section will focus indiidually on the case of metakaolin AAMs (AAMKSs) and M®C or MK-

PCGLS (LC3) blends without activators.

2.2.3.1Metakaolin alkakactivated materials (AAMKS)

AAMKs are a class of low calcium AAMs. This class of binders, regardless of the precursor
(usually fly ash or metakaolin), share the followitigee factors which iV influence porosity
features, i.ethe Si/Al ratio, the molarity of the activating solution and the curing tempef@iire
Since AAMKs form NA-S-(H) type gels, with small amounts of water bound, waiarement

ratio does not play a role as significant as in traditional PC mixes.

In terms of Si/Al ratio, ratios of 1 to 5 are generally suitable in terms of strength and thermal
stability [78], but a Si/Al ratio of 2 is generally found ideal as it promotes metakaolin dissolution

[ 79, 80]. The silica to aluminum ratio does no
but also in terms of silica availabilityf.ang et al. (2020) found that for systems without soluble

silicates (e.g., activated by pure NaOH), the pore structure contains a high number of nanopores,
which is believedo be related to the presence of zeoli&lg. Pores in the mesoscale are scarcer

for this type of binder, and instead fAmacr oo

bridging the gel pores within the larger pore system. In the case of systems activated by alkali
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silicates, pure or combined with sodium hydroxide, few nanopores are found and large amounts of

mesopores in the-B3 nm range are present.

Regarding the molarity dhe activator, higher molarities will usually benegiteater dissolution

of the metakaolin and thus larger amounts of reaction products formatonconsequently
strength by decreasing porosity. This behavior diverges from that of high calcium syistem
which high amounts of alkalis can be detrimental to strength. Studies have indeed found that high
molarities could negatively impact the later age strength and durability of activated slag.binders
This would be caused by tleecess hydroxide and sodium iotise poor dispersion of silicon and
sodium oxide in solution, and the rapid formation of a fdghsity inner product ringvhich

inhibits laterage product formatiof82,83] In Portland systems, alkalis can also negatively
impact strength by increasing the capillary porosity of the system. From this, it can be expected
that metakaolin AAMs blended with calcium rich precursors may be sensitive to high molarities

in the activéing solution.

Regardingcuring temperature, contradicting results have emerged in the literature. Roatralnik
(2010) found that AAMKs experience lower strength at 28 days when heat curing is used, although
it alsoincreases early age strengths. The authors attributed the phenomenon to the formation of
larger pores when heatasapplied during alkalactivation[84]. This effect could also be related

to the nanocrystalline nature ofAFS-(H) gels, which means that their amorphous state is only
metastable. When geopolymers dw@ated at high temperatures, their amorphous phases may
convert to crystalline ones, leading to increased amounts of zeolites at a microscdigSlevel
These zeolites are associated with greater amounts of gel porosity and their rapid formation may
be linked with the conversion of small pores into large ones. Nevertheless, Ateadg2015)
[86,87]and Moet al.(2014)[87] both found an optimum curing temperature of about 60°C and a
reduced porosity at this optimum. More studies are therefore néedetdtlerstand how curing

should be performed to enhance strength of AAMKSs binders.

It is finally important to highlight that despite the similarities in the reaction products of
geopolymers independently of their precursors, metakaolin AAMs differ from their fly ash
counterpart§/7]. These two precursors differ mostly in terms of their reactivity, and particle shape
and surface area. The high reactivity of metakaolin is typically beneficial to the refinement of

porosity since it enables the rapid formation of reaction products.euthier hand, fly ash has a
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significant glassy conterdind its reactivity is low unless subjected to high temperafarésThis

may cause the presence of large amounts of unreacted particles, which will lead to higher porosity.
Conversely, the high surface area and platy shape of metakaolin particles cause them to increase
the water demand of the systgs0] and this typically increases the average size of the pores since,

as mentioned previously, the added water to ensure sufficient workability will generally not end
upchemicalb ound i n hydrates. This fexcesso water

in the cementitious structure.

2.2.3.2MetakaolinPortland cement blends (MRC) and metakaol#imestonePortland cement

blends (LC3)

For decades, metakaolin was not a commonly used SCMs in the cement industry, and therefore,
MK-PC blends were not very extensively stud@@]. This came down to the workability issue
associated witlthe use otcalcined clays, as well as their higher cost and environmental impact
compared to fly ash and slags, both of which were first considered as waste (null environmental
impact), and later as byr coproducts of the coal and steel industries respectivebigf@esd

portion of the environmental impadt @oal and steel production). About 15 years ago, limestone
calcined clay cements started being developed and it was found that similar or higher mechanical
properties could be reached at high degrees of PC substitution by adding a combination of
metakaoln and limestone to traditional PC bindgs4]. These materials are now widely known

as limestone calcined clay cements os.LKuch of the research on the impact of metakaolin in
MK-PC blends now emanates from LC3 studies, which is why both bindersewdlisbussed

simultaneously in this section.

When adding metakaolin to a PC system, the first parameter which will influence pofdbigy

end producis the pozzolanic reaction between the metakaolinpanmtlandite(Ca(OH)) [88].

Due to the high availability of aluminum from metakaolin, this reaction will cause the formation
of Al-containing GS-H gels, or GA-S-H, which have a similar composition to theACS-H
forming in high calcium AAMs. If limestone is added alongside theéakamlin, its calcium
carbonate will react with the 38 from cementand the alumina from metakaolin to form
monocarboaluminate and hemicarboaluminate ph#s8k The formulas governing these

chemical reactions are as followscement chemist notatidB8]:

8Y 06'0 ¢gO° 6 b Y 'O 66D &
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The formation of these products has significant implications for porosity by contributing to the
guantity of hydrates. Furthermore, the preferential formation of hemi and monocarboaluminate
phases over monosulfoaluminate phases will allow for more sudfai@ining in solution, anithus

greater ettringite precipitatigB8]. Since ettringite is a higholume hydrate, it will also contribute
greatly to space filling within the binder. In the study conducted by Zunino and Scrivener (2021)
[88], it was foundltat the additional formation of hemi and monocarboaluminate through reaction
(2.4) was strongly related to the early refinement of porosity. This finding supports the evidence
of [89] who showed that the porosity of k@as significantly finer at early age compared to that

of traditional PC and even fly a$tC blends. Moreover, it was shown[B@] that the total porosity

of LCz binders was lower than that of Portland cement pastes at 3 days, but that the opposite was
observed after 28 days. This behaviould be linked to the refinement of porosity reported by
multiple authors, and which is due to the high reactivity of metakaolin and synergetic reaction with
limestone to form AFm phasd88,91,92] In such conditions, the fine porosity might be
responsible for a premature plateau in reaction product growth and stunt further terms of porosity
reduction. It is important to note that this plateau is also associated with an important slowing

down of méakaolin reaction in Lg; typically occurring around 7 days
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Figure 2-16 Schematic of potential mechanism of reaction at later ages, adaptedf8pm

Briki et al. (2021) [91] further investigated this mechanism, for which they had found three
potential causes: (1) the lack of portlandite, (2) the presence of Al in pore solution, and (3) the lack

of waterfilled pores. To test the first hypothedise authors added extra portlandite to one of the
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cementitious systems biitwas laterfound that it remained in excess. Aluminum was also a
suspected cause for the slow down mechanisms due to its known role in inhigBidg&dlution

and pozzolanic glass§®4,95] However, even when silica fume was used to replace metakaolin,
a similar slowing down was observed. It was found by the authors that whensthadt€ samples

were fully hydrated during curing (i.e., thin slices were kept immersed in water to ensure that the
pores remained saturated), #weent of reaction from metakaolin kept increasing after 7 days,
thereby achieving a higher extent of reaction, and preventing the kinetic slowtgowally
observed. Later ages studies conductedunyinoet al.[93] corroborated the findings &riki et

al. [91] and additionally showed that in later agesy€ar samples), the lack of sufficiently large,
saturated pores limited further hydrate growth in the pore sy$tgure 2-16).

2.3Researclyaps

Despite significant advances over the last decades on hybrid AAMs, much remains to be further
investigatedlIn particular, he addition of alkali sources in @K and PCMK-limestone (LS)
mixes has scarcely been studiedhe literature The present work striveo contribute to the

understanding of these promising sustainable binders.

The addition of alkalis and high SSA particles to cementitious systems containing PC are known
to accelerate the kinetics, but ultimately tend to result in a loss of leEgeicompressive strength.
Futureproofing hybrid AAMs will require the knowledgd bow mix-design must be conducted

to reach moderate to high early strengths, while preserviuag8 strength. To address this issue,

it is important tobetter understand how alkalisnetakaolin limestone, and é&ttland cement
content impact the alkadictivation process of AAMs and the hydration of PC. The impact of
binder composition on compressive strength requires further investigation and must be correlated

to microscale properties to shed light on the underlying mechanisms.

In this thesis statistical design of experiment (DOE) will be used to assess the individual and
combined effects of binder components and activator composition on macroscale properties such
as strength, setting time and bulk resistivity. Multiscale testing relatée foetsh state, hardened
state, and chemical amorphous and crystalline phlafidse performed to relate the macroscale

performance to microscale features.
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Chapter 3 Preliminary investigation

This chapters based otthe published conferengeaperOptimization of Hybrid Portland Cement

i Metakaolin Binder§ presentedn the 18" International Congress on the Chemistry of Cement
(ICCC) 2023and published here with the written permission of the ICCC Permanent Secretariat
| would like to acknowledgehe contribution ofco-authors Professor Leandro Sanchez and
Professor Susan Bernalthedata analysis and revision processhis paper.Further discussion

and data treatment on some of the results presented here can be Ghagdter 6

3.1 Abstract

The urgent need to develop sustainable and durable alternatives to Portland cement (PC) concrete
has been a major drive for research on aletivated materials (AAMs). Amongst AAMs, hybrid
alkaline binders appear to be the most industady option, asheir manufacturing process is
similar to that of PC binders, they use milder doses of adicdivators compared with other AAMs,

and materials produced with those binders can develop excellent mechanical properties and high
chemical resistance. Howevéne added complexity of these binders raises the need for further
research to better understand and optimize them on a-mdcracroscale level. This study
focuses on the optimization of hybrid alkattivated metakaolin (MK) paste with varying PC
conent. The effect of the activator dose, in this case a sodium sulfate (NS) solution, was also
evaluated. On a medo macroscale, the setting time and compressive strength of the samples were
appraised, while conducting XRD and TGA on the hydrated cemestepallowed for a
microscale assessment of the chemical features. This study has shown that setting time may be
decreased with NS addition. Improvements in early mechanical performance are also found at
higher levels of PC substitution and with modera@ants of activator, as shown by the strength

of the 30%PENS and 50%PQ0NS mixes surpassing that of the 56B1CS mix. These findings
correlated well with microscale results which indicated greater extent of reaction from the raw

precursors in the N&civated mixes.

KEYWORDS: Hybrid alkali-activated binders, calcined clay, medttale testing

3 C. Monin, L.F.M. Sanchez, S.A. Bernal, Optimization of Hybrid Portland Cein&fetakaolin Binders, in: 16th
International Congress on the Chemistry of Cement 2023 (ICCC2023), Thailand Concrete Association, Bangkok,
2023: pp. 286289.
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3.2Introduction

The growing cement consumption worldwide is causing the construction industry to face crucial
sustainability challenges. Finding sustainable and economical alternatives to traditidyeeddeiC
concrete has thus been a major focus of the scientific comyminniécent years and has driven

the research in alkadictivated materials (AAMd)L,2]. AAMs are a class of binders comprising
amorphous aluminosilicate precursors activated with an alkaline activator solution such as sodium
silicate, sodium hydroxide,rasodium sulfate (NS). These materials are promising and more
sustainable alternatives to traditional concrete materials. However, their most common activator,
sodium silicate, is unsustainable with respect to manycadoon environmental categorigs.
Furthermore, both sodium silicate and sodium hydroxide are expensive and highly corrosive,
which are major roadblocks on the path to lssgale industrialization of AAMs. Neareutral

salts, such as NS, have emerged as sustainablefriasely, and cst-effective alternatives to
traditional activatord4]. Research on N8&ctivated binders remain scarce due to the delayed
setting and strength gain that were observed for these mafglidlbe addition of PC clinker has
however been found to improve the performance ofabt8ated AAMs|[6,7]. To better
understand the behaviour of this class of binders, this study will discuss the setting time,
mechanical performance, and microscopic chemical features (i.e., XRD and TGApofiikged

MK -PC paste blends.

3.3 Experimental methodology

3.3.1Materials and sample preparation

In this study, different blends of hybrid NS activated NRC paste samples were manufactured.
The chemical composition of the raw MK and PC precursors was evaluatedalgyfi{orescence
(XRF) and can be found imable 3-1. The mixdesign follows a 2evel factorial design. The
water/binder ratio and binder (MK+PC) content are kepistanfor all mixes and their value are

fixed at 0.55 and 480 kgAmespectively, while PC content is varied between 10 and 50 wt.% and
NS content between 0 to 5 wt.% of total binder weight. NS solutions were made by magnetic
stirring of the dry anhydrous NS powder in water at elevated temperaturé @WT) until
compkte dissolution. The solutions were then left at room temperature to cool down. Prior to

batching, the dry precursors were weighted and blended to ensure proper distribution of the MK
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and PC particles in the cast samples. The solutions were then incorporated gradually to the dry
ingredients. After 5 minutes of mixing, the paste samples were cast in 50 mm x 100 mm molds for
24 hours, until demolding. They were then sealed to prevenbratibn and kept at room

temperature (2IC) until testing.

Table3-1 Chemical composition of raw materials, determined bayfluorescence (XRF)

Material CaO SiO, Al203 FeeOs MgO SO K20 Na,O Others
Metakaolin 0.385625 298 123 042 - 1.75 0.18 0.77
Portland cement 61.5 19.4 49 3.7 2.4 3.9 0.95 - 3.25

3.3.2Tests conducted

The setting time of the samples was determined following ASTM (d]Qising a manual Vicat

needle apparatus. In between measurements, samples were kept under a wet cloth to simulate high
relative humidity conditions. Samples at 1 and 6 days of curing were tested in compression after
being ground at both ends. 3 samplesaafhemix were tested each time and the test followed the
procedure of ASTM C39 with 50 x 100 mm cylinders and an applied load of 0.25 [@Pas 6

days of curing, a sample from each mix design was crushed in large chunks and their hydration
process wasreested with isopropanol. Two filtrations with ethanol were then conducted, 10
minutes apart. The pieces were then dried at 60 °C for 20 minutes and ground in an agate crucible.
Before testing, the dried powders were kept in a desiccator to prevent ¢emboRawder Xray
diffraction (XRD) was performed on powdered samples using the Rigaku Ultima IV diffractometer
equipped with a copper source and a diffracted beam monochromator. The samples were scanned
over a 2d range TPhermogenémeic analysis (TAA) Wa8 Co@ducted on
powdered samples using the Q5000 TGA instrument at an ending temperature & 2660

ramping rate of 2@C/min.
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3.4Results and discussion

3.4.1Meso to macroscale analysis

The results of Vicat needle testing illustrated=igure 3-1 show that for mixtures with low PC
content (LOPEONS and 10P&GNS), the final setting time was slower for the mix with 5NS. This
result is surprising, as the incorporation of NS would typically raise the alkalinity of the fresh
paste, which in turn wouldcaelerate the reaction kinetics of cemgr]. On the other hand, for
mixtures with high PC content (50FBINS and 50P&GNS), the effect of NS was as anticipated,
with the high NS content mix #&ng faster than its low NS counterpart. Regarding the impact of
PC content, the 50PC mixes took the longest to set, but it is unlikely to be the direct consequence
of their higher PC content. Higher calcium AAMs tend to have a shorter setting time wahilch
explain the faster setting of mix 30FBIS in comparison with mixes 10FEINS and 10P@NS.

The longer setting of 50RANS and 566NS might be more correlated with the w/b of these mixes.
Because the high surface area and gikéeshape of MK sigricantly reduces the workability of
high MK content mixes, the w/b ratio for all mixtures was based on minimal workability of the
10PC mixes (i.e., 10RBNS and 10P@NS). For the two 50PC mixes, the high w/b chosen led

to a very flowable mix which may heavartificially prolonged the setting of these mixes.
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Figure 3-1. Vicat needle testing measurements FigdPe Compressive strength at 1 and 6 days

The compressive strength of the mixes at 1 aday® is shown ifrigure 3-2. From this figure, it
is possible to see that higher PC and higher NS contents generally provided higher strength to the

samples. At low PC, the increase of strength due to NS was more significant after 1 day than at 6
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days. Similar results are found for mixes 5681S and 50P@NS: strength is 42% higher for

the 5NS mix aftefi-daycuring, and only 11% higher after 6 days. Those results may indicate that
the presence of NS accelerates the early reaction kinetics but may not have a significant impact on

strength at later ages. It is also interesting to observe that theZZBRE mixperformedsimilarly

to the 50PGONS mixture, especially after 1 day of curing. This might indicate that the addition of

NS could prevent the loss in mechanical properties typically associated with higher levels of PC

replacementNonetheless, these preliminary findings drawnbased on early age results, with

cement paste

sampl es

of | ess

than a week©ds

confirm this conclusionFinally, it is important to note thahé strength of all cement pastes

remainedquite low This coud be related tahe natural tendency of metakaolin particles to

agglomerate, thus hindering the dispersion of the raw material particles during mixing. It is also
possible that the Portland cement clinker phases content could be optimized for use of this cement
in hybridAAMs. Therefore, the use of superplasticizers suited to calcined clays and the conduction

of additional testing with various Portland cements may be useful in investigating further the low

strength of the mixes and how to address it.

3.4.2Microscale analysis

The diffraction patterns of all mixtures illustrated figure 3-3 reveals that both PC and NS

content had a strong impact on the types of crystalline phases found in the binders.
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Figure 3-3 XRD patterns of @lays samples
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Hemicarb@aluminate(HC) appears to be only forming in samples with no NS and is barely

distinguishable at low PC (10P@NS). Low PC and low NS conditions seemed to favour the
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formation of monosulfoaluminate (Mc), while ettringite (E) seemed to be preferably formed at
high PC and high NS conditions. A small peak due to portlandite (CH) appears in mixes with high
PC content onlyThe presence of a strong quartz peak in all mixes is found to be due to the raw
precursors. Finally, all mixes showed traces of gypsum, except for the one with low PC and high
NS (10PG5NS).

Figure 34 illustratesTGA results on the two mixes with the highest PC content (i.e., SN

and 50PAONS). It is possible to observe that the thermal decomposition peaks vary in location
and intensity. The first peak is observed in both samples from 55°C t€.ZDlis peak is likely
associated with the decomposition of evaporable water a&dCas well as the dehydration of
ettringite [11,12]. The difference in intensity of this peak between the samples could be explained
by a higher degree of disstiion of the precursors in the 5NS mix, and because of the greater
degree of ettringite formation in sulfadetivated bindersThe former hypothesis would correlate
with the compressive strength and setting time results reported for the two imidexsd, faster
reaction kinetics and improved dissolution of the PC and MK may have occurred due to the
addition of NS.The presence of a peak around 450°C for the HUIRE paste only is further
supporting this hypothesis. This peak indicates the decompositiporiééndite, but it is not
observed in 50PGNS due to the consumption of the mineral by MK [T3jis suggests that more

MK reacted in the sulfatactivated mix.

3.5Conclusions

In this work, the properties of hybrid N&tivated MkPC have been investigated on a micro to
macroscale. The fresh state testing revealed that NS could accelerate the setting of cement paste
with at least 30% of PC but may slow setting at low PC contents (i.e., 10%PC). Furthermore, at
the same level of PC content, the addition of NS benefitedtteagth of the samples. For the
intermediate mix 30PQ.5NS, the strength at 1 and 6 days wamsilar to that of the 50PONS

mix, thereby suggesting that higher levels of cement replacement could potentially be achieved
with NS alkaltactivation. This finding was correlated by the conduction of chemical analyses

which revealed greater amounts of reaction products HadtiSated mixes.

Finally, based on the overall low strength results obtained for all hybrid AANsssuggested that

furthertesting is conducted with a wide range of Portland cements and using superplasticizer to
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ensure proper dispersiofhe addition of sample replicates for Vicat needle testing and the use of

a central composite design (i.e., a factorial DOE with axial poartsylscssuggested for future

work. Replicate measurements of the setting time test would help confirm the trends shown in this
research. Furthermore, a central composite design would provide additional data points that may
be used to plot the response surfacsti@ngth as a function of PC and NS contents.
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Chapter 4 Multiscale statistical investigation of hybrid
metakaolin alkali-activated pastes

4.1 Introduction

Sustainability concerns over traditional Portland cement (PC) production are at the center of a
number of modern initiatives in the world of cement and concrete. Clinker manufacturing for PC
production is the leading cause for the releaskrgfe amounts of CO This is due to the high
temperature required for calcination (i.e., over 1300°C) and the decomposition of calcium
carbonate (CaC#). PC is therefore the most pollutant component in concrete, and one of the most
direct approaches to address this problem is therefore to raplaceoncrete production by
alternative binders or partial replacements referred to as supplementary cementitious materials
(SCMs). The amount of PC that can be replaced by a SCMs is dependent on the typaus€8CM

and it is often limited by the reduction in the compressive strength development that can be
achieved at higheplacement levels. To increase early strength developthenaddition of an
alkaline activator has been explored. The principle is the central idea behindaelkalied
materials (AAMs), which are a class of alternative binders formed through the reaction of
aluminosilicate precursdtsvith alkaline solutions such as sodium silicate, sodium hydroxide, or
sodium sulfate (NS). Decades of work have focused on mostly low calcium and high calcium
AAMs, while blended alkalactivated binderéi.e., blend of low + high calcium aluminosilicate
precursorsand hybrid alkakactivated binders (i.20-30% PC + reactive aluminosilicate) remain

less understood. These binders have been regarded by many authors as the mosteadystry

and promising alkalactivated binder typfLi 4].

Hybrid AAMs are of particular interest, since they may be produced at milder alkalinity conditions

to those required without PC. Thsdbecause PC acts as another source of alkalinity, and therefore,

lower the need for highly alkaline activators. The main benefit of this technology is the extremely
high PC replacement levels that can be achieagavell as the potential to use neautral salts

as activatasin place of sodium silicate and sodium hydroxide. Indeeudltrary to these activators

which arelargely unsustainablgb], costly, and highly corrosivé\S is an ecdriendly, user

4 SCMs are part of the group of aluminosilicate precursors, but AAMsatsaipe formed with aluminosilicate waste
materials that would not meet the criteria for SCMs in terms of reactivity or impurities content.
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friendly, and coseffective alternativg6]. These advantages of NS have raised interest in the
scientific community, and specifically for accelerating Portland cement hydration in traditional
cement$7,8], or for reacting with various SCMs in AAM6,9,10] In northybrid AAMs however,
research on N&ctivated binders remained scarce due to the delayed setting and strength gain that
were observed for these materials compared to other actijatjrsNevertheless, since the
addition of PC clinker has been found to significantly improve the performance-atiNGted

AAMs [12i 14], the fresh and hardened state performance eddtiSated hybrids requires further

investigation to help understand whether these behaviors would still occur.

The impact ofNS on alkalractivated and Portland cement binders has been studied by a few
authors in recent yeai$,8,10,11,1520]. Bernal et al. found that hybrid AAMs made with
metakaolin and PC could be successfully activated W8 and reach high levels of PC
replacement without losses in performarjt&]. Based on their NMR testing, these authors
observed that the formation of ettringite was enhanced at high levels of NS addition, which
inhibited the formation of AFm phases. Mill&lorraleset al. [15] investigated the behavior of
NS-activated fly ash hybrid AAMs that incorporated 10% of limestone filler and found that
regardless of limestone addition, the presence of 5% of sodium sulfate reduced setting time and
improved compressive strength at eartyl dater ages. They also observed that the incorporation

of limestone did not lead to changes in the chemical composition of the reaction products. However,
they found that the inclusion of limestone filler indeed led to an acceleration of the kinetecs and
densification of the pore structure. These findings were supported by the work ofdflatsin

NS-activated limestoneontaining slag AAMg$20].

Interestingly, the work of Fet al.on NS addition to slag AAMs showed that while NS did improve
early age strength, comparable strength was achieved at 7 days across mixes with varying NS
content, and 28lays strength was highest for the mix without added 2% In a subsequent
microstructural study16], these authors correlated these findings to the lower capillary pore
volume andporesize prior to 3 days for samples with added NS compared to those without, and
the higher capillary pore volume and pore size from 3 days onwards. Their analysis also showed
that this behavior was due to the early refinement of porosity induced by NS addition, which
consequently caused the reduction in later age strengths. This fitigimgwith what was found

through the work of Motat al. on the impact of sodium hydrime and sodium sulfate on white
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cement[8]. In their study, Motaet al. showed that the degree of hydration of a pure Portland
cement paste was affected by the addition of alkalis, and that a higher degree of hydration was
reached at early age for alk@lbosted cements compared to cements without added alkalis.
Nonethelessthey found that a lower degree of hydration was reached at later ages for the same
alkali-boosted cements. Sodium sulfate appeared less detrimental to later age strength than sodium
hydroxide due to its promotion of ettringitermation, a highvolume hydrate which decreased
capillary porosity. Recently, the study published by Zkbal. on the impact of inorganic salts
(including NS) on limestone calcined clay cementssjlshowed that the behavior observed in

slag AAMs by Fuet al [10,16] and the one observed in pure Portland cement by Btada [8]

mayalso occur in these cements. Indeed, Zétoal. also observed an acceleration of kinetics and
improvement of early strength induced by NS addition and a detrimental impact on strength at
later ages. These authors linked this behavior to the excessive formation of AFm phases, which
temporarily enhancedompressive strength, but ultimately led to early porosity refinement,

causing the lack of pozzolanic reaction at later ages.

On the other hand, it was discussed previously that Mldmaleset al [15] had found improved
mechanical performance both early and later ages due to the addition of NS. Moreover, other
authors found that the performance of hybrid AAMs could be improved at later ages by alkali
addition[7,8,10,16,21] The effect of NS addition to hybrid binders thus remains highly debated
amongst authors arféw studies have yet been performed ondd8vated metakaolin hybrid
AAMs. In this contextthis study strives to shed light on the fresh and hardened state properties
of NS-activated hybrid binders by use of midtiale techniques and statistical design of
experiment (DOE) methods. It is necessary to investigate whether NS addition will ihgair t
long-term strength of hybrid binders, and if so, to which ext&hie factors which may be
impacting the synergetic or antagonistic behavior of NS at different ages will be studied in this
work by evaluating the fresh and hardened state performance of different binder compositions.
Statistical analysis of the macroscedsults will be conducted using ANOVA analysis, as well as
main effect, interaction, contour, and response surface methodology (RSM) plots. Microscale

testing will also be conducted to provide additional insight on the macroscale properties measured.
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4.2 Scope of the work

The binders studied in this study are hylsdlium sulfateactivated metakaolin (MKlmestone

(LS)-PC AAMs. The binder compositions were optimised based on the statistical analysis of the
results of the preliminary investigation (se&ppendix AT Factorial design rationgleThe

complexity of the ternary cementitious binders studied, and the novelty of the work raised the need

to approach the goals of this research sequentially. Therefore, this study was divided into two sets

of experiments, illustrated in the visual belovhr oughout this work, t h
propertieso theusedtehtd paduedd dOdaysam earlieriwhie
thetermii | at er a greferptothmge eneasured after 7 days.

ﬁctorial design optimization \

Isoth I
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Figure 4-1 Flowchart summarizing the scope of the study

The factorial optimization experiment is presented in section 4.4, while the impact of sodium

sulfate experiment is presented in section 4.5. In these sections, the results and discussion are
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presented together for clarity purposes. Finally, section 4.6 contains a framework for the mix
design of hybrid AAMs.

4.2 .1Factorial optimization of ternary hybrid binders

First, this research explores the impact of binder composition at the macroscale and microscale
levels applying a factorial design of experiment (DOE) optimizafitke. proportion of limestone

and the amount of added sodium sulfate were determined based on the factorial design shown in
Figure4-2. Isothermal calorimetry is performex the hybrid binder® evaluate the early reaction
kinetics of all binders, while compressive strength and bulk resistivity testing are conducted at 3,
7 and 28 days to assess the evolution of mechanical properties and infer the microstructure
(porosity and pore connectivijtyA statistical analysis of the strength results is performed and used

as a basis for the choice of optimal binders for the second set of experiment. Fresh and hardened
state performance are also correlated to microscale properties by testing thermeigavim
analysis (TGA) and >Ray diffraction (XRD) after 90 days for the factorial points of the-mix

design. The testing matrix of this first part can be founiable4-1.

(5LS-2.5NS) | (25L5-2.5NS)

NS 2.5%

(5L5-0.5NS) (25L5-0.5NS)

——)

LS 25%

Figure 4-2 lllustration of the factorial design

Table4-17 Summary of mixes and testing matrix for ternary optimization

Binder PC MK LS NS' w/b Isothermal Compressive Bulk XRD TGA
families (%) (%) (%) (%) calorimetry strength ER
5LS-0.5NS 30 65 5 0.5 0.5 X X X X X
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25LS0.5NS 30 45 25 0.5 0.5

5LS-2.5NS 30 65 5 2.5 0.5

25LS2.5NS 30 45 25 2.5 0.5

x| X| X| X
x| X| X| X
X| X| X| X

15LS1.5NS 30 55 15 15 0.5

1Sodium sulfate is proportioned as w/w of total binder.

4.2.2Impact of Na2SO4 on microscale features

Upon completion of the first set of experiments, the impact of sodium sulfate on the early kinetics
and evolution of microscale featuresiglored. The hybrid AAM selected for this experiment is

the binder with highest early strendtre., 3 and 7 daysi the first set investigated. This binder

is compared with a binder made of the same metakaolin, Portland cement and limestone
proportions, but without added NS. For these two binders, isothermal calorimetry is performed
over 3 days and XRD and TGA arerformed at 3, 7 and 28 days. Since a slowing down of strength
gain at 7 days and onwards is usually observed for high early strengthsbooméaining both

alkalis and PC, this experiment is anticipated to shed light on the underlying microscale

mechanisms behind such a decrease of strength evolution.

4.3 Materials and methods

Theamount of PC and the range of added NS in the hyionidiers weredeterminedased on the
statistical analysis of the results of the preliminary investigation (see Appendi¥aktorial

design rationale). For all mixtureBprtland cement content was fixed at 30 waftl waterto-

binder ratio was set at 0.5. Thigb ratiois the minimaloneto achieve suitable workability of the
stiffest mix (i.e., mix with highest MK contenffhe limestone fraction of the total binder content

was varied between 5 and 25 wt.%, while sodium sulfate content was added as 0.5 to 2.5 wt.% of
total binder (see factorial DOE fRigure 4-2). The oxide composition of Portland cement and

metakaolin can be found iable4-2.

For the two experimental parts of this work, the preparation of the samples started with 5 minutes
of dry mixing of the powder ingredients. This included sodium sulfate powder, which was blended
in a solid form, as pd@2]. Afterwards, water was gradually incorporated, and the paste mixtures

were mixed for an additional 5 minutes. The samples were cast in 50 by 100 mm cylinder molds
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and sealed until demolding, 24 hours after casting. Following that, the samples were cured at 100%
relative humidity (RH) until they reached the testing ages.

Since the limestone and sodium sulfate amounts varied between mixes, the sample mixes were
identified as follows: xx%LS xx%NS, where the xx represented the percentage fraction of LS
and the percentage of NS per total binder weight. MK was used as meptdaas PC + LS.

Table4-27 Oxide composition (wt.%) of Portland cement and metakaolin determined by XRF

LOI* &

CaO SiO A|203 FeOs MgO KO NaO P05 TiO, MnO S Zn Sr th
others

PC 664 18.6 4.1 4.0 13 0v 02 01 03 01 12 00 02 29
MK 0.4 62.5 29.8 1.2 04 18 02 00 07 00 00 00 00 29

*LOI stands for loss on ignition

4.3.1Fresh state testing

Isothermal calorimetry to determine the hydration kinetics of the tested binders was performed on
all mixes, based on the ASTM C17[28] method B. All cementitious powders were equilibrated

to the temperature of the isothermal calorimeter roomGR8r 24 hours and then mixed outside

the vial with water to attain a w/c of 0.5. The test was conducted over three days.

Setting time was determined by the Vicat needle testing on the two mixtures, following the ASTM
C191[24]. In between measurements, the samples were kept under a wet cloth to prevent drying.
As per ASTM C191, initial setting was calculated as the time difference between initial contact of
water with the cementitious blend, and the time to reach 25 mm ofenaemttration in the paste.

Final setting was considered as the time interval between initial contact of water and the time for

the needle to no longer leave a circular trace on the paste.

4.3.2Mechanical testing

Mechanical testing was performed on all samples of the factorial optimization. After 3, 7 and 28
days, three samples per mixture were taken from the 100% relative humidity container and the
cylinder 6s ends wer e ground f ressive steengthrwas si v e
conducted on 50 x 100 mm cylindrical samples at a load rate of 490 N/s, following the guidelines

of ASTM C39[25]. Prior to testing for compressive strength, uniaxial electrical resistivity, also

known as bul k electrical resistivity, was pe
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conduction of this test was done on paste cylinders in accordance with ASTM-PA 8.

Three cement paste cylinders of each mix were placed between two electrodes positioned at the
ends of the sample. A wet sponge covered each electrode to ensure electrical connection between
the specimen and the electrode. From the resistance in ohmsedtigithe instrument, electrical

resistivity ¢ ) was calculated according to the equation below:

” 6Z'Y @
= T
0
where Aisthecrossect i onal area of the speci men, L i
speci mends electrical resi stance.

4.3.3Microscale testing

In the first set of experiments, during the factorial optimization of the samples, one sample of each
factorial point (i.e., 5LS).5NS, 5LS2.5NS, 25LS0.5NS and 25LL.5NS) was removed from

the humidity chamber after 90 days, while in the second setpefriexents, one sample per mix

was removed at 3, 7 and 28 dayse goal of microscale testing whs determine the type of
reaction products forming thebinders, with the aim to understand in more detail how the opacti

of these novel cements is occurring. To achieigtino techniques were applieRD and TGA.

XRD provided information about the crystalline reaction products forming, as well as information
about how the PC clinker phases might be reacting as hydration progvasste$GA providel

indirect information about the potential degree of reaction of the bindersvasdseful in

verifying the interpretation of the XRD results.

The powders for TGA and XRD were prepared by grinding cement paste chunks in an agate
mortar. The cement pastesd hydration process
filtrations with ethanol were then conducted, 10 minutes apart. The piecedneerat40 °C for

30 minutes and ground in an agate crucible. Before testing, the dried powders were kept in a
desiccator to prevent carbonation. XRD was performed on powdered samples using the Rigaku
Ultima IV diffractometer equipped with a copper saend a diffracted beam monochromator.

The samples were scanned over a 2d range bet we
samples using the Q5000 TGA instrument at an ending temperature of 800 °C and ramping rate of

20 °C /min.
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Several phases were quantified from the TGA results, based on the proced2ré it is
commonly agreed upon that the weight loss occurring below 105 °C is mostly due to evaporable
water los427]. As presented if28], hydrate water (H) can be quantified as follows:

~ 0 0
0 — T8

where wp is the weight loss at 40 °C andsais the weight loss at 550 °C.

Portlandite (Ca(OHh) generally decomposes to calcium oxide (CaO) and water between 400 and
500 °C. To recalculate portlandite content from the weight loss between 400 and 500 °C, the
following formula is suggested §27,28]:

owo —z2— 18]

where 74/18 corresponds to the molar mass ratio of Ca(@H)g/mol) and HO (18 g/mol).
Finally, calcium carbonate (CaG)alecomposes to CaO and water above 600 °C. Taking again in
consideration the molar mass of Ca@®100 g/mol and the molar mass of £8 44 g/mol, the
following formula may be used:

0 L pmm

- 8
0 TT

4.4 Factorial optimization of ternary hybrid binders

4.4.11sothermal calorimetry

In traditional cements, three kinetic periods can be identified from the calorimetry curve. The first
is the induction period, which lasts approximately 3 hours and ends with the precipitation of
calcium hydroxide and start of the acceleration period. Trdsiction period can be easily
identified as it corresponds to a period of very low heat flow prior to the beginning of the curve.
The left side of this curve corresponds to the acceleration period, and in Portland cements, it is
characterized by the gralwof calcium silicate hydrate (6-H) needles. The right side of the curve
corresponds to the deceleration period, during which reaction product formation still occurs, but

at an increasingly slower rate.
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4.4.1.1Early age reaction

In Figure 4-3a, it is possible to observe that limestone contents of 25% decreased the height of the
first peak (commonly known ass& peak). However, it is interesting to note that the central mix
(15LS1.5NS) did not display the same decrease and had a similar height to th&L&-hENS

mix. Mix 5LS-2.5NS had the highest peak out of all mixes. Since this mix had the highest MK and
NS content, it appears that these factors might have enhanced the aluminate reaction and thus
increased the first peak. Limestone is known to haveptitential to enhance the early age
reactivity by providing additional nucleation si{és9,10] but since metakaolin is rich in alumina

and has a higher specific surface area, and thus the capacity to increase the surface available for
nucleation as well, a larger amount of metakaolin is more beneficial to the increase in aluminate
peak than a higdr limestone content. Across mixes, another interesting phenomenon is the
broadening of the aluminate peaks for sodium sulfate contents of 2.5%. At 0.5NS, peaks are
steeper, and they reach a lower optimum, while for mixes with 2.5NS, the peaks are &ndader
higher. This shows that the additional sodium sulfate provided benefited the reaction in the first
hours of hydration. The fact that 15{1S5NS performed similarly to 51-:8.5NS also illustrates

that the slightly detrimental impact of lower amounts ddtakaolin may be balanced by an
increase in NS content. To further analyze the impact of sodium sulfate on the calorimetry curves,
mixes 5LS0.5NS and 5LL.5NS, as well as mixes 25LB5NS and 25LL.5NS were plotted
separately irFigure 4-4.
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Figure 4-3 (a) Isothermal calorimetry and (b) cumulative calorimetry curves of hybrid alkali
sulfate activated metakaolin/limestone pastes

The cumulative heat flow of the different mixes reveals that the5BNS mix has higher values

for the first day of testing, but from 30 hours onwards, both-BI5BIS and 25LL.5NS appear

to attain the same plateau. The behavior of mixes®bSS and 2LS-0.5NS is similar, however,

their plateau occurs after more than 2 days, or 50 hours. The mix115NS has the highest
cumulative heat flow, slightly above both 2.5NS mixes. From this discussion, it appears that the
kinetics are heavily influenced lilie proportion of sodium sulfate, with limestone content only

impacting the cumulative heat flow for the first one or two days of adicivation.

4.4.1.2Understanding the impact of sulfates
Zunino (2020)29] identified that Portland cement binders with limestone and metakaolin may be

affected by undersulfation. This phenomenon arises from the high specific surface area of
limestone and metakaolin, which drives calcium silicate hydrat&sHCformation, whid is the

main strength giving phase and raises the need for more sulfate to cover all available surface areas
and temporarily inhibit the aluminate reactionFigure 4-4a and b, for each curve, it is possible

to observe two peaks, the first one being much higher and narrower. In properly sulfated systems,
the secongbeak is expected toe higher than the firskt is the sign that the silicate peak (i.e., the

smaller peak) occurred first, and then the aluminate peak occurrethaftiepletion of gypsum.
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However, when the highest peak comes first, it shows that there was not enough sulfate to
temporarily arrest ¢A reaction. The aluminate reaction thus occurs first, consuming all the sulfate
ions available. The silicate peak that follows is much lower and broader than it would have been
in a system with sufficient sulfate content. Based on the geometry of the ctiiggossible that

even with the addition of 2.5% of sodium sulfate, sulfate balance was not achieved in any of the
hybrid binders. However, it is important to observe that the hydration mechanisms in alkali
containing systems may differ largely frommat of wateractivated systems. Increasing sulfate
content might therefore not resolve this behavior in the kinetics and a deeper look into them is

necessary to further understand the present results.

@8 © 8
g 7 L 7
£ ) c
= 6 = 6
o
> 5 > 5
= =
E 4 E 4
z 3 z 3 Silicate
2 2
= 2 “% 2
5 o
T 1 T 1
0 0
Time (Hours) Time (Hours)
——5LS - 0.5NS ----- 5LS - 2.5NS ——25LS - 0.5NS----- 25LS - 2.5NS

Figure 4-4 Isothermal calorimetry curves of (a) 5LS binders and (b) 25LS binders

4.4.2Macroscale testing

4.4.2.1Compressive strength

The evolution of compressive strength for the mixes of the factorial design is repoFigdria

4-5. At day 3, the best performing mixes were 18L.SNS (13 MPa) and 51-:8.5NS (13.6 MPa).

Both mixes incorporating 25% of limestone displayed lower strengths, independently of their
sodium sulfate content. For the mix with 5RSNS, there was a reductiom strength of 10%
associated with the increase of sodium sulfate content but no such reduction was observed between

25L.S-2.5NS and 25L9.5NS. It is interesting to observe that the opposite phenomenon occurs at
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day 7: mixes with 25% of limestone experience almost 10% of strength reduction when NaSO
content is raised from 0.5 to 2.5%, while mixes with 5% of limestone have comparable strength
(13.9 and 13.7 MPa) independently of sodium sulfate content. Compared to the other mixes, the
central point of the factorial design (15115NS) performed betteat day 7, with an average
strength of 15.4 MPa. At day 28 however, all mixtures presented very similar strength (19
MPa), apart from the 5l-8.5NS mix which reacltea strength of almost 26 MPa at day 28.

3 days 7 days = 28 days
30.0
25.0 |
_ -
20.0 I [
15. I
5.0 I
10.0 = T

5.0

Compressive strength (MPa)

0.0
15LS-1.5NS 25LS-0.5NS 25LS-2.5NS 5LS-0.5NS  5LS-2.5NS

Figure 4-5 - Compressive strength of hybrid alkalilfate activated metakaolin/limestone pastes
as a function of N&5Q: content, and curing duration

From these results, it appears that the impact of limestone and sodium sgifatel] asheir
interaction are complex. Depending on the time of testing and the levels of limestone/sodium
sulfate, their respective and combined impact on strength appears to change. It is however possible
to draw some general observations. Firstly, limestone contents of 25% ameedttt to early
strength, particularly at 3 days, but it appe:
the sodium sulfate content does not seem to have the same effect at 3 and 7 days depending on the
limestone content. At lower metakaoland higher limestone contents, a detrimental impact of
NaSQy is observable at 7 days and onwards, while it occurs as early as 3 days for low
limestone/higher metakaolin contents. From past st{i@8@£82], it is already known that stronger
concentrations oélkalis or higher content dfigh SSA materials such as both metakaalimd

limestone will negatively impact strength once the refinement of porosity starts to limit hydrate

growth. This behavior can be expected to occur earlier for 5LS samples tharo2&s$Snce
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limestone was used to replace metakaolin and the latter will react to a much greater extent. The
slower strength gain of 25LS mixes could therefore be related to slower hydrates formation
compared to that of 5LS mixes. After 7 days, it is possible thdintits on hydration growth in
smaller pores may have impacted the strength gain of -25/8$S mixes. The same behavior
likely occurred earlier for low limestone mixes, as their strength increased more quickly, and
hydrates formation occurred more rapidly.

The increase in strength between two testing ages is also repoFigdre4-5. From the values
shown, it appears that between @agndday7, the smallest increments in strengths are associated
with mixes 5LS0.5NS (2% increase) and 51235NS (12% increase), respectively. This behavior
may hint that metakaolin content will govern the very early age strength gain (i.e., between 1 and
3 days)Indeed, the strength that is achieved by 25LS mixes at degachieved at day 3 by 5LS
mixes. On the other hand, between 7 and 28 days, the highest strength increments are for mixes
25LS0.5NS (62% increase) and 5I0BNS (85% increase). Mixes with5NS also experienced
strength gain between 7 and 28 days, but they were lower, with 54% and 57% of increase.
Moreover, the 15L&.5NS mix, which had the highest strength at 3 and 7 days, only 36% a
increase in strength between the ages of 7 and 28 days. From this discussion, it apgbars that
strengthincreasedbetween 3 and 7 days were more governed by binder composition (limestone
and metakaolin content), while strength gains between 7 and 28 daysaermfluenced by
sodium sulfate content. €himpact of the limestone and sodium sulfate factors will be further

discussed in the statistical analysis of this work (secidr8.

4.4.2.2Bulk electrical resistivity

The bulk resistivity of all families at different testing ages is showFigare 4-6a. It shows that

while an increasing trend of the values may be observed over time, the variability between the
different mixes also significantly increases with time. This finding may be explained by the
behavior of individual families displayed igure4-6b. This graph shows that half of the families

follow a similar pattern (i.e., 15-3.5NS, 25LS0.5NS and 5L9.5NS), while the other half (i.e.,
25L.S2.5NS and 5LS.5NS) display a different behavior. The first group, containing 1.5% of

sodium sulfate ord s s di splays resisti vi-hnyat¥daysuld0sto r angi
170mm at 7 days, -mmratl28 @gs00nthe otherchand, ghe mixes with 2.5%
NaeSQsr e a ¢ h e énmbtdnibst at 28 days. The 5RSNS mix was performing the worst,
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with resistivity -mmmalaute s3 rdaamygat 28 dhysf Frdodtheg2 r2sultg,

it appears that high sodium sulfate concentrations significantly affect resistivity past a certain
threshold, found to be around 1.5% for limestone contrsto 25%. This appears particularly
critical for low limestone contents (i.e., 51255NS mix), which may again be related to porosity
changes in the system in the early days. Indeed, bulk resistivity measurements are often found to
correlate to the posity of cementitious systemi.must however be noted that other factors than
porosity may affect these results, such as the moisture in the cement pastes and the chemistry of

their pore solution. Therefore, direct porosity measurements are needed to confirm these findings.
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Figure 4-6 1 (a) Box plot and (b) individual families plot for bulk resistivity measurements.
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Motaet al.(2018)[8], showed that the presence of alkalis can lead to greater capillary porosity in
Portland cementontaining systems due to the interaction between alkalis and Portland cement.
A greater NS content would lead to more alkalis, and therefore, might affecigitiary porosity.
However, the difference in bulk resistivity between 251.5NS and 5L&.5NS cannot be
explained by this interaction as both alkalis and Portland cement content are constant for both
mixes. At all testing ages, the 5I055NS mixes hadigher resistivity values than their 25LS
0.5NS counterparts, while the opposite behavior is displaye8.talS mixes. The reason for this
behavior could be related to the reaction kinetics of the binder systems. At high levels of
metakaolin and sodium Kate, the reaction might take place even faster than at lower levels of
metakaolin. This is corroborated by the high heat flow shown in the isothermal calorimetry testing.
Therefore, the extent of reaction might plateau early on, leading to the slowing afothe
increase in resistivity values. On the other hand, the slight increase in resistivity at 28 days for
25LS-2.5NS might hint that this mixture did not experience to the same extent an acceleration of

the kinetics, thus allowing for a small improvent of resistivity at later ages.

4.4.3Macroscale statistical analysis

4.4.3.1Factorial design analysis
In Figure 4-7, the main effects of LS and NS on strength at 3, 7 and 28 days are shown for the

factorial points of the design (i.e., excluding the central point 1BBS8IS).

2 1

Main Effect

-4 4

Time Periods
-6 3 days
7 days
28 days — -

T T
NS LS
Factors

Figure 4-7 Main effects plot of limestone (LS) and sodium sulfate (NS) for compressive strength
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It is first interesting to notice that the initiaveragampact @ - 7 days) of NS going from 0.5 to

2.5% is small, but that this impact rapidly increases at 28 days, even exceeding the impact of the
limestone concentratiohe error bars on the average impact of NS reveal that, depending on its
concentration, NS may benefit or hinder the early strength from 3 to 7 days, but that even at low
concentrations, its impact on -2ys strength will be negativ€his behavior is understandable

from a kinetics point of view, asproper dosage ebdium sulfate igenerallyexpected to enhance

early age strength but maisolead to an early plateau in strength. On the other hand, for both NS

and LS, the factors have a smaller influence at 7 days. This behavior is linked to the similar
strengths that all mixtures displayed at 7 days. As discussed in skdtiistrength gain between

3 and 7 days was governed by the limestone content used to replace metakaolin. Higher amounts
of met akaolin accelerated the kinetics and ir
affect 7 days strength, while the oppositeurred for mixes with higher amounts of limestone.

This maypartially explain why most mixes had similarday strength, independently of their
limestone and sodium sulfate ¢ent. Lastly, the impact of adding 5 to 25% of limestone to the

mixes was generally negative at 3 and 7 days, but the error bars ondhgs2&rength illustrate

that at certain ratios of replacement, the limestone reaction slightly benefits later agé.strengt
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Figure 4-8 Interaction plots of strength (a) 3 days, (b) 7 days and (c) 28 days

In the interaction plots, only the factorial points were considered again. For these plots, it is
important to look at the difference in the slope of the two lines corresponding to the different
concentrations of LS (5 and 25%). When two factors are imalgme from one another, their lines

are parallel, meaning that the difference in concentration of one factor does not affect the behavior
of the second. However, as showrfigure 4-8 and inTable4-3, the slope of the two lines varies
significantly, showing that there is indeed an interaction of NS and LS, and that the effect of NS
on strength is affected by the level of LS. Moreover, except at 7 days, the slope associated with
the decrease in stremgas a function of NS content is larger for the 5% LS line than for the 25%
LS line. This behavior highlights that NS content tends to have a greater impact on samples with

larger amounts of metakaoliml@r amounts of limestone.

Table4-3 Slopes of interaction lines

Time % LS Slope

5% 0.35MPa/% of NS
3 days

25% 0.05MPa/% of NS

5% 0.05MPa/% of NS
7 days

25% 0.275MPa/% of NS

5% 1.175MPa/% of NS
28 days

25% 0.625MPa/% of NS
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4.4.3.2Two-way ANOVA

To further understand the impact that the individual factors and their interactions had on the
strength of the mixes, a twway analysis of variance (ANOVA) was performed for each testing
age resultsTable 4-4 shows that the most significant impact of limestone and sodium sulfate
occurred at day 3. At this testing age, fhealues for LS, NS, and their interaction (LS:NS) are

all well below 0.05, meaning a confidence level above 95% that these factors are significantly
affecting strength. The high sum of squares (SS) of LS also shows that this factor plays the largest

role in explaining strength variation between mixes at day 3.

Table4-4 Twoway ANOVA: compressive strength results

3-days f'c

df Sum of squares F PR (>F)
LS 1 P 1s.s1 123.233  0.0000006
NS 1 B 2.02 13.4377 0.0043
LS:NS 1 f 1.09 7.241 0.023
I(15?) 1 ] 4.e5 30.9475  0.00024
T( NS?) 1| 0.06 0.3818 0.55
Residual 10 [ 1.50 NaN NaN
7-days f'c

daf Sum of sgquares F PR (>F)
LS 1 B 2.9 3.627 0.086
NS 1 B 1.28 1.59774 0.23
LS:NS 1§ 0.64 0.80281 0.39
I(15?) 1 [ 10.68 | 13.3565 0.004
T ( N5?) 1 0.78 0.97894 0.35
Residual 10 - 7.99 NaN NaN
28-days f'c

df Sum of sguares F PR (>F)
LS 1 [ 17.40 9.72961 0.026
NS 1 [ 25.314 | 14.1023 0.013
LS:NS 1 | 2.23 1.2392 0.32
I(1.52) 1| 1.31 0.72969 0.43
T ( NS?) 1 | 1.98 1.09945 0.34
Residual 5 . 8.99 NaN NaN
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The behavior at day 7 is less straightforward to explain. Indeed, it is possible to observe that most
factors do not bear statistical significance at this age, which may be explained by the similar
strength that all mixes displayed. On the other handqyaP8, the individual factors (LS and NS)

are statistically significant, but their interaction is not. Furthermore, the NS content has a much
larger SS at day 28 than at day 3 or 7, and it even surpasses the SS of LS. This result shows that
high NS mixes @l not have much lower strength than their low NS counterparts in early days, but
that this difference increased significantly with time. On the other hand, LS impact slightly reduced
between 3 and 28 days, indicating that LS addition may have contritougedlight increase in
strength in later ages, thus slightly reducing the gap in strength between high and low LS content
mixes. The results of the ANOVA confirm what was discussed in sedtb2 and show that
strength is first governed by limestone/metakaolin content (from 3 to 7 days), and then by sodium

sulfate content (from 7 to 28 days).

4.4.3.3Response surface methodology optimization
The response surface of all mixes at 3, 7 and 28 days are ploteguie 4-9. RSM plots were

designed based on strength (féc) modelling wi

QO A Y OO YOO YO Y QOY QY
Where a, b, ¢, d and e are constants, and NS and LS are the individual factors. Residual plots based

on the fitting of the data to this model can be founG@lapter 7Appendix Bi Residual plots
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Figure 4-9 RSM of strengths at (a) 3 days, (b) 7 days and (c) 28 days

These plots highlight how the composition of the binders végipect to limestone and sodium
sulfate content influences the strength differently in time. For early age strength, a sodium sulfate
content of 1.5% is optimal. At 3 days, the 151.5NS mix has similar strength to the 50SNS

one, despite having 3 tirmenore limestone. At 7 days, this mix is also the best performing, as the
curvature of the RSM plot showEigure 4-9b). Metakaolin being the most reactive component
apart from the fixed Portland cement, it could have been expected th@SNS or 5LS2.5NS

would have better early age properties than 1BI5NS. The results obtained therefore show that

the level of NSmatters more than the amount of metakaolin to determine the early strength of
ternary hybrid cement pastes. However, at 28 days, the impact of sodium sulfate bears more
consequences and mixes with 0.5% of NS perform better. This can be easily obsé&igedein

4-9c, as strength values first start to go down along the y&XS) FromFigure 4-10, it can be
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further confirmed that NS plays a determining role in how much strength will increase between 3
and 28 days.
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Figure 4-10 Contour plot of the difference in strength between 3 and 28 days

4.4.4Microscale testing

Tounderstand how the phase assemblage (type and amount of reaction products forming) of hybrid
ternary AAMs were affected by their binder composition, this section will focus on the

characterization and analysis of crystalline and amorphous phases indéesbi

4.4.4.1TGA

Thermogravimetric analysis (TGA) was conducted after 90 days of curing for all factorial points
(i.e., mixes 5LS0.5NS, 5LS2.5NS, 25L90.5NS and 25L2.5NS). The peak around 120 °C
associated with hydrate products and the amount of hydrate water caldtdateequation (4.2)

(see sectiort.3.3 are shown irFigure 4-11 and Figure 4-12, respectively. Both the peak and
calculated amount of hydrate water show little variation across different mixes. This means that
the variation in LS from 5 to 25% and NS from 0.5 to 2.5% did not significantly alter the final
extent of hydrate formatiohe variations in LS and NS contents played a role at earlier ages, but

after 90 days of curing, all mixegppear to haveeached a similar extent of product formation.
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In Figure 4-11, it is also possible to observe a peak around 700 °C. This peak is associated with

the decomposition of calcium carbonate or calgite from limeshdodemay also be attributed to

carbonation in the sample3he difference in
attributable to the difference in LS content.

eak depth between 5LS and 25LS mixes is

owever, the calculated amounts of calcite from

Figure4-12show that there isamallincrease in/calcite content for mixes with 2.5 NS% compared
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with mixes with 0.5 NS%. Moreover, since the only difference between these two mixes was their
NS content, the difference in calculated calcite content may only be explained by one of these two
following hypotheses: either a product in a similar range of theds@mposition as calcite was
formed, because of the added.8@:, or more calcite participated in the formation of other
products for mixes with lower amounts of 488&%. This could occur if the excess of NS would

have hindered the reaction of limestooédarm AFm phases. This is the most probable hypothesis,
since even if a new product was forming with a similar thermal decomposition range as calcite, it
is unlikely that it would decompose at the exact same temperature. However, a shift in the peak
would have probably been observed, which was not the case here. The issue with the second
hypothesis (i.e., more calcite reacted in mixes with lower amounts of NS) is that it would be
expected for limestone to participate in the formation of additional AFmephasch as
hemicarboaluminate and monosulfoaluminate. However, as summarized in Lothetdla[@Y],

AFm phases will mostly decompose betweeri@@nd 350°C, with minor CQ losses occurring

around 650 °C. Since the thermal changes in the hydrate water range (40 °C to 550 °C) were not
significant between 0.5NS samples and 2.5NS samples, it is not possible to verify whether the
reduced amount of calcite in 0.5NS mixes wouldb&sociated by greater AFm product formation

from the reaction of limestone with metakaolin and portlandite. Since no other notable peak
appears in the TGA, further testing wouldrbguired to identify the products formed from CaCO
Finally, since the calculated calcite amounts are superior to the amount of limestone added in all

samples, it may be suggested that carbonation must have taken place prior to TGA testing.

4.4.4.2XRD

XRD was conducted after 90 days for all of the factorial binders and the results are shown in
Figure 4-13. Most crystalline phases appear in all mixes, with the main peaks attributed to
ettringite, monosulfoaluminate, gypsum, hemicarboaluminate, quartz and calcite. Mixes 25LS
0.5NS and 25L2.5NS displayed very simildreights for their diffraction peaks, with only the
calcite peak of 25L.2.5NS appearing to be higher than that of its 0.5NS counterpart. From this
observation, it appears that the increase igSadosage did not play a significant influence in

the crystalline phases profile of the 25LS mixes.
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Figure 4-13 XRD of hybrid binders at 90 days

Regarding 5LS mixes, it is possible to observe a few notable differences between samples with
0.5NS and samples with 2.5NS. Mix 50SNS had a larger monosulfoaluminate peak slightly
before 9° and a reduced ettringite peak at 9°. It also displayed adnbaatuminate peak around

11° that did not appear in mix 5NS5NS. Calcite peaks were very similar for the two mixes,
independently of NS content. These findings show that the addition of sodium sulfate may be
influencing more significantly the crystalénphases forming in mixes with higher amounts of
metakaolin and lower amounts of limestone. The absence of the hemicarboaluminate peak in 5LS
2.5NS may hint that the presence of NS in excess hindered the formation of AFm phases, as was
hypothesized basedhdhe TGA data. Since AFm phases formation is stimulated by the addition
of limestone, this could be a potential explanation for the reduced calcite peak in 0.5NS mixes
compared to 2.5NS mixes. It is important to note that 28158IS and 25L2.5NS both diplayed

a diffraction peak around 11° which was attributed to hemicarboaluminate. However, due to the
much higher limestone percentage of these mixes, it is possible that more AFm phases will form,
regardless of NS content. It is also possible that 2BBSS had a higher hemicarboaluminate
content, but the sole observation of the diffraction peaks and their respective height are not

sufficient to conclude that this was the case.
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4.5 Impact of NaSOQr on microscale features

The previous section of this chapter highlighted the macroscale and microscale properties of
binders of different LS and NS composition. The results of these investigations, in addition to the
statistical analysis performed on strength values, showedttraction of limestone and sodium
sulfate. It also showed that the most successful mix with respect to early strength, mix 385S

had lower strength values than both 588d 25LS0.5NS mixes. Based on the microscale analysis

of the factorial mixes ta90 days (see sectich4.4, the hydrate water at 90 days is constant
independently of the binder composition of the mixes. It is therefore possible that the variation in
NS content led to an acceleration of the kinetics between 1 and 7 days and slowing down of the
strength develapent from 7 days and onwards. However, from the microscale analysis in the
previous section, it does not appear that the amount of hydrate products formed after 90 days was
affected by NS, and only that retardation and acceleration effects occurred.

The goal of this section will therefore be to shed light on the behavior of hybrid binders at early
ages on a microscale level and on what may explain the effects of NS on kinetics and strength
development. The mix 158. 5 NS i s ¢ o mp aOrNeSdo x ofosimikar bimdes L S
composition (constant MKS-PC content) but made without sodium sulfate. Isothermal
calorimetry, XRD and TGA will be the tools used in this section to compare the kinetics and

microscale properties of the two binders.

4.5.1Early kinetics

4.5.1.1lsothermal calorimetry

The first observation that can be made about the isothermal curves of 1.5NS amdFdiNBe

4-14a are that they both have an initially high peak, followed by a lower and broader peak. As
discussed in sectiof.4.], this geometry of the curves is indicative of an undersulfated system.
TheGS or fisilicatedo peak seems particularly aff
that it is reduced to a very low and broad peak. Nevertheless, even with the addition of 1.5% of
NaSQ4, the amount of sulfate ions added did not manage to inhibit the aluminate reaction in the
15L.S1.5NS mix sufficiently, and the silicate peak was low and occurred after the aluminate one.
From this finding, it appears that in addition to the sodium su#fateunts incorporated to the

mixes, gypsum should be ded until sulfate balance is reached.

76



—~
QD
Nt
(@) ]

T
_'E 4
o]
S 3
2
% ) Silicate
‘;’ »~ beaks
2 1
4('_5’ \
()
T o
0 10 20 30 40 50 60 70 80
Time (Hours)
15LS-1.5NS ——15LS-0ONS
(b) 3000
=
L ~ 2500
53
o € 2000
)
25 1500
T2
S = 1000
EE
O 500
0
0 10 20 30 40 50 60 70 80
Time (Hours)
15LS-1.5NS —15LS-0NS

Figure 4-14 (a) Isothermal calorimetry curves and ()roulative heat releasaf NaSO4
activated pastes vs nactivated pastes

Another finding which emerged from the isothermal calorimetry testing is that the NS content did
enhance the aluminate reaction, but that it appears to have retarded its peak slightly. While the
ONS aluminate peak occurred after 6 hours, the 1.5NS alenpeatk occurred after more than

7.5 hours. Comparing the two peaks reveals that the ONS aluminate peak is less high, but steeper,
showing a shorter aluminate reaction than the 1.5NS, and therefore an earlier peak. This may be
explained by the fact that N&ntent would promote the dissolution of metakaolin which is
expected to participate significantly in the aluminate reaction. This is also highligHtegline

4-14b, which shows the final heat release in both 1.5 and ONS binders. Indeed, the higher heat

s



release by 1.5NS can be attributed to greater reaction from the raw materials in the first three days
of hydration. This supports the strength findings of sectidr?which had shown that higher NS
amounts were beneficial to the initial strengtkdéd/s strength).

4.5.1.2Setting time

To assess the influence of sodium sulfate on the setting time of hybrid AAMs, the Vicat needle
penetration test was performed on binders 1.5NS and ONFgjure 4-15, it is possible to observe

that the NaS@activated mix reached setting quickly, with 25 mm penetration depth reached at 75
min. On the other hand, Vicat Needle testing had to be stopped after 4 hours for tHeNESLS
mixture and the sample still had not reached complete setting. A penetragibroi25 mm was
achieved after 155 mins for this mixture, which is more than twice the time it took for the sodium

sulfate activated mix.
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Figure 4-15 Setting time of NaSQdctivated pastes vs nactivated pastes

From these results, the role of NaS®accelerating the kinetics is obvious. It also correlates with
the isothermal calorimetry results discussed in the previous section. This is an important
consideration for potential industry applications, as most projects require hardening to odgnur with

one to two hours of placement.
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4.5.2Microscale testing

4.5.2.1TGA

Thermogravimetric analysis (TGA) was run on the water and sodium sulfate activated samples at
3, 7 and 28 days$-{gure 4-16). InFigure4-16a and b, four peaks may be identified: a peak around
70°C, one around 120 °C, another around 300 °C and finally one around 700 °C. Typk&lly, C

H type phases and ettringite are found around1BWYC [27], so the peak at 120 °C may be
attributed to these phases.

However, the presence of the peak at 70 °C is not easy to explain. First, this peak appears to be
larger in the 1.5NS sample than in the ONS sample{7% derivative weight loss verst&% for

ONS) and it is drastically reducing at day 28 in both sasplhis may indicate that a metastable
phase is forming in early ages, and that it later converts to another product. In the ONS sample, it
appears that the 120°C peak increases as the 70 °C peak is getting smaller, which may be a sign
that the metastabfghase converts into-6-H or ettringite. However, in the 1.5NS mix, the 120 °C

peak remains constant. Other phases in 1.5NS such as portlandite and calcium carbonate both
remain constant or diminish. It is possible that this mix experienced carbonatidrwbuld have

normally been associated with an increase in calcite. Additionally, tfi& 86 peak is not present

in the factori al s a mp IFiguse@-11). TS remfarces thef hypetinesi©® 0 d a
that the product forming between 3 and 7 days, and which appears to be stimulated by the presence
of NS, does not correspond a stable hydrate phase. In a stu@iydiyanichet al. (2019), the

authors attributed a peak around°85to N-A-S-(H) gel. NA-S-(H) gel may convert to &\-S-H

gel, which would explain the reduction in the peak over time. However, with 30% of Portland
cement and little alkalis provided, it is unlikely thatiNS-(H) would form in either of the binders.
Instead, GS-H and CGA-S-H formation are likely to be favored. Moreover, many studies
conducted on AAMs did not report the observation of any peak at a temperature lower than 100 °C.,

even withpure low calcium binderl83i 35].

A more plausible explanation for this peak is that it corresponds to the first water loss from
monosulfate, which occurs between 50 and 1002736] This hypothesis would explain why

the peak is larger for 1.5NS samples than for ONS ones. Monosulfate formation normally occurs
because of the reaction oA with gypsum to form ettringite (equation 4.4) which then reacts

with the remaining €A to convert to monosulfate (equation 4{37].
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Monosulfate is usually not as common in limestone and metakaolin containing binder
iecause the carbonate ions will usually consume the excess of calcium sulfatg) (CaiS?
have reacted with 48 to form monosulfate and instead react with portlandite and th
silica frem metakaolin to form monocarbonate phd88% Therefore, there re A
with. the hypothesis that the 65 to 75 °C peak is associated with mong ‘/ e first is that
ettringite shoulthbhe spared from converting to monosulfate due to the 277 ' 15% of limestone
to the mixes. The secdns that it remains unclear why monosulfatgf7¢ 4' m between 3 and 7
days and disappear at'day 28. If it was forming a new produgfZZaxer peaks should be increasing,
which is not the casze for sample 1.5NS. As for the samp¥Z#imout added sodium(8iltlte

the 120 °C peak does increaseywhich could show a cg to another hydrate phase. Based on

this data, the 70 °C peak miay not be attributed tq wicutar phase with full confidence.
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