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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 emissions, which can be achieved by driving innovation in 

construction materials and methods. Concrete, essential for modern infrastructure, is 

environmentally impactful mainly due to its dependence on Portland cement in production, and 

the large volumes that are being consumed to fulfill societal needs. 

This thesis investigates hybrid alkali-activated materials (AAMs) as a viable alternative to 

traditional concrete formulations. By substituting a significant portion of Portland cement with 

supplementary cementitious materials (SCMs), hybrid AAMs offer a pathway towards reducing 

environmental footprint while maintaining performance. The focus of this work is on optimizing 

sodium sulfate-activated hybrid AAMs comprising metakaolin, limestone, and Portland cement, 

along with an alkali-activator, in this case sodium sulfate. 

Through a systematic approach using factorial design of experiments (DOE) and multi-scale 

testing, this research aims to tailor the performance of hybrid AAMs to meet both early-age 

strength requirements and long-term performance. Initial findings indicate that the addition of 

sodium sulfate enhances the reactivity of metakaolin, allowing for a reduction in Portland cement 

content without compromising early-age performance. However, challenges have been identified 

through this work concerning the long-term strength of hybrid AAMs, which are tentatively 

attributed to phase instability and higher porosity (as inferred from the decreased electrical 

resistivity). Recommendations emphasize a nuanced approach to binder composition, balancing 

alkali content with Portland cement and metakaolin content to ensure optimal strength 

development. 

The proposed framework proposes the following steps in designing hybrid AAMs activated with 

sodium sulfate: 

(1) Determining binder composition: Identify optimal ratios of metakaolin, limestone, and 

Portland cement to achieve the desired later age performance and reduce carbon footprint. 

(2) Achieving sulfate balance: Evaluate the adequate sulfate content to achieve sulfate balance 

in the system. 
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(3) Optimizing alkali content: Evaluate the minimal alkali content needed to achieve the 

required early-age strength. 

(4) Re-evaluating binder composition: If the selected alkali content compromises later-age 

strength, reassess binder composition. 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, cost-effectiveness and aesthetic of everyday 

infrastructure. Safety and cost-effectiveness have long been the most important considerations of 

civil engineers from every country. Nevertheless, the growing concerns around climate change and 

carbon dioxide emissions have 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 

material largely stems from its versatility, cost-effectiveness, low embodied CO2 footprint per 

mass, as well as the large-scale availability of its raw materials, the simplicity of its quality control 

processes and the possibility for low-skilled workers to easily manufacture concrete and use it in 

the field. Making concrete is rather simple: it requires mixing around 70% of crushed rocks, or 

aggregates, to a paste of Portland cement and water. Depending on many factors such as the 

grading of the aggregates, the type of Portland cement or the water-to-cement ratio used, the 

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 of mix-design due to the relationship 

between cement content, and strength and permeability. However, of all concrete components, 

cement has by far the largest environmental impact. Despite being only a small percentage of total 

concrete volume and mass, Portland cement typically generates about 96% of the CO2 emission of 

a “standard” concrete (i.e., cement content of 350 kg/m3 and clinker factor of 80%) [1]. It should 

be added that little improvement may be done on the production of Portland cement to decrease 

its emissions since a large portion of the CO2 is generated from the chemical decomposition of 

limestone (CaCO3) in the clinker to form lime (CaO) and carbon dioxide (CO2). Reducing the 

cement content in concrete is a possibility, but unless performed with advanced mix-design 
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techniques and particle packing, it usually results in a loss of durability and strength, particularly 

at early age. In addition, due to the loss of compressive strength, more concrete is needed to sustain 

a given load, which negates any gain from the cement reduction.  

Therefore, to reduce 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 replacement by using supplementary cementitious materials (SCMs) instead of plain 

Portland cement. Despite the established reduction in CO2 emissions that have been achieved 

through this shift, the industry is limited in its ability to further increase cement replacement with 

SCMs due to the losses it may cause in early age mechanical performance related to the slower 

reaction kinetics of SCMs compared to PC or the lack of available portlandite [2]. This is 

particularly true in the case of low calcium SCMs, such as metakaolin or fly ash. Nonetheless, 

decades of research in the field of alkali-activation have shown that SCMs may react and form 

strong binders at early ages in the presence of alkalis and with added calcium [3–5]. In attempts to 

reach a similar behavior, research has been conducted by various authors [6–8] on the addition of 

small amounts of alkalis to binders containing Portland cement. The 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 alkali-activated materials, which are formed by mixing an alkaline 

solution to about 70 wt.% of aluminosilicate precursors or SCMs, and 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 particularly known subset of 

this binder type are the limestone calcined clay cements (LC3), which typically consist of 50% of 

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

It is interesting to observe that hybrid AAMs, LC3 cements and Portland cements boosted with 

small amounts of alkalis all face a common challenge. Both alkalis and high specific surface area 

particles such as those of calcined clays and limestone accelerate 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 onwards [2,9–11]. However, in the absence of this acceleration, early age strength is 

significantly impaired. It is therefore possible to observe that 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-
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activation and Portland cement chemistry to shed light on how to accelerate kinetics without 

altering later ages performance.  

1.1.1 Rationale 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 choice of the raw materials 

is presented shortly in this section. 

Many studies have focused on the use of fly ash and blast furnace slag as precursor materials for 

AAMs or as SCMs for Portland cement mixes. However, the depletion of these SCMs in some 

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 

investigate other types of precursors that are globally available. In this regard, calcined clays have 

emerged as a promising option [12,13]. Metakaolin originates from the calcination of kaolinitic 

clays at around 650°C. It is the most studied calcined clay, both as a SCMs in Portland cement 

binders and as a precursor for AAMs [12]. 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 alkali-activation 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 environmental impacts on noncarbon 

categories [15]. The addition of small amounts of Portland cement to metakaolin raises the pH of 

the system, which enables the use of near-neutral salts such as sodium carbonate and sodium 

sulfate [16]. For this thesis, sodium sulfate was selected because, it is a by-product from other 

industries but can also be found naturally in the environment [17]. It is also a low-cost and 

substantially eco-friendlier option to traditional activators. Finally, studies on the addition of small 

amounts of NaSO4 and NaOH to Portland cement pastes and alite pastes have reported negative 

impacts on long term strength of NaOH [18]. From these findings, it is hypothesized that sodium 

sulfate might be more compatible with a hybrid Portland cement – metakaolin blend.  

Many researchers have identified promising synergic behavior when incorporating moderate 

amounts of limestone to metakaolin-Portland cement binders [19,20], as well as in metakaolin 
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AAMs [21–23]. Perez-Cortes & Escalante-Garcia (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 embodied CO2 and widely available raw material, it is a promising 

addition to hybrid metakaolin-Portland cement binders. 

1.2 Research objectives 

The objectives of this thesis are two-fold. The first goal is to try to optimize the strength of hybrid 

sodium sulfate-activated metakaolin AAMs containing moderate additions of limestone and 

Portland cement with the use of a factorial design of experiment (DOE). The second goal of this 

thesis is to investigate how sodium sulfate alone affects the early kinetics and the microscopic 

phases of these same binders. 

The first goal will be addressed through two sets of experiments, the first of which being conducted 

on a simpler sodium sulfate-activated mix containing only metakaolin and Portland cement. In this 

preliminary experiment, the Portland cement (PC) and sodium sulfate (NS) contents were varied 

over a large range of values (i.e., 0 to 5% NS and 10 to 50% PC) to easily evaluate the strength 

response at early ages (i.e., 1 and 6 days). To further understand the impact of the binder 

compositions on the performance of the cement pastes, Vicat needle, thermogravimetric analysis 

(TGA) and X-Ray diffraction (XRD) testing were conducted. Based on the results of this 

preliminary experiment, the lowest optimal PC is determined, as well as a refined range of optimal 

NS contents. In a second experiment, a factorial DOE was conducted on ternary NS-activated 

metakaolin AAMs now also containing limestone (LS). For these binders, LS will be varied from 

5 to 25% of binder composition and NS is added to the total binder mass between 0.5 to 2.5%, 

while PC content is fixed at 30% of binder composition. The early kinetics of these samples was 

investigated through isothermal calorimetry testing, while their hardened state’s properties was 

evaluated through compressive strength and bulk resistivity testing at 3, 7 and 28 days. After 90 

days of curing, XRD and TGA were performed on the samples to help relate macroscale 

performance to microscale semi-quantitative features. A statistical analysis on compressive 

strength values at all ages was also performed to relate LS and NS dosages to changes in strength 

between the binders.  
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The second goal will be addressed in a third experiment. Based on the second experiment, an 

optimal binder composition to maximize early age strength was determined. For the third 

experiment, the optimal early strength binder, and a water-activated binder of equal (MK-PC-LS) 

composition were compared. For both binders, isothermal calorimetry was used to assess the early 

kinetics. TGA and XRD were also conducted to follow the development of crystalline phases, as 

well as amorphous ones. TGA was used in a semi-quantitative manner to estimate hydrate water, 

portlandite and calcite contents at various ages. The aim of this experimental program is to shed 

light on how microscale features are evolving during the hydration/alkali-activation of optimized 

early strength NS-activated binders.  

1.3 Thesis outline 

This thesis is divided into five chapters, including the present one. While this chapter focuses on 

introducing the literature and objectives supporting this thesis, the second chapter provides a more 

in-depth background. The background first includes a section on alkali-activation and the various 

types of gel forming in low calcium, high calcium, and hybrid AAMs. The following section is 

centered around the properties of binders containing metakaolin and other calcined clays, with 

subsections on clay particles, fresh state of calcined clay binders and porosity evolution in calcined 

clay binders.  

The third chapter consists of the preliminary investigation on metakaolin hybrid AAMs. This work 

resulted in a conference paper presented at the 16th International Congress on the Chemistry of 

Cement and Concrete (ICCC) in 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 studied. The 

strength results are treated statistically in  Appendix A – Factorial design rationale so that an 

optimal minimal PC amount and an optimal NS range of values are determined for the next set of 

experiments. 

The fourth chapter is reported in a journal paper format centered on the optimization of NS-

activated hybrid AAMs composed of metakaolin, limestone and Portland cement. This chapter 

also investigates the impact of NS on early kinetics and microscale features. The performance of 

binders of various composition was evaluated by means of fresh state (i.e., setting time and 

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



6 

 

microscale (i.e., XRD and TGA) evaluation. 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 water-activated versus NS-activated hybrid binder further 

sheds light on the microscale 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-activation process 

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 particularly attractive substitute binders to PC due to their low carbon footprint, 

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

of alkalinity no longer lies in the presence of Portland cement, but in the activator solution that is 

added. This removes the need for clinker production, and therefore substantially lowers the carbon 

emissions associated with AAMs manufacturing [1]. Furthermore, numerous investigations on the 

durability of AAMs have reported largely improved resistance to many chemical degradation 

mechanisms such as alkali-silica reaction [2–4], as well as acid, chloride, and sulfate attacks [5–

10]. The use of local raw sources is facilitated since AAMs have the potential to be manufactured 

with a variety of aluminosilicate precursors, including waste materials [11]. Transport costs and 

their associated environmental load may therefore be effectively reduced. However, the versatility 

of AAMs comes at a cost as high performance is not easily attained or predicted. New 

aluminosilicate sources must be thoroughly analyzed. Factors affecting early and long-term 

properties of AAMs include the precursors’ amorphous Si/Al ratio and the rate of dissolution of 

its main oxides, as well as the molarity, anion type and soluble silica content of the activator 

solution [12–14]. Quality control and mix-design 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 alkali-activation process and the main reaction products of different AAMs binders. 

This section will focus on these topics and provide some background on the three main categories 

alkali-activated binders: low calcium AAMs or geopolymers, high 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 AAMs’ reaction products. Prior to these subsections, the alkali-activation process 

will be briefly discussed here.  
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The alkali-activation process is currently an active field of study. The most common model for the 

geopolymerization process was first proposed by Provis and van Deventer [15] and can be 

summarized by the steps illustrated in the figure below occurring simultaneously [15,16] (Figure 

2-1). 

 

Figure 2-1 Conceptual model for geopolymerization process, adapted from [16] 

In Duxson et al. (2007)’s conceptual model built on this theory, aluminosilicate monomers1 are 

assumed to be released in solution and to form various oligomers until the formation of a first Al-

rich gel (“Gel 1”) [16]. The increase in silica availability over time would allow for partial 

substitution of Al by Si in “Gel 1”, which in turn would result in the formation of a Si-rich “Gel 

2”. The reorganization of “Gel 1” into “Gel 2” was challenged in 2015 after a nuclear magnetic 

resonance (NMR) study on the interstitial phases revealed that direct polymerization of “Gel 1” 

might be more plausible [17]. According to Favier et al. (2015) [17], the evolution of “Gel 1” and 

oligomers in solution into “Gel 2” would be the result of a major precipitation of aluminosilicate 

 
1 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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species, rather than the single reorganization of “Gel 1”. Some degree of reorganization could 

however be possible in the polymerization phase. As a matter of fact, it was found that the 

polymerization step was associated with an exothermic peak, identified by isothermal calorimetry, 

which may be due to more cross-linking in the final amorphous aluminosilicate gel and thus 

reorganization of this final gel into a more stable structure [18]. More recent work by Li et al. [19] 

proposes a change to the original model by Provis and van Deventer [15] 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 of nano-zeolites which would 

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

 

Figure 2-2 - Aggregation process during the geopolymerization, as shown in [23] 

In the work of White et al. [21], the geopolymerization process of metakaolin activated with pure 

and blended hydroxide and silicate activators was investigated using Monte Carlo modeling. The 

simulation supported the hypothesis of Provis et al. (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 dissolution of the particle. On the other end, silicate-containing activators would 

allow the nucleation of aluminosilicate gel particles that attach to the surface of the metakaolin 

and therefore hinder its dissolution. Rather than fully dissolving, the particle starts to ‘grow’ as the 

gel forms on its surface (Figure 2-2). This hypothesis was introduced earlier by Wang et al. [24] 

and later further supported by the cryo-TEM imaging testing performed in the study by Tang et al. 

[23]. 

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

The scientific community has long been divided on the adequate terminology to be used to describe 

low calcium AAMs. As the issue kept dividing the community, the number of designations used 

continued to expand over the years. From mineral or inorganic polymers to alkali-bonded ceramics, 
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from soil cements to zeoceramics, the list kept on growing. In 2014, the state-of-the-art report of 

RILEM committee TC 224-AAM established a terminology that helped reach a consensus 

amongst authors [25]. The terms “low-calcium alkali-activated material” and “geopolymer” may 

now be used interchangeably to describe this binder system2. 

The primary reaction products in geopolymer systems are crystalline zeolitic phases (i.e., sodalite-

type feldspathoids) and sodium aluminum silicate hydrates (N-A-S-(H)) [26,27]. The N-A-S-(H) 

gel is particularly challenging to study due to its complexity, and amorphous nature. It is best 

described as a three-dimensional cross-linked, highly disordered alkali aluminosilicate network 

[28]. While the tobermorite-like structure of calcium silicate hydrate (C-S-H), the main binding 

phase forming upon hydration of PC, has been studied for many decades, N-A-S-(H)’s complex 

polymeric structure is less well understood. It is important to keep in mind that the N-A-S-(H) gels 

differ largely from C-S-H and Al substituted C-S-H gels, and notably in that the water is not a 

major structural component [26].  

In 2018, Lolli et 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 mineral, a defective siliceous 

sodalite created by removing two SiO2 molecules to the original structure, and an amorphous SiO2 

glass based on the one proposed by Sheikholeslam et al. [30]. To these siliceous crystal or glass 

structures, Na and H2O 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 structures, it was found that the defective crystalline model was the most appropriate 

representation of N-A-S-(H) gels in metakaolin geopolymers (Figure 2-3).  

 
2 It must be observed that even though low-calcium 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 N-A-S-(H) gel with different degree of disorder, from [29] 

That same year, Walkey et 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 of the aluminum, sodium and oxygen ions using 27Al, 23Na and 17O 3QMAS NMR 

spectroscopy (i.e., ‘Three Quantum Magic Angle Spinning Nuclear Magnetic Resonance).  

 

Figure 2-4 - Structural model of N-A-S-(H), proposed by [28], where AlEF is extra-framework 

four-fold coordinated Al (as represented by the 4 dashed lines to oxygen species O and OAl,ef) 

In this conceptual model (Figure 2-4), the sodium and extra-framework aluminum ions act as 

negative charge balance, and the N-A-S-(H) gel mostly comprises four-fold coordinated silicon 

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

geopolymer gels [31,32]. These authors were the first to identify that a significant portion of tetra-

coordinated Al were charge-balanced by extra-framework Al species.  
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2.1.2 C-A-S-H gel formation in the high calcium AAM system  

In high calcium systems, the main gel is a C-A-S-H gel which has presents with a similar Ca/Si 

ratio to C-S-H type I and a tobermorite-like structure [33] (Figure 2-5). 

 

Figure 2-5 - Structure of C-A-S-H gels in high calcium AAMs, from [26]. The blue triangles 

represent Si sites, and the red triangle is an example of Al substitution into a bridging site. 

Between 1993 and 1994, Richardson et al. [34,35] and Brydson et al. [36] worked on an 

experimental program to better understand the structure of C-S-H gels with Al inclusion. This 

work was fundamental in understanding the properties of C-(A)-S-H gels, typical of both high 

calcium AAMs and blended PC binders. In [35], Richardson et al.  demonstrated that Al substitutes 

for Si only in bridging tetrahedras (Figure 2-6). This finding was further supported by a study by 

the same authors, conducted in 1994 [34]. Using Richardson’s formula for the mean chain length 

(MCL) of C-S-H, Fernandez-Jimenez et al. (2003) [37] could estimate the percentages of Al and 

Si in bridging tetrahedras and the percentage of vacancies in bridging tetrahedras. They found that 

the sodium silicate and sodium carbonate activators led to increased Q3(Si) amounts, causing a 

change in the morphology of C-S-H which could explain the reduced porosity and improved 

mechanical properties of these AAMs. On the other hand, they reported greater amounts of Al-

substituted bridging sites in NaOH-activated AAMs.  

 

Figure 2-6 - Position of Al in C-A-S-H chain, from [35] 
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The early work of Faucon (1999) somehow contradicted the findings from Richardson et al. on 

the location of Al on the bridging sites only and showed that Al could also substitute Si on pairing 

sites at high Ca/Si ratios [38] (Figure 2-7). The molecular dynamics study conducted by Manzano 

et al. in 2008 [39] and NMR study of Pardal et 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.   

 

Figure 2-7 - Aluminum in C-A-S-H in pairing and bridging sites, from [39] 

In Brydson et al. [36], it was found that the Al in C-S-H gels was predominantly in four-fold 

coordination. Building on this finding, the 2006’s study by Sun et al. [41] concluded that the four-

fold coordinated Al occupied tetrahedral bridging sites, while Q5(Al) and Q6(Al) could be found 

in the interlayer. Alongside some other authors [42], they found sodium cations (Na+) to be the 

main charge-balancing elements for Al substituted bridging tetrahedras, but also hypothesized that 

Ca2+ and interlayer or surface Q5(Al) and Q6(Al) could also serve as charge-balance 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 Puertas et al. [43]. It 

revealed that C-A-S-H gel in NaOH-activated slags were best modelled by a combination of 

tobermorite 14 Å (MCL 5) and tobermorite 11 Å (MCL 14), while the C-A-S-H gels in waterglass-

activated slags were found as a combination of tobermorite 14 Å (MCL 11) and tobermorite 1.1 Å 

(MCL 14) (Figure 2-8). The greater amount of tobermorite 11 Å in waterglass-activated slags was 

effectively correlated to the lower porosity and improved mechanical properties of this class of 

AAMs. Furthermore, the authors identified different C-A-S-H mechanical states based on 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 C-A-S-H, but most of the waterglass C-A-S-H belonged to the high density state, 

while the higher porosity of NaOH C-A-S-H had it belong to the low density state.  

 

Figure 2-8 - 1.4Å and 1.1 Å tobermorite units, modified from [44] 

Even though Puertas’ 2011 study only identified 14 Å and 11 Å tobermorite type units, Bernal et 

al et al. [45] found XRD peaks associated with (Ca6Si3O12∙xH2O) which were only slightly shifted 

from those associated with 9 Å tobermorite (Ca6Si3O12∙xH2O). Therefore, in Myers et al’s C-(N)-

A-S-H gel model, it was hypothesized that the gel could be a combination of all tobermorite units 

(i.e., 9 Å, 11 Å and 14 Å) [44]. Their model was also built on the hypothesis that cross-linked and 

non-crosslinked tobermorite structures could represent the C-A-S-H gel more accurately than the 

previously discussed non-crosslinked models. The experimental results from this study correlated 

well with the model in terms of Ca/Si ratio, but the Al/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 Al-containing zeolitic structure similar in 

composition to N-A-S-(H).  

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

Hybrid AAMs were briefly introduced in section 1.1 of this document as an alkali-activated binder 

comprising approximately 70% of aluminosilicate precursors and 30% of Portland cement. The 

inclusion of small amounts of PC in these mixes both changes the alkali-activation process of the 

precursors and the hydration of PC.  

While in blended Portland cement mixes, pozzolanic SCMs such as metakaolin or fly ash react 

directly with the portlandite resulting from PC hydration, a slightly different reaction is expected 

to occur in hybrid AAMs. According to Escalante-Garcia et al. (2023), portlandite (Ca(OH)2) -

reacts first with the alkaline salt [46]. The modification of the formula proposed by the authors to 

the particular case of sodium sulfate activators yields the following: 
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𝑥𝐶𝑎(𝑂𝐻)2 + 𝑁𝑎2𝑆𝑂4 ↔ 𝐶𝑎𝑆𝑂4 + 2 𝑁𝑎𝑂𝐻 (2.1)

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 section 2.2.2.2 for 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 fresh binder, NaOH 

formation leads to greater reaction from the SCMs and more reaction product formation. Knowing 

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 non-hydrates forming in hybrid AAMs is a challenging 

matter. It may however be partially understood by correlating concepts of alkali-activation of 

hybrid AAMs with those of blended AAMs. The latter refers to a type of alkali-activated 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, metakaolin). In blended and 

hybrid binders, the low calcium precursors will tend to react to form N-A-S-(H) gels, but if calcium 

from the high calcium precursor or cement is available, C-A-S-H or C-S-H formation will be 

favored. Nevertheless, the formation of N-A-S-(H) and C-(A)-S-H are not mutually exclusive. 

Indeed, it was discovered by Yip et al. [47] in 2003 that C-S-H and geopolymeric gels could 

coexist in a binder of specific composition. In their experiment, they showed that at certain NaOH 

concentrations and in alkali-activated mixtures made of metakaolin and slag, a layer of NaOH ions 

could occur around slag 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 alkaline-activation process in hybrid binders was studied thoroughly by Garcia-Lodeiro et 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 solution altering anhydrous silicate hydration. It also 

appeared that the C-S-H eventually formed had a higher degree of polymerization (i.e., more Q2 

species). This could notably be explained by the incorporation of Al from SCMs into C-(A)-S-H 

and the subsequent integration of Al(OH)4
- as Q2(Al) bridge unit. As for the N-A-S-(H) gel formed 



19 

 

from the reaction of the SCMs in the alkaline media, it stems from Garcia-Lodeiro et al.’s work 

[48] that it converted to a (N,C)-A-S-H type gel due to the incorporation of calcium ions from the 

pore solution into the gel. In a previous study, Garcia-Lodeiro et al. [49] showed that the 

coexistence of C-S-H, C-A-S-H and N-A-S-(H) gels was possible, but that N-A-S-(H) would tend 

to disintegrate in favour of C-A-S-(H) and that it ultimately could only remain stable at low pH 

(<12). 

 

Figure 2-9 - Alkali-activation of hybrid AAMs, modified from [48] 

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

on the ternary diagrams developed by Garcia-Lodeiro et al. [49]. As shown in Figure 2-10, the 

composition of C-S-H + N-A-S-(H) and C-A-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 Garcia-Lodeiro’s study [49], the chemical composition of 

blended and hybrid gels moves towards the C-A-S-H gel region of the ternary diagram at later 

ages for blended low calcium (fly ash) + high calcium (slag) AAM systems [26,50].  
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Figure 2-10 - Pseudo-ternary phase diagram proposed by [49] 

2.2 Properties of binders containing metakaolin and other calcined clays 

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 deplete drastically [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 alternative to fly ash and slag. When clays rich in kaolinite are calcined 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 SCMs [27].  

 

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

2.2.1.1 Clay minerals’ structure 

Clay minerals are phyllosilicates, and they are formed of successive layers of silica tetrahedral and 

alumina octahedral sheets (Figure 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 alumina sheet [53]. 1:1 

clay minerals have electrically neutral sheets, which means that the layers can be stacked, held by 

van-Der-Waals forces and by the hydrogen bonds between the octahedral hydroxyl groups and 

tetrahedral oxygen atoms from another layer [54]. For kaolinitic clays, these O-OH bonds are 

sufficiently strong to prevent swelling between the successive clay units, while the 1:1 layers in 

halloysite clays are separated by water [55] (Figure 2-12). 

 

Figure 2-12 - Different clay minerals structures [56] 

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 clay minerals’ sheets are held by either 

the weak van-Der-Waals forces for electrically neutral layers and coulombic bonds for negatively 

charged ones.  

2.2.1.2 Clay calcination 

Upon calcination, three processes occur: dehydration, dehydroxylation and recrystallization [57]. 

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 dehydration (80 – 300 °C). This is 

followed by dehydroxylation, which is critical for clay reactivity. At 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].  

 

Figure 2-13 - Dehydroxylation of kaolinite, modified from [58] 

The dehydroxylation process causes a loss of structural order, yet complete amorphization of the 

clay is not achieved even after full dehydroxylation [57]. If the clay is exposed to higher 

temperatures (typically, above 850 °C), 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 calcined clays is a critical 

parameter for reactivity, determining the proper calcination temperature for only dehydroxylation 

to occur is of paramount importance.  

After calcination, the hexagonal morphology of clay particles remains like that of their uncalcined 

counterparts. As can be seen in Figure 2-14, metakaolin particles consist of layered stacks of these 

hexagonal sheets. The plate-like shape and high specific area of clay particles have long been an 

issue for concrete producers as these factors negatively impact the workability of clay-containing 

cementitious mixtures [59]. In comparison to SCMs such as fly ash and slag, calcined clays require 

particular care at the mix-design stage to ensure that workability and setting time requirement will 

be met. If the calcined clay’s shape and surface area are responsible for the decrease in workability 

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 (2016) [60] 

showed that the dissolution 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 particle [61] 

2.2.1.3 Reactivity and extent of reaction of clays and clinker 

Most AAMs mix-designs 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 still a topic of 

ongoing research [27,62]. 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 fluoride [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) solutions and it was found reliable [64–66]. 

The use of X-Ray fluorescence (XRF) and X-Ray diffraction (XRD) analysis also allowed some 

authors to successfully quantify amorphous content from raw material [67]. Finally, 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 expensive [68–70]. Furthermore, quantification of reactive content by 

NMR may be complexified by the overlap between resonances of some precursors and their 

reaction products [69]. 

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 cements, and 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 Donatello et al. (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 its simplified 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 evolution by conduction calorimetry measurements [71]. 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 was argued by the 

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 Frattini method, 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, the R3 method was developed by Avet et al. [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 dried in an oven to quantify bound water amounts. These 

two variations of the R3 method have been found to correlate well to strength and are now 

standardized in ASMT C1897-2022 [74].  

2.2.2 Calcined clays in binders: fresh state and early kinetics 

In blended calcined clay binders, as well as in alkali-activated 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 surface areas (SSA), which will enable them 

to contribute additional nucleation sites, a phenomenon also known as the “filler effect” [51]. 

Furthermore, the presence of these fine particles will tend to decrease interparticle distances, which 

accelerate setting significantly. On a chemical level, the addition of metakaolin provides rapidly 

available alumina, which affects the phase assemblage of both blended and AAMs cements [60]. 

In blended Portland cement, the nature of some of the C-S-H will differ as a result of the inclusion 

of Al and subsequent formation of C-A-S-H gel. In AAMKs, 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 Hajimohammadi et 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 formation [75]. 

Early age strength is benefited by this process, but it may come with impediments in strength 

development due to the lack of silicon ions available [75]. 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 binders.  

 

Figure 2-15 Concentrations of dissolved silica and alumina in 0.1M NaOH of geothermal sludge 

(GTS), rice husk ash (RHA), MK, ground-blast furnace slag (GBFS), and fly ash (FA), from [60] 

2.2.2.1 Admixture 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 challenges, superplasticizers and retarders are 

sometimes combined. It has been shown that standard PCEs (polycarboxylate ether) admixtures 

remain effective in clay-containing mixtures through the same electrostatic repulsion mechanisms 

as in PC mixtures [59]. In some cases, intercalation of the PCEs macromolecules in the interlayer 

space of the clays can lead to the deformation of some clay particles and to the ‘loss’ of part of the 

PCE added [76]. However, this phenomenon only occurs in some clays 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 demand to achieve the same level of fluidity in the mix [59].  
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2.2.2.2 Mix-design adjustments 

Addressing the workability issue caused by calcined clay in cementitious mixtures can also be 

done through changes to the mix-design. Higher water-to-cement ratios, 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 promote C-A-S-H gel formation, and therefore 

more sulfate ions will be adsorbed onto the surface of the C-A-S-H gels [53]. This will lead to an 

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

2.2.3 Calcined 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 durability and mechanical performance of the 

binder is thus crucial. In the case of cementitious binders containing calcined clays, the porosity 

and strength development will vary significantly between AAMs and PC systems. Therefore, this 

section will focus individually on the case of metakaolin AAMs (AAMKs) and MK-PC or MK-

PC-LS (LC3) blends without activators.  

2.2.3.1 Metakaolin alkali-activated 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 following three factors which will influence porosity 

features, i.e., the Si/Al ratio, the molarity of the activating solution and the curing temperature [77]. 

Since AAMKs form N-A-S-(H) type gels, with small amounts of water bound, water-to-cement 

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 not only matters in terms of precursors’ composition, 

but also in terms of silica availability. Yang 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 believed to be related to the presence of zeolites [81]. Pores in the mesoscale are scarcer 

for this type of binder, and instead “macro” pores in the 40 to 120 nm range are responsible for 

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 3-13 nm range are present.  

Regarding the molarity of the activator, higher molarities will usually benefit greater dissolution 

of the metakaolin and thus larger amounts of reaction products formation, and consequently 

strength by decreasing porosity. This behavior diverges from that of high calcium systems, in 

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 the excess hydroxide and sodium ions, the poor dispersion of silicon and 

sodium oxide in solution, and the rapid formation of a high-density inner product ring, which 

inhibits later-age product formation [82,83]. 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 activating solution.  

Regarding curing temperature, contradicting results have emerged in the literature. Rovnanik et al. 

(2010) found that AAMKs experience lower strength at 28 days when heat curing is used, although 

it also increases early age strengths. The authors attributed the phenomenon to the formation of 

larger pores when heat was applied during alkali-activation [84]. This effect could also be related 

to the nanocrystalline nature of N-A-S-(H) gels, which means that their amorphous state is only 

metastable. When geopolymers are heated at high temperatures, their amorphous phases may 

convert to crystalline ones, leading to increased amounts of zeolites at a microscale level [85]. 

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, Aredes et al. (2015) 

[86,87] and Mo et al. (2014) [87] both found an optimum curing temperature of about 60°C and a 

reduced porosity at this optimum. More studies are therefore needed to understand how curing 

should be performed to enhance strength of AAMKs 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 

counterparts [77]. 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. On the other hand, fly ash has a 
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significant glassy content, and its reactivity is low unless subjected to high temperatures [77]. This 

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 system [59] 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 

up chemically bound in hydrates. This “excess” water will thus eventually evaporate, leaving pores 

in the cementitious structure.     

2.2.3.2 Metakaolin-Portland cement blends (MK-PC) and metakaolin-limestone-Portland 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 studied [59]. This came down to the workability issue 

associated with the use of calcined 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 by- or co-products of the coal and steel industries respectively (assigned 

portion of the environmental impact of coal 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 

metakaolin and limestone to traditional PC binders [51]. These materials are now widely known 

as limestone calcined clay cements or LC3. Much of the research on the impact of metakaolin in 

MK-PC blends now emanates from LC3 studies, which is why both binders will be discussed 

simultaneously in this section.  

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

end product is the pozzolanic reaction between the metakaolin and portlandite (Ca(OH)2) [88]. 

Due to the high availability of aluminum from metakaolin, this reaction will cause the formation 

of Al-containing C-S-H gels, or C-A-S-H, which have a similar composition to the C-A-S-H 

forming in high calcium AAMs. If limestone is added alongside the metakaolin, its calcium 

carbonate will react with the C3A from cement and the alumina from metakaolin to form 

monocarboaluminate and hemicarboaluminate phases [53]. The formulas governing these 

chemical reactions are as follows in cement chemist notation [88]: 

𝐴𝑆2 + 3𝐶𝐻 + 6𝐻 → 𝐶 − 𝐴 − 𝑆 − 𝐻 + 𝐶2𝐴𝑆𝐻8 (2.2) 
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𝐶3𝐴 + 0.5𝐶𝑐 +  0.5𝐶𝐻 + 11.5𝐻 → 𝐶4𝐴𝑐0.5𝐻12  (2.3) 

𝐴𝑆2 + 0.5𝐶𝑐 + 3.5𝐶𝐻 + 8.5 𝐻 → 𝐶4𝐴𝑐0.5𝐻12  (2.4) 

The formation of these products has significant implications for porosity by contributing to the 

quantity of hydrates. Furthermore, the preferential formation of hemi and monocarboaluminate 

phases over monosulfoaluminate phases will allow for more sulfate remaining in solution, and thus 

greater ettringite precipitation [88]. Since ettringite is a high-volume hydrate, it will also contribute 

greatly to space filling within the binder. In the study conducted by Zunino and Scrivener (2021) 

[88], it was found that 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 LC3 was significantly finer at early age compared to that 

of traditional PC and even fly ash-PC blends. Moreover, it was shown by [90] that the total porosity 

of LC3 binders was lower than that of Portland cement pastes at 3 days, but that the opposite was 

observed after 28 days. This behavior could 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 phases [88,91,92]. 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 metakaolin reaction in LC3, typically occurring around 7 days.  

 

Figure 2-16 Schematic of potential mechanism of reaction at later ages, adapted from [93] 

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 water-filled pores. To test the first hypothesis, the authors added extra portlandite to one of the 
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cementitious systems but it was later found that it remained in excess. Aluminum was also a 

suspected cause for the slow down mechanisms due to its known role in inhibiting C3S dissolution 

and pozzolanic glasses [94,95]. However, even when silica fume was used to replace metakaolin, 

a similar slowing down was observed. It was found by the authors that when the LC3 paste samples 

were fully hydrated during curing (i.e., thin slices were kept immersed in water to ensure that the 

pores remained saturated), the extent of reaction from metakaolin kept increasing after 7 days, 

thereby achieving a higher extent of reaction, and preventing the kinetic slow down typically 

observed. Later ages studies conducted by Zunino et al. [93] corroborated the findings of Briki et 

al. [91] and additionally showed that in later ages (3-year samples), the lack of sufficiently large, 

saturated pores limited further hydrate growth in the pore system (Figure 2-16). 

2.3 Research gaps 

Despite significant advances over the last decades on hybrid AAMs, much remains to be further 

investigated. In particular, the addition of alkali sources in PC-MK and PC-MK-limestone (LS) 

mixes has scarcely been studied in the literature. The present work strives to 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 longer-term compressive strength. 

Future-proofing hybrid AAMs will require the knowledge of how mix-design must be conducted 

to reach moderate to high early strengths, while preserving 28-days strength. To address this issue, 

it is important to better understand how alkalis, metakaolin, limestone, and Portland cement 

content impact the alkali-activation 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 related to the fresh state, hardened 

state, and chemical amorphous and crystalline phases will be performed to relate the macroscale 

performance to microscale features.  
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Chapter 3  Preliminary investigation  

This chapter is based on the published conference paper Optimization of Hybrid Portland Cement 

– Metakaolin Binders3, presented in the 16th International Congress on the Chemistry of Cement 

(ICCC) 2023 and published here with the written permission of the ICCC Permanent Secretariat. 

I would like to acknowledge the contribution of co-authors Professor Leandro Sanchez and 

Professor Susan Bernal in the data analysis and revision process of this paper. Further discussion 

and data treatment on some of the results presented here can be found in Chapter 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 alkali-activated materials (AAMs). Amongst AAMs, hybrid 

alkaline binders appear to be the most industry-ready option, as their manufacturing process is 

similar to that of PC binders, they use milder doses of alkali-activators compared with other AAMs, 

and materials produced with those binders can develop excellent mechanical properties and high 

chemical resistance. However, the added complexity of these binders raises the need for further 

research to better understand and optimize them on a micro- to macroscale level. This study 

focuses on the optimization of hybrid alkali-activated metakaolin (MK) paste with varying PC 

content. The effect of the activator dose, in this case a sodium sulfate (NS) solution, was also 

evaluated. On a meso-to macroscale, the setting time and compressive strength of the samples were 

appraised, while conducting XRD and TGA on the hydrated cement pastes allowed 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 moderate amounts of activator, as shown by the strength 

of the 30%PC-5NS and 50%PC-10NS mixes surpassing that of the 50PC-0NS mix. These findings 

correlated well with microscale results which indicated greater extent of reaction from the raw 

precursors in the NS-activated mixes.  

KEYWORDS: Hybrid alkali-activated binders, calcined clay, multi-scale testing  

 
3 C. Monin, L.F.M. Sanchez, S.A. Bernal, Optimization of Hybrid Portland Cement – Metakaolin Binders, in: 16th 

International Congress on the Chemistry of Cement 2023 (ICCC2023), Thailand Concrete Association, Bangkok, 

2023: pp. 286–289. 
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3.2 Introduction 

The growing cement consumption worldwide is causing the construction industry to face crucial 

sustainability challenges. Finding sustainable and economical alternatives to traditional PC-based 

concrete has thus been a major focus of the scientific community in recent years and has driven 

the research in alkali-activated materials (AAMs) [1,2]. AAMs are a class of binders comprising 

amorphous aluminosilicate precursors activated with an alkaline activator solution such as sodium 

silicate, sodium hydroxide, or sodium 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 many non-carbon environmental categories [3]. 

Furthermore, both sodium silicate and sodium hydroxide are expensive and highly corrosive, 

which are major roadblocks on the path to large-scale industrialization of AAMs. Near-neutral 

salts, such as NS, have emerged as sustainable, user-friendly, and cost-effective alternatives to 

traditional activators [4]. Research on NS-activated binders remain scarce due to the delayed 

setting and strength gain that were observed for these materials [5]. The addition of PC clinker has 

however been found to improve the performance of NS-activated 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 TGA) of NS-activated 

MK-PC paste blends.  

3.3 Experimental methodology 

3.3.1 Materials and sample preparation 

In this study, different blends of hybrid NS activated MK–PC paste samples were manufactured. 

The chemical composition of the raw MK and PC precursors was evaluated by X-ray fluorescence 

(XRF) and can be found in Table 3-1. The mix-design follows a 2-level factorial design. The 

water/binder ratio and binder (MK+PC) content are kept constant for all mixes and their value are 

fixed at 0.55 and 480 kg/m3 respectively, 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 temperature (40° – 80°C) until 

complete 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 prevent carbonation and kept at room 

temperature (21 C) until testing.  

Table 3-1 Chemical composition of raw materials, determined by X-ray fluorescence (XRF) 

Material CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Others 

Metakaolin 0.385 62.5 29.8 1.23 0.42 - 1.75 0.18 0.77 

Portland cement 61.5 19.4 4.9 3.7 2.4 3.9 0.95 - 3.25 

 

3.3.2 Tests conducted 

The setting time of the samples was determined following ASTM C191 [8] using 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 samples of each mix 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 MPa/s [9]. At 6 

days of curing, a sample from each mix design was crushed in large chunks and their hydration 

process was arrested 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 carbonation. Powder X-ray 

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 2θ range between 5º and 50ºC. Thermogravimetric analysis (TGA) was conducted on 

powdered samples using the Q5000 TGA instrument at an ending temperature of 1000C and 

ramping rate of 20C/min.  
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3.4 Results and discussion 

3.4.1 Meso to macroscale analysis 

The results of Vicat needle testing illustrated in Figure 3-1 show that for mixtures with low PC 

content (10PC-0NS and 10PC-5NS), 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 would accelerate the reaction kinetics of cement [10]. On the other hand, for 

mixtures with high PC content (50PC-0NS and 50PC-5NS), the effect of NS was as anticipated, 

with the high NS content mix setting 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, which would 

explain the faster setting of mix 30PC-5NS in comparison with mixes 10PC-5NS and 10PC-0NS. 

The longer setting of 50PC-0NS and 50-5NS might be more correlated with the w/b of these mixes. 

Because the high surface area and plate-like shape of MK significantly 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., 10PC-5NS and 10PC-0NS). For the two 50PC mixes, the high w/b chosen led 

to a very flowable mix which may have artificially prolonged the setting of these mixes.  

 

Figure 3-1. Vicat needle testing measurements    Figure 3-2. Compressive strength at 1 and 6 days   

The compressive strength of the mixes at 1 and 6 days is shown in Figure 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 50PC-5NS and 50PC-0NS: strength is 42% higher for 

the 5NS mix after 1-day curing, 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 the 30PC-2.5NS mix performed similarly 

to the 50PC-0NS 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 

replacement. Nonetheless, these preliminary findings are drawn based on early age results, with 

cement paste samples of less than a week’s age. Longer testing duration are therefore needed to 

confirm this conclusion. Finally, it is important to note that the strength of all cement pastes 

remained quite low. This could be related to the 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 hybrid AAMs. 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.  

3.4.2 Microscale analysis 

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

content had a strong impact on the types of crystalline phases found in the binders.  

 

     Figure 3-3 XRD patterns of 6-days samples            Figure 3-4 TGA of the 6-days 50PC samples 

Hemicarboaluminate (HC) appears to be only forming in samples with no NS and is barely 

distinguishable at low PC (10PC-0NS). 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 only. The 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 (10PC-5NS). 

Figure 3-4 illustrates TGA results on the two mixes with the highest PC content (i.e., 50PC-5NS 

and 50PC-0NS). 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 to 200°C. This peak is likely 

associated with the decomposition of evaporable water and C-S-H, as 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 dissolution of the precursors in the 5NS mix, and because of the greater 

degree of ettringite formation in sulfate-activated binders. The former hypothesis would correlate 

with the compressive strength and setting time results reported for the two mixes. Indeed, 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 50PC-0NS paste only is further 

supporting this hypothesis. This peak indicates the decomposition of portlandite, but it is not 

observed in 50PC-5NS due to the consumption of the mineral by MK [13]. This suggests that more 

MK reacted in the sulfate-activated mix.  

3.5 Conclusions 

In this work, the properties of hybrid NS-activated MK-PC 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 benefited the strength of the samples. For the 

intermediate mix 30PC-2.5NS, the strength at 1 and 6 days was similar to that of the 50PC-0NS 

mix, thereby suggesting that higher levels of cement replacement could potentially be achieved 

with NS alkali-activation. This finding was correlated by the conduction of chemical analyses 

which revealed greater amounts of reaction products in NS-activated mixes.  

Finally, based on the overall low strength results obtained for all hybrid AAMs, it is suggested that 

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

a central composite design (i.e., a factorial DOE with axial points) are also suggested 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 surface of strength 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 release of large amounts of CO2. This is due to the high 

temperature required for calcination (i.e., over 1300°C) and the decomposition of calcium 

carbonate (CaCO3). PC is therefore the most pollutant component in concrete, and one of the most 

direct approaches to address this problem is therefore to replace it in concrete 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 type of SCM used, 

and it is often limited by the reduction in the compressive strength development that can be 

achieved at high replacement levels. To increase early strength development, the addition of an 

alkaline activator has been explored. The principle is the central idea behind alkali-activated 

materials (AAMs), which are a class of alternative binders formed through the reaction of 

aluminosilicate precursors4 with 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 alkali-activated binders (i.e., blend of low + high calcium aluminosilicate 

precursors) and hybrid alkali-activated binders (i.e., 20-30% PC + reactive aluminosilicate) remain 

less understood. These binders have been regarded by many authors as the most industry-ready 

and promising alkali-activated binder type [1–4].  

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

to those required without PC.  This is because 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 achieved, as well as the potential to use near-neutral salts 

as activators in place of sodium silicate and sodium hydroxide. Indeed, contrary to these activators 

which are largely unsustainable [5], costly, and highly corrosive, NS is an eco-friendly, user-

 
4 SCMs are part of the group of aluminosilicate precursors, but AAMs may also be 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 cost-effective alternative [6]. These advantages of NS have raised interest in the 

scientific community, and specifically for accelerating Portland cement hydration in traditional 

cements [7,8], or for reacting with various SCMs in AAMs [6,9,10]. In non-hybrid AAMs however, 

research on NS-activated binders remained scarce due to the delayed setting and strength gain that 

were observed for these materials compared to other activators [11]. Nevertheless, since the 

addition of PC clinker has been found to significantly improve the performance of NS-activated 

AAMs [12–14], the fresh and hardened state performance of NS-activated hybrids requires further 

investigation to help understand whether these behaviors would still occur.  

The impact of NS on alkali-activated and Portland cement binders has been studied by a few 

authors in recent years [6,8,10,11,15–20]. Bernal et al. found that hybrid AAMs made with 

metakaolin and PC could be successfully activated with NS, and reach high levels of PC 

replacement without losses in performance [11]. 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. Millán-Corrales et 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 early and later 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 kinetics and a 

densification of the pore structure. These findings were supported by the work of Marsh et al. on 

NS-activated limestone-containing slag AAMs [20].  

Interestingly, the work of Fu et 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 28-days strength was highest for the mix without added NS [10]. In a subsequent 

microstructural study [16], these authors correlated these findings to the lower capillary pore 

volume and pore size 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 finding aligns with what was found 

through the work of Mota et al. on the impact of sodium hydroxide and sodium sulfate on white 
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cement [8]. In their study, Mota et 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 alkali-boosted cements compared to cements without added alkalis. 

Nonetheless, they 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 ettringite formation, a high-volume hydrate which decreased 

capillary porosity. Recently, the study published by Zhou et al. on the impact of inorganic salts 

(including NS) on limestone calcined clay cements (LC3) showed that the behavior observed in 

slag AAMs by Fu et al. [10,16] and the one observed in pure Portland cement by Mota et al. [8] 

may also occur in these cements. Indeed, Zhou et al. 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 enhanced compressive 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 Millán-Corrales et al. [15] had found improved 

mechanical performance at 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 and few studies have yet been performed on NS-activated metakaolin hybrid 

AAMs.  In this context, this study strives to shed light on the fresh and hardened state properties 

of NS-activated hybrid binders by use of multi-scale techniques and statistical design of 

experiment (DOE) methods. It is necessary to investigate whether NS addition will impair the 

long-term strength of hybrid binders, and if so, to which extent. The 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 macroscale results 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 hybrid sodium sulfate-activated metakaolin (MK)-limestone 

(LS)-PC AAMs. The binder compositions were optimised based on the statistical analysis of the 

results of the preliminary investigation (see  Appendix A – Factorial design rationale). The 

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 below. Throughout this work, the term “early age 

properties” is used to refer to the cement pastes’ properties measured at 7 days and earlier, while 

the term “later age properties” refers to those measured after 7 days.  

 

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 



55 

 

presented together for clarity purposes. Finally, section 4.6 contains a framework for the mix-

design of hybrid AAMs.  

4.2.1 Factorial 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) optimization. The proportion of limestone 

and the amount of added sodium sulfate were determined based on the factorial design shown in 

Figure 4-2. Isothermal calorimetry is performed on the hybrid binders to 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 connectivity). A 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 thermogravimetric 

analysis (TGA) and X-Ray diffraction (XRD) after 90 days for the factorial points of the mix-

design. The testing matrix of this first part can be found in Table 4-1. 

 

Figure 4-2 Illustration of the factorial design 

Table 4-1 – Summary of mixes and testing matrix for ternary optimization 

Binder 

families 

PC 

(%) 

MK 

(%) 

LS 

(%) 

NS1 

(%) 

w/b Isothermal 

calorimetry 

Compressive 

strength 

Bulk 

ER 

XRD TGA 

5LS-0.5NS 30 65 5 0.5 0.5 X X X X X 
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25LS-0.5NS 30 45 25 0.5 0.5 X X X X X 

5LS-2.5NS 30 65 5 2.5 0.5 X X X X X 

25LS-2.5NS 30 45 25 2.5 0.5 X X X X X 

15LS-1.5NS 30 55 15 1.5 0.5 X X X   

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

4.2.2 Impact 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 features is explored. The hybrid AAM selected for this experiment is 

the binder with highest early strength (i.e., 3 and 7 days) in 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 are performed at 3, 7 and 28 days. Since a slowing down of strength 

gain at 7 days and onwards is usually observed for high early strength binders containing 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 

The amount of PC and the range of added NS in the hybrid binders were determined based on the 

statistical analysis of the results of the preliminary investigation (see Appendix A – Factorial 

design rationale). For all mixtures, Portland cement content was fixed at 30 wt.% and water-to-

binder ratio was set at 0.5. This w/b ratio is the minimal one to achieve suitable workability of the 

stiffest mix (i.e., mix with highest MK content). The 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 in Figure 4-2). The oxide composition of Portland cement and 

metakaolin can be found in Table 4-2. 

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 per [22]. 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 replacement of PC + LS. 

Table 4-2 – Oxide composition (wt.%) of Portland cement and metakaolin determined by XRF 

  CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O P2O5 TiO2 MnO S Zn Sr 
LOI* &  

others 

PC 66.4 18.6 4.1 4.0 1.3 0.7 0.2 0.1 0.3 0.1 1.2 0.0 0.2 2.9 

MK 0.4 62.5 29.8 1.2 0.4 1.8 0.2 0.0 0.7 0.0 0.0 0.0 0.0 2.9 

*LOI stands for loss on ignition 

4.3.1 Fresh state testing 

Isothermal calorimetry to determine the hydration kinetics of the tested binders was performed on 

all mixes, based on the ASTM C1702 [23] method B. All cementitious powders were equilibrated 

to the temperature of the isothermal calorimeter room (23C) for 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 of needle penetration 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.   

4.3.2 Mechanical 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’s ends were ground for compressive strength testing. Compressive strength was 

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 bulk electrical resistivity, was performed using Giatec’s instrument, RCON.  The 
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conduction of this test was done on paste cylinders in accordance with ASTM C1876-24 [26]. 

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 ohms obtained by the instrument, electrical 

resistivity () was calculated according to the equation below:  

𝜌 =
𝐴 ∗ 𝑅

𝐿
(4.1) 

where A is the cross-sectional area of the specimen, L is the specimen’s length, and R is the 

specimen’s electrical resistance.  

4.3.3 Microscale testing 

In the first set of experiments, during the factorial optimization of the samples, one sample of each 

factorial point (i.e., 5LS-0.5NS, 5LS-2.5NS, 25LS-0.5NS and 25LS-2.5NS) was removed from 

the humidity chamber after 90 days, while in the second set of experiments, one sample per mix 

was removed at 3, 7 and 28 days. The goal of microscale testing was to determine the type of 

reaction products forming in the binders, with the aim to understand in more detail how the reaction 

of these novel cements is occurring. To achieve this, two techniques were applied: XRD 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 progresses, while TGA provided 

indirect information about the potential degree of reaction of the binders and was useful 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 pastes’ hydration process was arrested with isopropanol. Two consequent 

filtrations with ethanol were then conducted, 10 minutes apart. The pieces were dried at 40 °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 source and a diffracted beam monochromator. 

The samples were scanned over a 2θ range between 5º and 60ºC. TGA was conducted on powdered 

samples using the Q5000 TGA instrument at an ending temperature of 800 °C and ramping rate of 

20 °C /min.  



59 

 

Several phases were quantified from the TGA results, based on the procedure in [27]. It is 

commonly agreed upon that the weight loss occurring below 105 °C is mostly due to evaporable 

water loss [27]. As presented in [28], hydrate water (H) can be quantified as follows: 

𝐻 =
𝑤40 − 𝑤550

𝑤550
 (4.2) 

where w40 is the weight loss at 40 °C and w550 is the weight loss at 550 °C. 

Portlandite (Ca(OH)2) 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 by [27,28]: 

𝐶𝑎(𝑂𝐻)2 =
𝑤400 − 𝑤500

𝑤500
∗

74

18
 (4.3) 

where 74/18 corresponds to the molar mass ratio of Ca(OH)2 (74 g/mol) and H2O (18 g/mol). 

Finally, calcium carbonate (CaCO3) decomposes to CaO and water above 600 °C. Taking again in 

consideration the molar mass of CaCO3 of 100 g/mol and the molar mass of CO2 of 44 g/mol, the 

following formula may be used: 

𝐶𝑎𝐶𝑂3 =
𝑤600 − 𝑤800

𝑤800
∗

100

44
 (4.4) 

4.4 Factorial optimization of ternary hybrid binders  

4.4.1 Isothermal 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. This induction 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 growth of calcium silicate hydrate (C-S-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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4.4.1.1 Early 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 as C3A peak). However, it is interesting to note that the central mix 

(15LS-1.5NS) did not display the same decrease and had a similar height to that of the 5LS-0.5NS 

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 have the potential to enhance the early age 

reactivity by providing additional nucleation sites [6,9,10], 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 higher 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 broader and 

higher. This shows that the additional sodium sulfate provided benefited the reaction in the first 

hours of hydration. The fact that 15LS-1.5NS performed similarly to 5LS-0.5NS also illustrates 

that the slightly detrimental impact of lower amounts of metakaolin may be balanced by an 

increase in NS content. To further analyze the impact of sodium sulfate on the calorimetry curves, 

mixes 5LS-0.5NS and 5LS-2.5NS, as well as mixes 25LS-0.5NS and 25LS-2.5NS were plotted 

separately in Figure 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 the 5LS-2.5NS mix has higher values 

for the first day of testing, but from 30 hours onwards, both 5LS-2.5NS and 25LS-2.5NS appear 

to attain the same plateau. The behavior of mixes 5LS-0.5NS and 25LS-0.5NS is similar, however, 

their plateau occurs after more than 2 days, or 50 hours. The mix 15LS-1.5NS has the highest 

cumulative heat flow, slightly above both 2.5NS mixes. From this discussion, it appears that the 

kinetics are heavily influenced by the proportion of sodium sulfate, with limestone content only 

impacting the cumulative heat flow for the first one or two days of alkali-activation.  

4.4.1.2 Understanding 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 hydrates (C-S-H) formation, which is the 

main strength giving phase and raises the need for more sulfate to cover all available surface areas 

and temporarily inhibit the aluminate reaction. In Figure 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 second peak is expected to be higher than the first. It is the sign that the silicate peak (i.e., the 

smaller peak) occurred first, and then the aluminate peak occurred after the depletion of gypsum. 
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However, when the highest peak comes first, it shows that there was not enough sulfate to 

temporarily arrest C3A 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 curves, it is possible 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 from that of water-activated 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.  

 

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

4.4.2 Macroscale testing 

4.4.2.1 Compressive strength 

The evolution of compressive strength for the mixes of the factorial design is reported in Figure 

4-5. At day 3, the best performing mixes were 15LS-1.5NS (13 MPa) and 5LS-0.5NS (13.6 MPa). 

Both mixes incorporating 25% of limestone displayed lower strengths, independently of their 

sodium sulfate content. For the mix with 5LS-2.5NS, there was a reduction in strength of 10% 

associated with the increase of sodium sulfate content but no such reduction was observed between 

25LS-2.5NS and 25LS-0.5NS. 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 NaSO4 

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 (15LS-1.5NS) performed better at day 7, with an average 

strength of 15.4 MPa. At day 28 however, all mixtures presented very similar strength (19-21 

MPa), apart from the 5LS-0.5NS mix which reached a strength of almost 26 MPa at day 28.  

 
Figure 4-5 - Compressive strength of hybrid alkali-sulfate activated metakaolin/limestone pastes 

as a function of Na2SO4 content, and curing duration 

From these results, it appears that the impact of limestone and sodium sulfate, as well as their 

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% are detrimental to early 

strength, particularly at 3 days, but it appears to be less significant for 28 days’ strength. Secondly, 

the sodium sulfate content does not seem to have the same effect at 3 and 7 days depending on the 

limestone content. At lower metakaolin and higher limestone contents, a detrimental impact of 

Na2SO4 is observable at 7 days and onwards, while it occurs as early as 3 days for low 

limestone/higher metakaolin contents. From past studies [30–32], it is already known that stronger 

concentrations of alkalis or higher content of high SSA materials such as both metakaolin and 

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 than 25LS ones since 
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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 that the limits on hydration growth in 

smaller pores may have impacted the strength gain of 25LS-2.5NS 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 reported in Figure 4-5. From the values 

shown, it appears that between day 3 and day 7, the smallest increments in strengths are associated 

with mixes 5LS-0.5NS (2% increase) and 5LS-2.5NS (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 day 7 are achieved at day 3 by 5LS 

mixes. On the other hand, between 7 and 28 days, the highest strength increments are for mixes 

25LS-0.5NS (62% increase) and 5LS-0.5NS (85% increase). Mixes with 2.5NS also experienced 

strength gain between 7 and 28 days, but they were lower, with 54% and 57% of increase. 

Moreover, the 15LS-2.5NS mix, which had the highest strength at 3 and 7 days, only saw a 36% 

increase in strength between the ages of 7 and 28 days. From this discussion, it appears that the 

strength increases between 3 and 7 days were more governed by binder composition (limestone 

and metakaolin content), while strength gains between 7 and 28 days were more influenced by 

sodium sulfate content. The impact of the limestone and sodium sulfate factors will be further 

discussed in the statistical analysis of this work (section 4.4.3).  

4.4.2.2 Bulk electrical resistivity 

The bulk resistivity of all families at different testing ages is shown in Figure 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 in Figure 4-6b. This graph shows that half of the families 

follow a similar pattern (i.e., 15LS-1.5NS, 25LS-0.5NS and 5LS-0.5NS), while the other half (i.e., 

25LS-2.5NS and 5LS-2.5NS) display a different behavior. The first group, containing 1.5% of 

sodium sulfate or less, displays resistivity values ranging from 40 to 60 Ω-mm at 3 days, 130 to 

170 Ω-mm at 7 days, and 260 to 390 Ω-mm at 28 days. On the other hand, the mixes with 2.5% 

Na2SO4 reached 140 Ω-mm at most at 28 days. The 5LS-2.5NS mix was performing the worst, 



65 

 

with resistivity values ranging from 22 Ω-mm at 3 days, to 40 Ω-mm at 28 days. From these results, 

it appears that high sodium sulfate concentrations significantly affect resistivity past a certain 

threshold, found to be around 1.5% for limestone contents of 5 to 25%. This appears particularly 

critical for low limestone contents (i.e., 5LS-2.5NS 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 porosity of cementitious systems. It 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. 

  

 

Figure 4-6 –(a) Box plot and (b) individual families plot for bulk resistivity measurements.  
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Mota et al. (2018) [8], showed that the presence of alkalis can lead to greater capillary porosity in 

Portland cement-containing systems due to the interaction between alkalis and Portland cement. 

A greater NS content would lead to more alkalis, and therefore, might affect the capillary porosity. 

However, the difference in bulk resistivity between 25LS-2.5NS and 5LS-2.5NS cannot be 

explained by this interaction as both alkalis and Portland cement content are constant for both 

mixes. At all testing ages, the 5LS-0.5NS mixes had higher resistivity values than their 25LS-

0.5NS counterparts, while the opposite behavior is displayed for -2.5NS mixes. The reason for this 

behavior could be related to the reaction kinetics of the binder systems. At high levels of 

metakaolin and sodium sulfate, 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 down of the 

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 improvement of resistivity at later ages.  

4.4.3 Macroscale statistical analysis 

4.4.3.1 Factorial 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 15LS-1.5NS). 

 
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 initial average impact (3 - 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 concentration. The 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 28-days strength will be negative. This behavior is understandable 

from a kinetics point of view, as a proper dosage of sodium sulfate is generally expected to enhance 

early age strength but may also lead 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 section 4.4.2, strength gain between 

3 and 7 days was governed by the limestone content used to replace metakaolin. Higher amounts 

of metakaolin accelerated the kinetics and improved 3 days’ strength, but did not substantially 

affect 7 days strength, while the opposite occurred for mixes with higher amounts of limestone. 

This may partially explain why most mixes had similar 7-day strength, independently of their 

limestone and sodium sulfate content. 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 on the 28-days strength illustrate 

that at certain ratios of replacement, the limestone reaction slightly benefits later age strength.  
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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 independent 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 shown in Figure 4-8 and in Table 4-3, 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 strength as 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 metakaolin/lower amounts of limestone. 

Table 4-3 Slopes of interaction lines 

Time % LS Slope 

3 days 
5% 0.35MPa/% of NS 

25% 0.05MPa/% of NS 

7 days 
5% 0.05MPa/% of NS 

25% 0.275MPa/% of NS 

28 days 
5% 1.175MPa/% of NS 

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

To further understand the impact that the individual factors and their interactions had on the 

strength of the mixes, a two-way analysis of variance (ANOVA) was performed for each testing 

age results. Table 4-4 shows that the most significant impact of limestone and sodium sulfate 

occurred at day 3. At this testing age, the p-values 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.  

Table 4-4 Two-way ANOVA - compressive strength results 
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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 hand, at day 28, 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 did 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 contributed to a slight 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 section 4.4.2 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). 

4.4.3.3 Response surface methodology optimization 

The response surface of all mixes at 3, 7 and 28 days are plotted in Figure 4-9. RSM plots were 

designed based on strength (f’c) modelling with the formula below: 

𝑓′𝑐 = a𝑁𝑆 + 𝑏𝐿𝑆 + 𝑐(𝑁𝑆 ∗ 𝐿𝑆) + 𝑑𝑁𝑆2 + 𝑒𝐿𝑆2 

Where a, b, c, 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 found in Chapter 7 Appendix B – 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 with respect 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 15LS-1.5NS mix has similar strength to the 5LS-0.5NS 

one, despite having 3 times more limestone. At 7 days, this mix is also the best performing, as the 

curvature of the RSM plot shows (Figure 4-9b). Metakaolin being the most reactive component 

apart from the fixed Portland cement, it could have been expected that 5LS-0.5NS or 5LS-2.5NS 

would have better early age properties than 15LS-1.5NS. The results obtained therefore show that 

the level of NS matters 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 observed in Figure 

4-9c, as strength values first start to go down along the y(NS)-axis. From Figure 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.  

 

Figure 4-10 Contour plot of the difference in strength between 3 and 28 days  

4.4.4 Microscale testing 

To understand 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 in the binders.  

4.4.4.1 TGA  

Thermogravimetric analysis (TGA) was conducted after 90 days of curing for all factorial points 

(i.e., mixes 5LS-0.5NS, 5LS-2.5NS, 25LS-0.5NS and 25LS-2.5NS). The peak around 120 °C 

associated with hydrate products and the amount of hydrate water calculated from equation (4.2) 

(see section 4.3.3) are shown in Figure 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 formation. The variations in LS and NS contents played a role at earlier ages, but 

after 90 days of curing, all mixes appear to have reached a similar extent of product formation.  
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Figure 4-11 TGA and DTG of hybrid binders at 90 days 

 

Figure 4-12 Calculated percentage of hydrate water, portlandite and calcium carbonate 

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 calcite from limestone and may also be attributed to 

carbonation in the samples. The difference in peak depth between 5LS and 25LS mixes is 

attributable to the difference in LS content. However, the calculated amounts of calcite from 

Figure 4-12 show that there is a small increase 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 thermal decomposition as calcite was 

formed, because of the added Na2SO4, or more calcite participated in the formation of other 

products for mixes with lower amounts of Na2SO4. This could occur if the excess of NS would 

have hindered the reaction of limestone to form 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 AFm phases such as 

hemicarboaluminate and monosulfoaluminate. However, as summarized in Lothenbach et al. [27], 

AFm phases will mostly decompose between 60 °C and 350 °C, with minor CO2 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 would be associated 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 would be required to identify the products formed from CaCO3. 

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. 

4.4.4.2 XRD 

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 25LS-2.5NS displayed very similar heights for their diffraction peaks, with only the 

calcite peak of 25LS-2.5NS appearing to be higher than that of its 0.5NS counterpart. From this 

observation, it appears that the increase in Na2SO4 dosage 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 5NS-0.5NS had a larger monosulfoaluminate peak slightly 

before 9° and a reduced ettringite peak at 9°. It also displayed a hemicarboaluminate peak around 

11° that did not appear in mix 5NS-2.5NS. 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 crystalline phases 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 based on the 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 25LS-0.5NS and 25LS-2.5NS both displayed 

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 25LS-0.5NS 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 Na2SO4 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, showed the interaction of limestone and sodium 

sulfate. It also showed that the most successful mix with respect to early strength, mix 15LS-1.5NS, 

had lower strength values than both 5LS- and 25LS-0.5NS mixes. Based on the microscale analysis 

of the factorial mixes at 90 days (see section 4.4.4), 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 development 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 15LS-1.5NS is compared to a “15LS-0NS” mix of similar binder 

composition (constant MK-LS-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.  

4.5.1 Early kinetics 

4.5.1.1 Isothermal calorimetry 

The first observation that can be made about the isothermal curves of 1.5NS and 0NS in Figure 

4-14a are that they both have an initially high peak, followed by a lower and broader peak. As 

discussed in section 4.4.1, this geometry of the curves is indicative of an undersulfated system. 

The C3S or “silicate” peak seems particularly affected in the case of 0NS, as it is possible to notice 

that it is reduced to a very low and broad peak. Nevertheless, even with the addition of 1.5% of 

Na2SO4, the amount of sulfate ions added did not manage to inhibit the aluminate reaction in the 

15LS-1.5NS 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 sulfate amounts incorporated to the 

mixes, gypsum should be added until sulfate balance is reached.  
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Figure 4-14 (a) Isothermal calorimetry curves and (b) cumulative heat release of NaSO4-

activated pastes vs non-activated 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 

0NS aluminate peak occurred after 6 hours, the 1.5NS aluminate peak occurred after more than 

7.5 hours. Comparing the two peaks reveals that the 0NS 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 NS content would promote the dissolution of metakaolin which is 

expected to participate significantly in the aluminate reaction. This is also highlighted in Figure 

4-14b, which shows the final heat release in both 1.5 and 0NS binders. Indeed, the higher heat 
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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 section 4.4.2 which had shown that higher NS 

amounts were beneficial to the initial strength (3-days strength).  

4.5.1.2 Setting 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 0NS. In Figure 4-15, it is possible to observe 

that the NaSO4-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 the 15LS-0NS 

mixture and the sample still had not reached complete setting. A penetration depth of 25 mm was 

achieved after 155 mins for this mixture, which is more than twice the time it took for the sodium 

sulfate activated mix.   

 
Figure 4-15 Setting time of NaSO4-activated pastes vs non-activated pastes 

From these results, the role of NaSO4 in 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 occur within 

one to two hours of placement.  
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4.5.2 Microscale testing 

4.5.2.1 TGA 

Thermogravimetric analysis (TGA) was run on the water and sodium sulfate activated samples at 

3, 7 and 28 days (Figure 4-16). In Figure 4-16a 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. Typically, C-S-

H type phases and ettringite are found around 100-120°C [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 0NS sample (i.e., -7% derivative weight loss versus -5% for 

0NS) and it is drastically reducing at day 28 in both samples. This may indicate that a metastable 

phase is forming in early ages, and that it later converts to another product. In the 0NS sample, it 

appears that the 120°C peak increases as the 70 °C peak is getting smaller, which may be a sign 

that the metastable phase converts into C-S-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 carbonation, but it would have 

normally been associated with an increase in calcite. Additionally, the 65-75 °C peak is not present 

in the factorial samples’ TGA run after 90 days (see Figure 4-11). This reinforces the hypothesis 

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 study by Chaipanich et al. (2019), the 

authors attributed a peak around 85 °C to N-A-S-(H) gel. N-A-S-(H) gel may convert to C-A-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 that N-A-S-(H) would form in either of the binders. 

Instead, C-S-H and C-A-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 with pure low calcium binders [33–35].  

A more plausible explanation for this peak is that it corresponds to the first water loss from 

monosulfate, which occurs between 50 and 100 °C [27,36]. This hypothesis would explain why 

the peak is larger for 1.5NS samples than for 0NS ones. Monosulfate formation normally occurs 

because of the reaction of C3A with gypsum to form ettringite (equation 4.4) which then reacts 

with the remaining C3A to convert to monosulfate (equation 4.5) [37].  
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𝐶3𝐴 + 3𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂 + 27𝐻2𝑂 → 𝐶3𝐴 ∙ 3𝐶𝑎𝑆𝑂4 ∙ 33𝐻2𝑂 (4.4) 

2𝐶3𝐴 + 𝐶3𝐴 ∙ 3𝐶𝑎𝑆𝑂4 ∙ 33𝐻2𝑂 + 9𝐻2𝑂 → 3𝐶3𝐴 ∙ 𝐶𝑎𝑆𝑂4 ∙ 14𝐻2𝑂 (4.5) 

Monosulfate is usually not as common in limestone and metakaolin containing binders. This is 

because the carbonate ions will usually consume the excess of calcium sulfate (CaSO4) that would 

have reacted with C3A to form monosulfate and instead react with portlandite and the alumina and 

silica from metakaolin to form monocarbonate phases [38]. Therefore, there remains two issues 

with the hypothesis that the 65 to 75 °C peak is associated with monosulfate. The first is that 

ettringite should be spared from converting to monosulfate due to the addition of 15% of limestone 

to the mixes. The second is that it remains unclear why monosulfate would form between 3 and 7 

days and disappear at day 28. If it was forming a new product, other peaks should be increasing, 

which is not the case for sample 1.5NS. As for the sample without added sodium sulfate (0NS), 

the 120 °C peak does increase, which could show a conversion to another hydrate phase. Based on 

this data, the 70 °C peak may not be attributed to a particular phase with full confidence. 
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Figure 4-16 TGA and DTG of (a) 0% NaSO4 and (b) 1.5% NaSO4 at 3, 7 and 28 days 

The third peak of interest is the one slightly below 300 °C for both 0NS and 1.5NS samples. As 

reported by Lothenbach [27], a peak of 260 °C can be associated with the loss of water from the 

aluminum hydroxide of ettringite (AFt). It could also be associated with monosulfate or 

monocarbonate (AFm) decomposition as they both have a peak near 300 °C. In the case of 

monocarbonate, the first and main thermal loss occurs around 150 °C. This is interesting, since the 

peak at 290 °C for 0NS sample appears at day 28 and is associated with a notable increase in the 

120 °C peak, located in the range of the first main peak of monocarbonate. Monocarbonate’s 

thermal decomposition occurs in three steps: (1) thermal loss at 150 °C associated with interlayer 

dehydration, (2) thermal loss at 300 °C associated with depletion of octahedral water, and finally 

(3) thermal loss at 650 °C associated with the loss of CO2 [27]. It is thus very likely that 

monocarbonate could be the main product responsible for the third peak. It could have also 

contributed to the 120 °C peak attributed to C-(A)-S-H and ettringite, as well as the 700 °C peak 

attributed to calcite. The 1.5NS sample had a smaller peak at 275 °C and did not display the 

increase of the 120 °C peak that was observed for the water-activated sample. The lower extent of 

formation of AFm phases in 1.5NS could potentially indicate that the addition of sodium sulfate 

promotes the formation of non-hydrate products, such as zeolites. A deeper look into the crystalline 

phases with XRD might help shed light on this behavior.  
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Finally, the fourth peak of interest can be attributed mainly to calcite. Since this peak is mostly 

determined by limestone content, it is expected that both 0NS and 1.5NS have similar peaks at this 

temperature. Moreover, the depth of the peaks does not seem to change over time, showing that 

limestone remained largely unreacted. This finding is confirmed in Figure 4-17 which shows a 

constant calcite content from 3 to 28 days.  

 

Figure 4-17 TGA quantification of phases 

From Figure 4-17, the hydrate water content at ages 3 and 7 appears higher for the sample with 

1.5% NaSO4, but the amount inexplicably drops after 28 days for this mix. The higher hydrate 

water amounts in early ages correlate well with the accelerated kinetics of this mix compared with 

the 0NS mix, as shown in the early kinetics section (see section 4.5.1). It also explains the 

improved mechanical performance showed by this mix between 3 and 7 days. Nonetheless, it is 

unexpected that the hydrate water amount would decrease between two ages. It could be 

hypothesized that this behavior is related to hydrate products converting to non-hydrate products 

or to hydrates with lower water content. This could for example occur if a high-water containing 

hydrate such as ettringite was converting to another phase with lower water content. Further 

microscopic investigations are required to determine what products may be transforming and 

accounting for the decrease in hydrate water content. Regarding portlandite content, both 0NS and 

1.5NS appear to have very little portlandite forming. This is most likely linked to the high amounts 

of metakaolin and sodium sulfate that will react with the portlandite at early ages.   
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4.5.2.2 XRD  

The diffraction peaks of the water activated, and NS activated mix at 3, 7 and 28 days measured 

with XRD is shown in Figure 4-18. Similarly, as for the factorial mixes at 90 days shown in section 

4.4.4.2, the main peaks are attributed to ettringite, monosulfoaluminate, gypsum, 

hemicarboaluminate, quartz and calcite. It is interesting to observe that both the height and 

distribution of the peaks are similar across different mixes and for different testing ages. It was 

hypothesized that the 1.5NS sample could have zeolite forming between the ages of 7 and 28 days 

and which could account for the conversion of the 65 °C peak into non-hydrate products. However, 

this was not observed in the XRD data. Furthermore, as discussed in the previous section, this 

65 °C peak might correspond to monosulfoaluminate. Based on the XRD data, it does appear that 

monosulfoaluminate is forming in all mixes, but it is not possible to determine whether it is 

diminishing at 28 days. Moreover, the reduction in the hydrate water content for the 1.5NS was 

tentatively attributed to the possible conversion of high-water content hydrates such as ettringite 

into lower water content hydrates or non-hydrates. Due to the similarity between the diffraction 

peak profiles at various ages, it is not possible to confirm or not this hypothesis. The conduction 

of Rietveld refinement would be an additional step that could be used to investigate the likelihood 

of this explanation. 

 

Figure 4-18 XRD of 0% Na2SO4 and 1.5% Na2SO4 binders 
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4.6 Proposed framework for hybrid AAMs mix-design 

Based on the findings of this work, it is recommended that the design of hybrid metakaolin AAMs 

activated with sodium sulfate is done with the following steps: 

(1) Determine the binder composition in terms of metakaolin, limestone and Portland 

cement to meet later age performance requirements and sustainability goals. The 

addition of alkalis will accelerate the kinetics and may lead to greater reaction from the 

SCMs, which may ultimately improve later age performance. However, the presence of 

alkalis may also hinder later age strength through its negative impact on the pore structure 

and through phase instability. Therefore, the addition of alkalis should not be considered 

at this stage. 

(2) Determine the required added sulfate to achieve sulfate balance. Sodium sulfate will 

provide sulfate ions to the cementitious systems, but it might not be enough to achieve 

sulfate balance. In such cases, gypsum should be added as well, based on preliminary 

isothermal calorimetry testing. 

(3) Determine the minimum required alkali content to achieve the prescribed early age 

properties. Alkalis will improve early age strength, but the added quantity should be 

minimized to ensure that the strength development of the binder is not hindered, and that 

28-days strength is not impaired.  

(4) Re-evaluate the binder composition if the required 28-days strength is not reached. If 

the minimum alkali content to achieve early age strength is too high and affects 

significantly later age strength, re-evaluate the binder composition. 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 to reach the required 

early age strength.  

This framework is designed for projects requiring a specific 28-days strength, and only considering 

this requirement (i.e., not addressing slump, setting or other fresh state needs). Nevertheless, 

applications in the field will greatly vary from one project to another, and the research on sodium 

sulfate-activated hybrid AAMs is not developed sufficiently for a precise mix-design strategy to 

be suggested. The guidelines presented here are intended as a first step towards the design of a 

more comprehensive and applicable framework for the mix-design of hybrid AAMs.  



85 

 

4.7 Conclusion 

This study focused on understanding the evolution of macroscale and microscale properties of 

hybrid sodium sulfate-activated MK-PC mixes with varying limestone and sodium sulfate contents. 

A factorial design of experiment was used to investigate the influence of limestone and sodium 

sulfate by themselves and in combination with each other. The selection of one mix from the 

factorial design optimization experiments was also done to conduct further microscale testing on 

a high early strength mix and compare the measured microscale properties with those of water-

activated mix of similar binder composition.  

Multiscale testing between 0 and 90 days yielded the following conclusions: 

• Isothermal calorimetry testing showed that the addition of up to 2.5% of Na2SO4 is not 

sufficient to achieve sulfate balance in mixes with 45 to 65% of metakaolin, 5 to 25% of 

limestone and 30% of Portland cement. Both sodium sulfate and metakaolin enhances 

aluminate reaction. At an optimal amount of sodium sulfate found around 1.5%, the 

cumulative heat flow is maximized, and higher 3-day and 7-day strengths are reached.  

• Setting time is significantly shortened when NS is added to 15LS-30PC-55MK mixes. 

Isothermal calorimetry results have shown that higher heat flows and cumulative heat flow 

occurred for these mixes in comparison with water-activated ones. Therefore, it is shown 

that NS indeed contributes to both an enhancement and acceleration of the kinetics.  

• Compressive strength testing revealed that an optimal combination of 15% of limestone, 

65% of metakaolin and 30% of Portland cement activated with 1.5% sodium sulfate yields 

the best early day results with respect to strength. However, 28 days’ strength was 

maximized when decreasing the limestone content to 5% and the sodium sulfate content to 

0.5%. Furthermore, the statistical analysis performed on the strength results highlighted 

that there were non-negligible interactions between the levels of sodium sulfate and 

limestone. This correlates with the enhancement of the aluminate peak observed in 

isothermal calorimetry due to both MK (which LS replaces) and NS contents. The effect 

of sodium sulfate on strength appears to be dependent on the whole binder composition, 

and not only on the Portland cement fraction.  
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• Bulk resistivity testing showed an upward trend of values in time, but the two mixes with 

high NS content retained low values, even at 28 days. It is hypothesized that these mixtures 

had higher porosity due to the excess of alkalis causing high capillary porosity and that the 

kinetics acceleration induced by NS addition may be stunting further porosity refinement. 

• TGA testing after 90 days revealed similar amounts of hydrate water for the different mixes, 

but lower amounts of calcite for mixes with low NS content. It is suggested that some 

calcite may have been used to form AFm phases in mixes with 0.5% of Na2SO4. Indeed, 

the XRD diffraction patterns of 5LS-0.5NS shows the presence of additional AFm phases 

that do not appear in 5LS-2.5NS. Based on this finding, it is hypothesized that the excess 

of sodium sulfate may hinder later age AFm phases formation.  

• It was found through TGA and XRD testing of NS-activated versus water-activated mixes 

that the formation of a metastable product decomposing at a range of 65-75 ºC occurred in 

both mixes. However, the disappearance of this TGA peak at 28 days and the absence of 

increase in other hydrate peaks for the NS-activated sample suggest the conversion of this 

reaction product to a non-hydrate or low water content hydrate. In addition to the limited 

AFm product formation, this could lead to lower later ages strength for hybrid binders with 

high NS contents.  

• Based on the findings, a framework for mix-design of hybrid metakaolin AAMs containing 

limestone was proposed. 
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Chapter 5  Conclusions and Research Recommendations 

This research focused on the optimization of hybrid alkali-activated binders as sustainable 

alternatives to traditional Portland cement. It also aimed at investing how early kinetics and 

microscopic features were affected by the presence of sodium sulfate. The background section of 

this thesis highlighted that there was a need to combine previous knowledge on blended and alkali-

boosted Portland cements with knowledge on the chemistry of hybrid alkali-activated materials. 

Investigating hybrid alkali-activated binders through both of these lights can be a first step towards 

helping the scientific community better understand how should high volume SCMs binders be 

designed. This should be done with the objective to maximize Portland cement replacement, while 

achieving both high early age strength and meeting the requirements of later age strength. The 

acceleration of kinetics provided by the addition of alkalis in hybrid AAMs enable their use of 

high amounts of SCMs as replacement of Portland cement. However, mix-proportioning for these 

binders remains not fully understood, and more research is needed on how different binder 

components (i.e., Portland cement, limestone, metakaolin, sodium sulfate) would affect the early 

and later ages micro- and macroscale properties.  

The first part of this work is to be found in Chapter 3. It focused on the factorial optimization of 

binary sodium sulfate-activated metakaolin-Portland cement blends with varying Portland cement 

and sodium sulfate. Early age macroscale properties such as setting time and compressive strength 

between 1 and 6 days were investigated first, followed by TGA and XRD at 6 days. This research 

found that sodium sulfate played an important role in accelerating the setting time of cement paste 

with 30% of Portland cement and more. Through TGA and XRD, it was apparent that sodium 

sulfate could help enhance the reaction and extent of product formation. It also found that the 

maximum Na2SO4 used (5%) was too high, and that a maximum of 2.5% should be chosen for the 

next set of experiment. Finally, based on the compressive strength results, the mix with 30% of 

Portland cement was the minimum optimum mix in terms of Portland cement content. Therefore, 

the next investigation was performed with a fixed Portland cement content of 30% and a varying 

sodium sulfate content of 0.5 to 2.5%.  

The second part of this work is developed in Chapter 4. Based on conclusions derived from Chapter 

3, this subsequent study was undertaken to further investigate sodium sulfate-activated ternary 

limestone-metakaolin-Portland cement blends. A factorial design of experiment was again used to 
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choose the mix binder compositions, varying limestone, and sodium sulfate contents. The testing 

program included isothermal calorimetry, compressive strength, bulk electrical resistivity, XRD 

and TGA testing. The use of RSM plots and other statistical plots and tools allowed to further 

understand the significance of the parameters’ influence on the materials’ strength. It was found 

that the improved early age performance of sodium sulfate mixes was linked to the enhancement 

of aluminate reaction caused by the greater dissolution of metakaolin due to the increase in sodium 

sulfate content, and which can occur as well when metakaolin content itself is raised. The better 

early age properties of hybrid AAMs with higher sodium sulfate and metakaolin contents is thus 

related to the acceleration of reaction kinetics, a result of the high concentrations of sodium sulfate 

and the presence of high amounts of metakaolin’s large specific surface area particles. 

Nevertheless, it was verified that the faster the reaction took place, the lower long-term age 

strength were. In Chapter 4, it was possible to relate this behavior to two main causes: the first was 

the lower porosity of the hybrid binders which had enhanced and accelerated early kinetics and the 

second cause was the formation of more metastable products for sodium sulfate-activated binders 

than water-activated binders. High sodium sulfate samples were indeed characterized with much 

lower bulk electrical resistivity values than their low to moderate counterparts from 3 days to 28 

days. A TGA experiment run at day 3, 7 and 28 demonstrated that there was a decrease in hydrate 

water at 28 days for the sodium sulfate-activated sample, while the water-activated one showed an 

increase. From the TGA data, it appears that some of the hydrates forming in sodium sulfate-

activated binders could be converting to non-hydrates or to hydrates with lower water content. The 

potential phases instability in these binders might lead to the creation of voids in the pore system 

and decrease the performance at later ages.  

More research should be conducted on the hybrid AAMs studied in this work to further understand 

the underlying mechanisms behind the strength evolution of mixes with varying amounts of 

limestone, metakaolin, Portland cement and sodium sulfate. Future work on this topic should 

include porosity measurements to correlate the distribution of voids and the volume of capillary 

voids to mechanical performance. Performing Rietveld refinement on the XRD results could also 

benefit the analysis of results by providing semi-quantitative estimates of some of the crystalline 

phases forming. The use of scanning electron microscopy on pastes from 3 to 90 days would also 

provide additional insights into the changes in microstructure induced by sodium sulfate and 
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limestone addition. Moreover, since it was found that the addition of 1.5% of sodium sulphate led 

to optimal early strength result for a mix with 30% of Portland cement, it would be interesting to 

conduct additional experiments with lower amounts of Portland cement and investigate how the 

optimal amount of sodium sulfate might be affected by this change in composition. Future work 

should strive to develop experimental models correlating hybrid AAMs’ binder composition and 

their mechanical properties. Finally, durability testing would need to be conducted to gain insight 

on the long-term performance of hybrid AAMs. Through the conduction of durability test, it would 

be possible to evaluate the financial and carbon-related life cycle costs of these binders. This is an 

essential step towards implementing their large-scale use.  
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Chapter 6  Appendix A – Factorial design rationale 

6.1 Preliminary experiment  

6.1.1 Design of preliminary experiment 

 

Figure 6-1 Factorial design of the preliminary investigation 

In the preliminary investigation, a factorial design was used to evaluate the behavior over the range 

of NaSO4 of 0 to 5 wt.% of total binder and over the range of Portland cement of 10 to 50 wt.% of 

binder fraction (Figure 6-1). Vicat needle testing and early age compressive strength (i.e., 1 - 6 

days) was conducted to assess respectively the fresh and early mechanical performance of the 

mixtures. To understand better the differences between the mixes, XRD was performed on the 

factorial points (i.e., 10PC-0NS, 10PC-5NS, 50PC-0NS and 50PC-10NS) and TGA was performed 

on 50PC-10NS and 50PC-0NS. TGA was used to determine if a greater extent of product formation 

is associated with the addition of sodium sulfate at a fixed Portland cement content. A summary 

of the mixes and associated testing can be found in Table 6-1.  

This first testing program was aimed at shedding light on the interaction between sodium sulfate 

and Portland cement, and particularly, its effect on setting, strength, as well as the distribution and 

relative amounts of phases forming.  
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Table 6-1 Summary of mixes and testing matrix for preliminary investigation 

Binder 

families 

PC 

(%) 

MK 

(%) 

NS1 

(%) 

w/b Vicat 

needle 

Compressive 

strength 

XRD TGA 

10PC-0NS 10 90 0 0.55 X X X  

10PC-5NS 10 90 0 0.55 X X X  

30PC-2.5NS 30 70 2.5 0.55 X X   

50PC-0NS 50 50 5 0.55 X X X X 

50PC-5NS 50 50 5 0.55 X X X X 

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

6.1.2 Response surface methodology outcomes  

This section will focus on the impact that Portland cement and NaSO4 played on 1-day and 6-day 

strength since one of the main goals of this research is to minimize Portland cement content, as 

well as determine an appropriate range of sodium sulfate content to promote both early and later 

age strength. The analysis of the factors’ impact on strength is illustrated in Figure 6-2. It shows 

that, while Portland cement content enhances strength at both ages similarly, the increase in 

strength provided by NaSO4 almost disappears at 6 days. This is consistent with the work of 

numerous authors, which had shown that the addition of alkalis improved properties in the very 

early days (1-3 days), but that the difference no longer appeared at 7 days. It must be noted that 

the concentration of NaSO4 used was particularly high, which also plays a significant role. To 

determine if a lower concentration might have been beneficial, the RSM plots of 1-day and 6-day 

strength are shown in Figure 6-3.  
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Figure 6-2 Main effect of Portland cement and sodium sulfate on strength at 1 and 6 days 

The 3D RSM plots were plotted based on the modelling of strength (f’c) with the formula below: 

𝑓′𝑐 = a𝑁𝑆 + 𝑏𝑃𝐶 + 𝑐(𝑁𝑆 ∗ 𝑃𝐶) + 𝑑𝑁𝑆2 + 𝑒𝑃𝐶2 

Where a, b, c, d and e are constants, and NS and PC are the individual factors. This second-degree 

polynomial formula was used to account for the curvature in the response. However, in factorial 

design without axial points, and with only a central point, the curvature can only be accounted by 

the data around the central point. This is important in the analysis of the plots in Figure 6-3, since 

it is possible to observe that the upward trend in strength values along the y-axis (NS-axis) was 

not effectively captured. On the other hand, the increase in strength due to PC content is easy to 

observe on the graphs. Also, even though 50% of PC yields the highest strength, the observation 

of a yellow-colored area from 30 to 50% of PC indicates that almost as desirable strengths are 

attained with 30% of PC inclusion. Based on this result, 30% is the minimum optimum chosen for 

Portland cement for the ternary hybrid pastes optimization.  
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Figure 6-3 RSM of the (a) 1-day and (b) 6-day compressive strength of investigation samples 

Regarding sodium sulfate content, since the RSM was not able to effectively capture the behavior, 

another strategy is adopted. In the case of optimal range of NS content, it is not only strength at a 

certain age that matters, but that the increase in strength between two ages remains as high as 

possible. Since it is known that sodium sulfate may negatively impact later ages strength, this 

factor will play a large role in the ternary hybrid optimization trial where the pastes will be cured 

for up to 28 days. In Figure 6-4, the difference in strength between 1 and 6 days is therefore plotted.  

 

Figure 6-4 Contour plot of the difference in strength between 1 and 6 days  

It is interesting to observe that to achieve at least 1 MPa of strength increase, the maximum amount 

of NaSO4 is around 2% for a PC of 50% but falls to 1.5% at a PC level of 30%. This shows that 

the optimal level of NS in the system is first governed by PC content.  
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6.1.3 Design of “Multiscale statistical investigation of hybrid metakaolin alkali-

activated binders” 

Based on the findings of the preliminary trial, for a ternary blend of varying (limestone + 

metakaolin) blend with a fixed Portland cement (PC) content, there could be an optimum amount 

of sodium sulfate, regardless of the percentages of metakaolin and limestone. To investigate this 

hypothesis, the factorial experiment discussed in Chapter 4will be designed around the optimum 

PC-NS combination, 30PC-1.5NS. 

In this ternary optimization trial, all mixes will have a Portland cement content of 30%, but sodium 

sulfate (NS) content will vary between a low end at 0.5% (below the found maximum NS content 

for 30PC) and a high end at 2.5% (higher than the found maximum NS for 30PC). Limestone (LS) 

will be added to the mixes, in the range of 5 to 25% of binder weight. The detailed schematic can 

be found in Figure 6-5. 

 

Figure 6-5 RSM outcomes - boundaries for ternary optimization experiment 
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Chapter 7 Appendix B – Residual plots 

 

 

 

Figure 7-1 Residual plots for factorial model 


