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RÉSUMÉ 

Face à la finitude des ressources de la terre et de sa capacité d’absorption de la pollution, 
le développement d’écobétons pour un futur industrialisé durable représente un défi 
majeur de la science du béton moderne. En raison de sa nature hétérogène complexe, les 
propriétés macroscopiques du béton dépendent fortement des constituants de sa 
microstructure (ex. silicates de calcium hydratés [C–S–H], Portlandite, inclusions 
anhydres, porosité, agrégats, etc.). De plus, la nécessité d’une exploitation rapide et 
optimale des matériaux cimentaires émergents dans les applications industrielles 
demande de nos jours une meilleure compréhension de leurs particularités chimico-
mécaniques à l’échelle micrométrique. Cette thèse vise à développer une méthode de 
pointe de couplage de la nanoindentation et de la spectroscopie quantitative aux rayons X 
à dispersion d'énergie (NI-QEDS), puis à fournir une caractérisation chimico-mécanique 
originale des phases microstructurales présentes dans les matrices réelles de ciments 
mélangés. La combinaison d’analyses NI-QEDS statistiques et déterministes a ainsi 
permis d’élargir la compréhension des systèmes avec ciment Portland et ajouts 
cimentaires (ACs) conventionnels ou alternatifs. Plus spécifiquement, l’étude des           
C–(A)–S–H (C–S–H incluant l’aluminium ou non) dans différents systèmes à base de 
ciments mélangés a montré des compositions différentes pour cet hydrate (variations 
dans les taux de Ca, Si, Al, S et Mg), mais ses propriétés mécaniques n’ont pas été 
significativement affectées par l’incorporation des ACs dans des dosages typiques. Les 
résultats présentés ont aussi démontré le rôle important des autres phases imbriquées 
dans la matrice de C–(A)–S–H, soit les inclusions anhydres dures (ex. le clinker et les 
ACs) et les autres hydrates tels que la Portlandite et les hydrates riches en aluminium 
(ex. les carboaluminates) avec des propriétés mécaniques plus élevées que celles des      
C–(A)–S–H. La thèse est basée sur cinq articles couvrant : (1) une analyse NI-EDS de 
systèmes incorporant des volumes élevés de pouzzolanes naturelles; (2) le développement 
de la méthode NI-QEDS; des analyses statistiques NI-QEDS (3) de systèmes avec 
cendres volantes et laitier, et (4) d’un système combinant ciment, calcaire et argile 
calcinée; et (5) une exploration déterministe NI-QEDS de systèmes conventionnels et 
alternatifs incorporant la poudre de verre, le métakaolin, le laitier ou la cendre volante. 
Finalement, en plus d’avancer les derniers modèles et méthodes micromécaniques, l’outil 
développé a fourni une perception chimico-mécanique originale des phases 
microstructurales et de leur arrangement. Le dévoilement de la signature chimico-
mécanique de ces pâtes de ciments mélangés particulièrement complexes offre un savoir 
unique pour l’ingénierie des bétons de demain. 

 
Mots-clés : éco-bétons, ajouts cimentaires (ACs), liants alternatifs, silicates de calcium 
hydratés (C–S–H), microstructure, EDS quantitatif, micromécanique, nanoindentation. 
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ABSTRACT 

Facing the limitedness of the earth’s resources and pollution absorption capacity, the 
development of eco-concrete for a sustainable industrialized future is one of the major 
challenges of modern concrete science. Due to its complex heterogeneous nature, the 
macro-scale properties of concrete strongly depend on the microstructure constituents 
(e.g., calcium-silicate-hydrates [C–S–H], Portlandite, anhydrous inclusions, porosity, 
aggregates, etc.). Moreover, the need for rapid and optimal exploitation of emerging 
binding materials in industrial applications urges today a better understanding of their 
chemo-mechanical features at the micrometer scale. This thesis aims at developing a 
state-of-the-art method coupling NanoIndentation and Quantitative Energy-Dispersive 
Spectroscopy (NI-QEDS), and providing an original chemo-mechanical characterization of 
the microstructure phases in highly heterogeneous matrices of real blended-cement 
pastes. The combination of statistical and deterministic NI-QEDS analysis approaches 
opened new research horizons in the understanding of Portland-cement systems 
incorporating conventional and alternative supplementary cementitious materials 
(SCMs). More specifically, the investigations of C–(A)–S–H (C–S–H including aluminum 
or not) in different blended-cement systems showed variable compositions for this 
hydrate (i.e., Ca, Si, Al, S and Mg contents), but the mechanical properties were not 
significantly affected by the incorporation of SCMs in typical dosages. The presented 
results also showed the important role of the other phases embedded in the C–(A)–S–H 
matrix, i.e., hard anhydrous inclusions (e.g., clinker and SCMs) and other hydrates such 
as Portlandite and Al-rich hydrates (e.g., carboaluminates) with mechanical properties 
higher than those of the C–(A)–S–H. The thesis is based on five articles focusing on: (1) 
the NI-EDS investigation of high-volume natural pozzolan systems; (2) the development 
of the NI-QEDS method; the statistical NI-QEDS analyses of (3) fly ash and slag blended-
cement systems and of (4) a limestone-calcined-clay system; and (5) the deterministic   
NI-QEDS exploration of alternative and conventional systems incorporating glass 
powder, metakaolin, slag or fly ash. Finally, the developed tool not only advanced the 
latest micromechanical methods and models, but also provided original chemo-
mechanical insights on the microstructure phases and their arrangement. Unveiling the 
chemo-mechanical signature of these highly-complex blended cement pastes further 
provided unique knowledge for engineering concretes for tomorrow. 

 
Keywords: Eco-Concrete, Supplementary Cementitious Materials (SCMs), Alternative 
Binders, Calcium-Silicate-Hydrate (C–S–H), Microstructure, Quantitative EDS, 
Micromechanics, Nanoindentation. 
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CHAPTER 1  
 
INTRODUCTION 

1.1 General context and industrial problems 

The cement and concrete industry is currently facing two fundamental challenges: 
reducing the environmental footprint of cement while increasing the service life of 
concrete structures. On the one hand, concrete is criticized for its environmental impact 
because the production of Ordinary Portland Cement (OPC) is estimated to represent 
about 5–10% of global anthropogenic CO2 emissions [1,2]. As most of these emissions are 
caused by decarbonation of limestone during OPC production, it cannot be reduced 
significantly and the industry seeks for alternative binders to partially replace OPC. 

On the other hand, reinforced concrete infrastructure built in the past century too often 
exhibits premature failure when exposed to aggressive environments. The many 
structures build in the 1960s in Quebec (Canada) represent a local example, which 
currently requires major investments due to the degradation from exposition to harsh 
winter conditions (with chloride ions from de-icing salts penetrating reinforced concrete 
and causing the corrosion of rebars). The colossal investments necessary for 
rehabilitation or reconstruction of these structures prompted new requirements of much 
longer service life for new structures to be built (e.g. more than 125 years for non-
replaceable elements of complex bridges [3]).  

In the last decades, the use of industrial and agricultural wastes as Supplementary 
Cementitious Materials (SCMs) for partial cement replacement was found to be a good 
approach to address these two challenges of the industry. The use of SCMs not only 
reduces the use of OPC and the associated emissions, but it can also increase the 
mechanical properties and concrete durability against different types of aggressive 
environments. Therefore, the availability of conventional SCMs (i.e., coal Fly Ash [FA], 
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ground-granulated blast-furnace Slag [S] and ferrosilicon industry Silica Fume [SF]) is 
nowadays becoming insufficient to meet the increasing demand for these materials (e.g., 
fly ash production is decaying with the closure of coal power plants). Different other by-
products may be used as alternative SCMs, but they should be locally produced to limit 
the environmental impacts caused by transportation. In Quebec, where the production of 
conventional SCMs is very limited, the use of finely ground glass powder (GP) represents 
a promising solution which is being adopted by the concrete industry [4–18], after more 
than a decade of development by the Chaire SAQ de valorisation du verre dans les 

matériaux (CVVM) lead by professor Arezki Tagnit-Hamou. This use of post-consumption 
glass generates great benefits for the society, such as improving concrete environmental 
footprint and durability with a local material, while adding value to a municipally 
collected material lacking viable market outlets in certain regions (e.g. in Quebec). 

If GP represents one example, several alternative SCMs are under development 
worldwide (e.g., natural pozzolans, metakaolin or limestone calcined clay cement, LC3), 
but their real-life industrial adoption is generally very slow due to the lack of long-term 
data on the performance of these new systems. This conservatism of the concrete 
industry triggers the need for improved understanding of the effects of SCMs on concrete, 
which is rapidly evolving but remains incomplete, particularly with respect to 
microstructure properties at smaller scales (e.g., the C–S–H matrix). Furthermore, a 
sustainable future will require increasingly higher levels of OPC replacement in concrete, 
as well as the use of the full potential of each SCM into complex optimally proportioned 
multi-material cementitious composites. Understanding the specific contribution of each 
SCM and their synergetic effects thus represents a contemporary challenge for concrete 
experts in the quest for engineering concrete for the future. 

1.2 Research problem and approach 

The societal need to transform recovered by-products into environmentally friendly 
durable concrete motivates fundamental and applied research on SCMs. One important 
research question to be addressed in the current decade is: how could the specific 

contributions of different conventional and alternative binding materials be combined for 

multi-scale engineering of highly sustainable concrete? 
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Although answering this question requires colossal research efforts, the current thesis 
aims to contribute to the solution by improving micro-characterization tools and by 
providing new insights on the role of selected SCMs in cementitious matrices. 

To ensure comprehensive understanding of the effects of the SCMs on the macro-scale 
properties of hardened concrete, a multi-scale investigation approach enables the 
identification of the different modifications to the complex concrete microstructure. As 
illustrated in Fig. 1.1 from Constantinides et al. [19], concrete may be divided into four 
characteristic scales: the C–S–H solid (level ‘0’), the C–S–H matrix (level I), the cement 
paste (level II) and the mortar and concrete (level III).  

 

Fig. 1.1. Characteristic scales of the concrete material [19]. 

The level ‘0’ is generally investigated with models and simulations because of the 
miniaturization limits of the experimental methods, whereas tools have been developed 
to investigate the other three levels experimentally. Although this thesis focuses mainly 
on levels I and II, the literature review covers the four levels, which represent useful 
knowledge to understand the work of this thesis and its role for engineering the complex 
multi-scale material that is concrete. 

In addition, this thesis employs a micro-chemo-mechanical approach bridging knowledge 
from the fields of concrete microstructure and concrete micromechanics. This has been 
achieved by combining the expertise of Prof. Arezki Tagnit-Hamou specialized in physico-
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chemistry and microstructure of emerging concrete technologies and head of the Research 

Laboratory on Alternative Cementitious Materials (LMCA), with the expertise of Prof. 
Luca Sorelli, specialist in multi-scale characterization and head of the Laboratory for the 

Chemo-Mechanical Characterization of Materials' Microstructure (L(CM)2M). 

1.3 Research objectives 

As a contribution to improving the multi-scale understanding of blended-cement 
concrete, this thesis aims to: quantitatively characterize microstructure particularities 

responsible for macro-scale mechanical properties of promising cementitious matrices 

containing conventional and alternative supplementary cementitious materials. 

This is to be achieved by fulfilling the following sub-objectives: 

- To explore the full potential of the latest micro-chemo-mechanical investigation 
tool available in cement literature (i.e., statistical coupling of NanoIndentation 
and qualitative Energy-Dispersive Spectroscopy, NI-EDS) through its application 
to promising and intriguing cementitious pastes; 

- To develop a novel state-of-the-art method to overcome the qualitative limitations 
of the current method (i.e., include quantitative EDS analyses into a NI-QEDS 
method); 

- To examine blended-cement pastes with the NI-QEDS method and provide 
original characterization of the hydrous and anhydrous phases composing the 
complex microstructure, both in terms of quantitative chemo-mechanical 
properties and in terms of the arrangement of phases. 

1.4  Originality 

The originality of this work emerges mainly from the novelty of the methods employed 
and developed to achieve the research objectives (i.e., the combination of advanced micro-
chemo-mechanical experimental techniques with statistical and deterministic 
interpretation approaches). Such methods enabled clear linkage between microstructure 
and micro-mechanical properties, which had been difficult to do so far. Moreover, the 
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comprehensive investigation of several systems including both conventional blended-
cement pastes and emergent systems with alternative SCMs provided key knowledge on 
the properties and role of different phases encountered in systems with higher 
complexity than typical OPC pastes. According to the author, this work represents an 
essential step towards multi-scale engineering of sustainable concrete for the future. 

1.5 Thesis storyline 

After the introduction, this thesis begins with a review exploring the basics of Portland 
cement and SCMs hydration, followed by a multiscale description of the hardened paste 
microstructure. The core of the thesis is then based on five papers which progressively 
develop a comprehensive understanding of chemo-mechanical properties of 
microstructure phase properties and arrangement in complex blended-cement pastes. 
First, Chapter 3 employs the previously developed SNI-EDS method (Statistical coupling 
of NanoIndentation and qualitative EDS analyses [20]) on high-volume natural pozzolan 
cement pastes, with the aim to uncover the microscale mechanisms responsible for the 
promising macro-scale properties of these systems. To address limitations of the SNI-
EDS method, Chapter 4 develops a state-of-the-art automated method coupling 
NanoIndentation and Quantitative EDS (NI-QEDS) while demonstrating the 
complementarity of statistical and deterministic interpretation approaches with a 
comprehensive investigation of a typical Portland cement paste. Furthermore, the same 
dataset is investigated with the univariate, bivariate and multivariate statistical 
analysis methods currently employed in literature, evincing advantages and limitations 
of each method. Chapter 5 and Chapter 6 both employ the herein developed NI-QEDS 
method with the statistical approach, first to reveal chemo-mechanical properties of 
cement matrices with fly ash and slag, and then to illustrate the properties of the 
complex assemblage of C–A–S–H, Al-rich hydrates and anhydrous grains in a limestone 
calcined clay cement paste. Chapter 7 then applies the deterministic NI-QEDS approach 
to unveil the micro-chemo-mechanical properties of the C–(A)–S–H and other 
microstructure phases in blended-cement pastes incorporating typical dosages of fly ash, 
slag, metakaolin and glass powder. Finally, the conclusion summarizes the main findings 
and contributions, before suggesting research directions for the future. 
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CHAPTER 2  
 
STATE OF THE ART  

To set the framework of this thesis, this chapter first reviews the basics of Ordinary 
Portland Cement (OPC), supplementary cementitious materials (SCMs), and their 
hydration. The core of the literature review then covers the four levels composing the 
multi-scale structure of hardened concrete, with a focus on the physico-chemistry of each 
scale and the methods available for its investigation. Initiated before the experimental 
work, this review not only considers the aspects of cement pastes investigated in this 
thesis, but rather sets a global framework for multi-scale research on hardened concrete. 
Furthermore, the introduction of each article presented in Chapters 3–7 includes more 
specific complementary details. 

2.1 OPC, SCMs and hydration 

OPC may be considered as the “glue” of modern concrete: it hydrates and sets with water, 
binds the aggregates together, and is responsible for strength and durability. This section 
presents OPC, SCMs, as well as their reaction mechanisms. This general knowledge on 
anhydrous binders and hydration should contribute to understanding the in-depth review 
of multi-scale hardened properties presented in section 2.2. 

2.1.1 Ordinary Portland cement 

OPC is produced by firing at about 1450°C a mixture of ground raw materials (limestone, 
clay, quartz and others) having a composition of about 67% CaO, 22% SiO2, 5% Al2O3, 3% 
Fe2O3, and 3% other components [21]. This energy-intensive burning process results in 
reactive cement clinker, which is co-ground with gypsum to produce cement. 
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2.1.1.1 Major phases 

According to Taylor [21], normal Portland cement is generally composed of 50–70% alite, 
15–30% belite, 5–10% aluminate and 5–15% ferrite. Alite is an impure form of tricalcium 
silicate, or C3S according to the common cement chemistry nomenclature reproduced in 
Fig. 2.1. Alite is mainly responsible for the early strength development upon contact of 
cement with water. 

 

Fig. 2.1. Abbreviations used to describe cement chemistry [21]. 

Belite is dicalcium silicate (C2S) altered by ionic substitutions and generally present in 
clinker as the β polymorph. Its reactivity with water is much slower than that of alite 
and thus, it contributes to strengths mostly after 28 days. Aluminate is impure 
tricalcium aluminate (C3A) which reacts rapidly with water – sometimes causing rapid 
setting. This is generally prevented by the addition of gypsum to the cement, favouring 
the formation of ettringite, C6AS3H32, instead of stronger aluminate hydrates. Ferrite is 
impure tetracalcium aluminoferrite (C4AF) in which the Al/Fe ratio may deviate from 
unity. Its rate of reaction depends on its composition, but it is generally slower than that 
of the other phases. 

2.1.1.2 Hydration 

Upon contact with water, silicate phases are believed to hydrate on average as per Eq. 
(2.1) and Eq. (2.2) [22]. Nevertheless, Calcium-Silicate-Hydrates (C–S–H) are formed in a 
gel-like amorphous structure of variable composition and water-saturation state. C–S–H 
of different Ca/Si ratios may thus coexist in the same cementitious system: Ca/Si 
generally ranges between 1.5 and 2 for C–S–H formed by OPC hydration [23]. The 
binding properties and strength of the hydrated cement paste are generally attributed to 
C–S–H. The hydration of silicates also releases Portlandite (CH), which contributes to 
the elevated pH of the cement paste’s pore solution. It must be noted that the hydration 
of alite (~C3S) generates ~4 times more CH compared to the hydration of belite (~C2S). 



2.1. OPC, SCMs and hydration 9 
 

 

𝐶%𝑆 + 4.23𝐻 → 𝐶../𝑆𝐻0.1% 	+ 1.3𝐶𝐻 (2.1)  

𝐶0𝑆 + 3.58𝐻 → 𝐶../𝑆𝐻%.06 	+ 0.3𝐶𝐻 (2.2)  

The hydration of the aluminate and ferrite phases leads to the formation of different 
possible aluminoferrite hydrates. A first family consists of the AFm (AluminoFerrite-
mono) phases which are represented by the general formula C3(A,F)•CaX2•yH2O, where 
X may be an exchangeable singly charged anion or half of a doubly charged anion [21]. 
Thus, the type and stability of each AFm type in cement pastes are function of its 
distinctive anion, as shown in Table 2.1 for the most common AFm phases in cement 
pastes. AFt (AluminoFerrite-tri) phases have the general formula C3(A,F)•3CaX•yH2O 
and form similarly as AFm, but with higher ratios of CaX to C3(A,F). The most important 
AFt in cement paste is ettringite in which the X anion is SO90: (C3A•3CaSO4•32H2O). 

 

Table 2.1. Thermodynamic stability of selected AFm phases at 25 °C [24]. 

Eq. (2.3) presents a set of chemical equations derived for pure clinker phases and used by 
Florea and Brouwers [25] to model the saturated hydration of OPC. Note that the 
stoichiometry of these equations represents idealized clinker phases, whereas the real 
industrial clinker phases contain ionic substitutions and crystallographic defects [21]. 

 

(2.3)  

2.1.2 Blended-cements hydration 

To improve durability and sustainability of concrete, blended cements have been 
developed by partial replacement of OPC with fillers or SCMs. These SCMs are generally 
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industrial wastes which can be valorized in concrete, thus reducing CO2 emissions 
associated with the production of cement clinker. The SCMs react simultaneously and in 
synergy with cement to increase mechanical properties and durability. This is generally 
explained by two main mechanisms: the filler effect and the pozzolanic reaction.  

2.1.2.1 The filler effect 

Blending OPC cement with finely ground mineral additions increases the hydration rate 
of the clinker phases, even if the addition is inert (e.g., limestone filler). As summarized 
by Lothenbach [26], this phenomenon is named the “filler effect” and may be explained by 
two phenomena: (1) at the same water-to-solid ratio, extra space exists for growth of 
hydrates from clinker as the filler does not generate hydrates; (2) particularly for small 
filler particles, the surfaces serve as nucleation sites for the growth of cement hydrates. 

This second mechanism was validated by linking simulations to experimental 
calorimetric experiments: during the first 24 hours, the effect of replacing 10% of OPC by 
silica fume was measured experimentally and found to be equivalent with a simulated 
increase of 30% of the nucleation sites of an OPC paste [26]. As shown in Fig. 2.2, the 
nucleation effect also influences the hydration of the aluminate phase responsible for the 
second peak (or shoulder) on the calorimetric curves, particularity for inert additions of 
elevated fineness (rutile and corundum in this example). 

 

Fig. 2.2. Heat evolution of OPC blends with inert additions of diverse fineness: corundum 
(5.4 m2/g), rutile (9.1 m2/g) and quartz (0.76 m2/g), as presented by Lothenbach et al. [26]. 
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2.1.2.2 The pozzolanic reaction  

The pozzolanic reaction occurs between amorphous siliceous (or aluminosiliceous) 
material and calcium hydroxide (lime or Portlandite) to form C–S–H, as in Eq. (2.4) [27].  

𝑥𝐶𝐻 + 𝑦𝑆 + 𝑧𝐻 → 𝐶>𝑆?𝐻@A>	 (2.4)  

As described by Lothenbach et al. [26], the dissolution of the amorphous silica follows an 
attack by the OH– ions and thus requires an elevated pH of 12 to 14 to occur (the rate of 
reaction increases with alkalinity). The alkalinity of the pore solution of hydrating 
blended cements builds up over the first few days, due to the release of alkalis and 
calcium hydroxide (CH). Thus, the pozzolanic reaction is usually negligible in the first 24 
hours and strength gains observed with SCMs in the first day are mainly due to the filler 
effect. Furthermore, the reaction is much slower than cement hydration and its rate may 
be reduced even more in the case of high levels of cement replacement by SCM: the 
pozzolanic consumption of CH reduces the alkalinity required for silica dissolution. 

The presence of alumina in SCMs results in additional reactions leading to the formation 
of AFm and AFt products like those obtained with the hydration of C3A. Also, high 
concentrations of Al (e.g., in metakaolin) leads the formation of Calcium-Aluminum-
Silicate-Hydrates (C–A–S–H) in addition to C–S–H, as described by Eq. (2.5) [27]. 

𝐴𝑆0 + 3𝐶𝐻 + 𝑧𝐻 → 𝐶– 𝑆–𝐻@:D + 𝐶0𝐴𝑆𝐻6 (2.5)  

 

2.1.3 Conventional SCMs 

SCMs were adopted by the concrete industry over the last decades to improve specific 
properties, e.g., increase strengths, reduce heat of hydration or improve resistance to 
chemical attacks. The nature and physical properties of five SCMs are presented in 
Table 2.2 and their chemical compositions are listed in Table 2.3. Fly ashes, ground 
granulated blast-furnace slag and silica fume are generally considered as the 
conventional SCMs, whereas metakaolin may be included in the alternative SCMs. 
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Table 2.2. Nature and physical properties of widely used SCMs [23]. 

 

Table 2.3. Chemical composition of widely used SCMs [23]. 

Fig. 2.3 shows a visual comparison of the chemistry of SCMs in the CaO–Al2O3–SiO2 
ternary diagram. On the one hand, SCMs with higher CaO contents leaning towards the 
composition of Portland cement have hydraulic properties as they contain all the 
elements required to form binding hydrates (e.g., C–S–H and/or C–A–S–H). On the other 
hand, SCMs near the Al2O3–SiO2 edge of the triangle are mainly pozzolanic as they 
require an external supply of lime for the reaction to occur.  
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Fig. 2.3. CaO–Al2O3–SiO2 ternary diagram of cementitious materials [28]. 

2.1.4 Alternative SCMs 

If SCMs improve properties of concrete while reducing the environmental footprint, the 
local availability (e.g., fly ash in Quebec) and/or the costs (e.g., silica fume) often limits 
their use. Simultaneously, other local waste materials or by-products have great 
potential as alternative SCMs (ASCMs). 

To allow the use of these new materials in concrete, the Canadian Standard Association 
added to the Cementitious materials compendium A3000 a section named A3004-E1 – 
Standard practice for the evaluation of alternative supplementary cementing materials 

(ASCMs) for use in concrete. 

In the following subsections, selected ASCMs are briefly presented (i.e., glass powder, 
nano-spheroidized glass powder, natural pozzolans, calcined clays, and rice husk ash). 
Additional information on these ASCMs will be provided throughout the different themes 
covered in this review. 

2.1.4.1 Glass powder 

Glass Power (GP) is produced by micronization of post-consumption recycled glass, 
mainly composed of mixed colour glass bottle fragments (i.e. soda-lime glass). As 
reproduced in Table 2.4, GP contains mainly amorphous silica, with ~12% calcium oxide 
and ~13% sodium oxide [4]. Compared to other SCMs, the pozzolanic reaction of GP is 
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relatively rapid due to its elevated alkali content contributing to the increase of pH and 
favouring dissolution of silica.  

 

Table 2.4. Chemical composition of glass powder and cement, in mass % [4]. 

In addition, it must be acknowledged that soda-lime glass contains key ingredients 
(amorphous reactive silica and alkalis) to trigger the Alkali-Silica Reaction (ASR) with 
the formation of expansive gels. However, results by Idir et al. [11] showed that the 
particle size governed the reactivity of GP: the pozzolanic reaction was found substantial 
for fineness above 30 m²/kg, whereas ASR was detected for fineness below 4.5 m³/kg, i.e., 
D > ~1 mm. Furthermore, the use of finely ground GP (e.g., D50 = 8 µm) was found to 
reduce ASR expansion caused by reactive coarser glass particles, which was explained 
mainly by densification and strengthening of the cement paste [4]. 

This densification of the cementitious matrix also decreases pore connectivity and 
improves durability. As an example, Fig. 2.4 from Danilova [8] illustrates the significant 
reduction of chloride penetrability for concrete with GP after curing for 91 days [8–10]. 

 

Fig. 2.4. Rapid chloride ions penetrability test results (in Coulombs) for w/b = 0.55 
concretes incorporating glass powder (PV), metakaolin (MK) and silica fume (FS) [8]. 

2.1.4.2 Nano-spheroidized glass powder 

Another path to add value to post-consumption glass is the synthesis of Nanometric 
spheroidized Glass Powder (NGP) by induction plasma, as developed by Harbec et al. 
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[15]. This emerging technology aims to provide an alternative material to compensate the 
scarcity of silica fume. Literature data is limited on the subject, but ongoing research is 
pursued on different aspects such as optimizing the nanoparticles dispersion by 
functionalization of surfaces, or using NGP in a new generation of Ultra-High-
Performance Glass Concrete (UHPGC). Notably, optimal replacement of cement and 
quartz powder by NGP and GP in UHPGC proved to be a promising alternative to 
conventional UHPC, with both strength and sustainability benefits [5,6,16–18]. 

2.1.4.3 Natural pozzolans 

Natural Pozzolans (NP) may be defined as “either a raw or calcined natural material that 
has pozzolanic properties (for example, volcanic ash or pumicite, opaline chert and 
shales, tuffs, and some diatomaceous earths)” [29]. Thus, NP includes a wide range of 
materials with variable physical, chemical and mineralogical characteristics. The 
properties of NP concrete thus depend on the NP composition and reactivity, its grinding 
and its blending with cement [30–35]. Similarly as for high-performance, high-volume fly 

ash (HVFA) concrete with cement contents below 50% [36], high-volume natural pozzolan 

(HVNP) concrete can exhibit promising engineering properties given an adequate choice 
of the NP type, concrete mix design and water-to-binder ratio, as investigated by Uzal 
and co-workers [33,37]. HVNP systems with highly amorphous NP (e.g., volcanic tuffs) 
[33] or highly crystalline NP (e.g., zeolites) [37] were found to provide strengths similar 
to that of reference Portland cement system, with complete consumption of Portlandite 
after 28 to 91 days and a reduced number of pores larger than 50 nm. 

2.1.4.4 Calcined clays 

Calcined clays (CC) are produced by controlled calcination of different types of clays, such 
as kaolinite, illite, montmorillonite, chlorite, or smectite. The nature and composition of 
different clays result in different thermal processes as shown in Fig. 2.5a. The reactivity 
of CC depends on a dehydroxylation process of the octahedral sheets of the clays which 
results in amorphous reactive material [38]. Each type of clay thus has an optimal 
calcination temperature, and recrystallization may occur on further heating. The effect of 
calcination on the reactivity of CC is illustrated in Fig. 2.5b, which shows the 
consumption of CH as a function of temperature for different types of clays [39]. 



16 CHAPTER 2.  STATE OF THE ART 
 

    

Fig. 2.5. (a) Differential thermogravimetric analyses of several clays [38] and (b) Chapelle 
CH consumption test of different clays (kaolinites K1–K3, halloysite H1, smectites S1–S3 
and illite I1) after calcination at temperatures between 500°C and 900°C [39]. 

Metakaolin is currently the most employed CC, due to the relatively low temperature 
required for kaolinite calcination and to the important benefits obtained in concrete. 
These benefits include higher mechanical properties than an OPC reference with up to 
30% OPC replacement [40], and increased durability with respect to sulfate attack and 
alkali-silica reaction (explained by a reduction of capillary pores and permeability [41]). 
Due the high aluminum contents of CC, concrete incorporating CC is expected to include 
increased C–A–S–H, carbonaluminates and ettringite contents [42]. 

2.1.4.5 Rice husk ash 

Optimal Rice Husk Ash (RHA) for use as an ASCM should have minimal carbon content 
(LOI < 8%) and maximal soluble amorphous silica content (up to 95–97%) with high 
specific surface area (ideally up to 10–20 m²/g) [43–47]. This may be produced by 
controlled calcination of rice husks with optimized temperature and residence time, 
followed by a grinding process to reach an average particle diameter of ~8 µm [46–48]. 

Maximal strength gains were obtained when replacing 20–30% of cement by RHA [49]. 
The internal porosity of RHA grains with a pozzolanic reactivity contribute to the 
reduction of pore size diameters and to the improvements of transport properties. As 
shown for example in Fig. 2.6 by Wilson [49], 20% RHA reduced the charge passed in the 
rapid chloride ions penetrability test down to the levels obtained using silica fume. 

(a) (b) 
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If RHA improves the hardened properties of concrete, it must be considered that RHA 
also affects workability by absorbing significant amounts of mixing water in its internal 
porosity. This leads to reduced effective w/c, increased SuperPlasticizer (SP) demand 
and possible shear thickening behaviour when using polycarboxylic-ester-based SPs [50]. 
The RHA content and the type of SP thus need to be optimized as a compromise between 
workability, mechanical performances and durability [50]. 

 

Fig. 2.6. Rapid chloride ions penetrability measured at 28 and 91 days, on concretes 
incorporating: OPC-only (1C-Ctrl); 5, 10, 15, 20% RHA (1C-R5–R20); 12% metakaolin 
(1C-M12); and ~8% silica fume (1C-SF) [49]. 

2.2 Multi-scale physico-chemistry of hardened concrete 

Properties of hardened concrete at the engineering scale can be related to 
physicochemical properties at four characteristic length scales, as defined in Fig. 1.1 by 
Constantinides & Ulm [19]. At the largest scale (Level III), concrete is a combination of 
aggregates (coarse and fine), hydrated cement paste, and an interfacial transition zone 
(ITZ) occurring in the paste around aggregates. The cement paste itself (Level II) is not 
homogeneous and is rather a porous structure composed of the different cement 
hydration products (C–S–H matrix, CH, AFm, AFt, etc.). The C–S–H matrix (Level I) is 
further detailed as a porous arrangement of low-density and high-density C–S–H. 
Finally, the smallest scale (Level 0) concerns the molecular arrangements of the C–S–H 
solid itself. This section presents a review of selected scientific publications regarding 
these four levels, with a focus on the influence of SCMs on physicochemical properties. 
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2.2.1 Level 0: The C–S–H solid 

Because of the sub-nanometric scale of level 0, descriptions of the C–S–H solid are 
generally achieved through models. This section thus presents a selection of key models 
used to improve the understanding of C–S–H. Ranges and classifications of C–S–H and 
C–A–S–H are then presented. The section ends by reviewing different approaches to 
measure intrinsic mechanical properties of C–S–H. Although level 0 will not be part of 
the experimental investigations in this project, the author believes that basic knowledge 
of the smallest scale is required to understand and investigate the larger scales.  

2.2.1.1 Key C–S–H models  

Several models for C–S–H have been proposed and refined over the last century. The 
following section thus aims to present a general overview of selected models, and more 
in-depth descriptions may be found in Taylor [21], Richardson [51], or Alizadeh [52].  

Structure-based models 

A first widely accepted model was proposed by Powers and Brownyard in 1947. The 
hydrated cement paste was considered as spheres 100 Å in diameter, separated by films 
of water of 6 Å and linked together by solid bonds, as schematized by B in Fig. 2.7a [53]. 
Upon drying, the film of water would evaporate leading to shrinkage, as schematized by 
C in Fig. 2.7a. These authors also introduced the concepts of non-evaporable water (water 
retained in P-dried state) and gel water (additional water retained upon saturation) [22]. 

     

Fig. 2.7. Schematic representation of the hydrated cement paste models by (a) Powers 
and Brownyard [53] and (b) Feldman and Sereda [52]. 

Feldman and Sereda [53] proposed a layered model for the C–S–H gel, as illustrated in 
Fig. 2.7b. In this model, tobermorite sheets are bound together by interlayer water, and 

(a) (b) 
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faults in the tobermorite sheets result in a disordered organization of the layers. This 
model explained different phenomena observed in cement pastes: drying shrinkage was 
justified by the evaporation of the adsorbed water leading to solid-solid interparticle 
bonds; irreversible creep was associated to relative displacements of adjacent layers (with 
possible breaking and reforming of interparticle bonds); reversible creep was explained 
with the liberation of the interlayer water under stress with possible interlayer water 
intake upon stress removal; expansions and contractions were associated with variation 
of capillary and adsorbed water above 35% RH, and dehydration-rehydration of the 
interlayer at lower RH. 

Jennings and co-workers presented another model in which the C–S–H solid occurs in 
globules of ~5 nm in diameter (see Fig. 2.8a) instead of the infinite sheets of the 
Feldman-Sereda model [54,55]. In this new model, the solid density is higher as the 
limited size of globules reduces the total amount of physically bound water. The authors 
demonstrated that, with a Ca/Si ratio of 1.7, the density of the C–S–H solid was 
2.604 g/cm³ and its formula was (CaO)1.70(SiO2)(H2O)1.80. As suggested in a later 
publication [56] and illustrated in Fig. 2.8b, C–S–H globules flocculate during setting and 
the packing of the microstructure increases with aging as the large gel pores (LGP) 
reduce in size while the globules align. 

    

Fig. 2.8. (a) Schematic diagram of the nanoscale C–S–H particles [55]. (b) The aging 
process schematically represented with the Jennings CM-II model. The matrix is 
composed of a structure of C–S–H globules spaced with small and large gel pores, 
respectively SGP and LGP [56]. 

(a) (b) 
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Composition-based models 

The modelling of C–S–H was also tackled from a molecular perspective by investigations 
of the arrangement of silicates, calcium and hydroxyl groups.  

Taylor and Howison [57] suggested approaching the C–S–H molecular structure by 
considering a 1.1-nm tobermorite structure (Fig. 2.9a represents a single layer) in which 
calcium atoms would replace bridging silicate tetrahedra, i.e., every third tetrahedron 
which does not share oxygen atoms with the central Ca–O part. Such replacement could 
allow the Ca/Si ratio of 0.8 associated with a relatively perfect tobermorite structure to 
increase up to ~1.7, typical of C–S–H. In addition, the variety of C–S–H compositions was 
explained by different concentrations of H2O, Ca2+, and OH- in the interlayer region. 

          

Fig. 2.9. (a) A relatively perfect tobermorite layer, with long chains and only a few 
missing bridging tetrahedra (triangles represent silicate tetrahedra of the two silicate 
chains; filled circles represent the central Ca–O part of the layer; interlayer molecules 
are not shown, i.e., H2O, Ca2+, and OH-), and (b) a distorted layer with several bridging 
tetrahedra missing, allowing tilt, rotation or displacement of silicates in the b axis [58]. 

Other authors such as Viehland et al. [59] proposed that the structure of C–S–H was 
related to that of jennite, particularly for very old pastes [60].  

Taylor [61] proposed a model in which the disordered layer structure of C–S–H consists 
of a mixture of both jennite and 1.4-nm tobermorite polymers. It is worth noting that 1.1-
nm and 1.4-nm tobermorite differs only by the unidimensional lattice shrinkage 
occurring because of the interlayer water loss when heated above 55°C [21]. As dimeric 
1.4-nm tobermorite and jennite structures are believed to have a Ca/Si ratio of about 
1.25 and 2.25, respectively, Taylor’s model provided a plausible explanation for the 
elevated Ca/Si ratio of C–S–H in cement pastes and its substantial local variation 
measured at early age: a bimodal distribution between 1.2 and 2.3 [60,62]. 

(a) (b) 
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Richardson and Groves [63] proposed a generalized model which includes, as specific 
solutions, both Taylor’s tomerborite-jennite model and the so-called tobermorite-calcium 
hydroxide ‘solid-solution’ model. This latter model assumes a tobermorite-like structure 
interstratified with layers of calcium hydroxide, which explains the elevated Ca/Si ratio 
of Portland cement paste. The application of this model to different types of blended 
cement pastes including SCMs was further described in another publication [64]. 

Cong and Kirkpatrick [58] used advanced nuclear magnetic resonance (NMR) 
spectroscopy methods to quantify elemental bonds in C–S–H microstructures with Ca/Si 
ratios between 0.6 and 1.54. Based on their results, they proposed a distorted 1.4-nm 
tobermorite structure and attributed the variable C–S–H stoichiometry to variations in 
missing bridging tetrahedra (see Fig. 2.9b). 

Nevertheless, there is still controversy regarding the structure of C–S–H with high 
Ca/Si ratio, but “the expression ‘jennite-like’ structure has been conventionally used for 
thermodynamic modelling” [26]. 

Molecular simulations 

Thanks to the advance of computing capacity, the concepts suggested in structural and 
compositional models were extended with molecular simulations. Pellenq and co-worker 
[65] presented “a realistic molecular model of cement hydrates”. Their model was built 
based on a periodic cell of dry 1.1-nm tobermorite with the removal of specific silicate 
groups and the simulation of water adsorption. The number of groups removed was 
established to obtain a structure exhibiting the same level of tetrahedral coordination as 
that measured experimentally by NMR in an OPC paste: ~10% of single tetrahedra (Q0), 
~67% of tetrahedra at the end of a chain (Q1), and ~23% in the middle of a chain (Q2). The 
model generated the composition (CaO)1.65(SiO2)(H2O)1.75, similar to that determined from 
experimentations by Allen et al. [55]. The model was also validated against DRX and 
nanoindentation experiments. 

This methodology was further employed to develop a series of atomic structures for C–S–
H with Ca/Si ratios ranging from 1.1 to 2.1 [66]. The analysis included 150 samples in 
which the silicate chains were cut randomly, leading to different atomic structures for 
each Ca/Si ratio. The series of models was validated successfully against small-angle 
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neutron scattering (SANS), NMR (see Fig. 2.10a), nanoindentation and drying 
experiments. With this set of models, the authors extended the understanding of the 
effects of the Ca/Si ratio beyond the limits of experimental measurements. As an 
example, they showed that the well-ordered lamellar structure obtained at Ca/Si = 1.1 is 
highly anisotropic, i.e., there is a significant difference between the in-plane stiffness, M1, 
and layer-to-layer stiffness, M3 (see Fig. 2.10b). Also, there is a progression towards less 
ordered isotropic structures above Ca/Si ≈ 1.6 (shorter silica chains at higher Ca/Si). 

   

Fig. 2.10. (a) Computed mean silicate chain length as a function of Ca/Si compared with 
NMR experiments, and (b) indentation modulus parallel, M1, and perpendicular, M3, to 
the calcium-silicate layers [66]. 

2.2.1.2 Ranges of C–(A)–S–H 

As approximated in Fig. 2.11a, there is a wide range of possible compositions for C–S–H, 
which can also incorporate aluminum atoms to form C–A–S–H.  

          
Fig. 2.11. (a) Hydrate phases in the CaO–Al2O3–SiO2 system [26]. (b) Schematic diagram 
illustrating a tobermorite-based layer with insertions of both calcium and aluminate 
monomers at bridging sites, adapted from Richardson [64]. 

(a) (b) 

(a) (b) 
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The Ca/Si ratio and the Al/Si ratio represent important stoichiometric parameters as 
they characterize the amount of calcium ions in the interlayer space and/or the number of 
bridging silicon tetrahedra in silicate chains [67]. A simplified visual representation is 
shown in Fig. 2.11b: bridging silicate tetrahedra of tobermorite-based layers may be 
replaced by calcium or aluminate oxides; the interlayer composition not shown on the 
figure may also accommodate different amounts of calcium oxides. 

C–S–H classifications 

Different classifications of C–S–H have been proposed [68–70]. Nonat [70] considers the 
existence of three different types of C–S–H phases: α-C–S–H (0.66 < Ca/Si < 1), β-C–S–H 
(1 < Ca/Si < 1.5) and γ-C–S–H (1.5 < Ca/Si < 2). The α-C–S–H is probably typical 
1.4nm-tobermorite with a low number of defects. The β-C–S–H corresponds to Taylor’s 
C–S–H(I), which consist of “crumpled foils a few nanometres thick, with a tendency to 
elongation or fibrous character at higher Ca/Si ratios” [21]. The γ-C–S–H is defined as a 
tobermorite-like structure – in opposition to Taylor’s mixture of tobermite-like and 
jennite-like polymers – as NMR experiments revealed that neighbouring sites in the γ-C–
S–H structure belongs to the same phase, i.e., it is not a mixture of phases [70]. 

The type of C–S–H to be formed is a function of the relative concentrations of silica and 
calcium. On the one hand, C–S–H with lower Ca/Si ratio (α-C–S–H and β-C–S–H) are 
favoured in systems with increased Si contents, e.g., by blending OPC with SCMs such as 
silica fume [26]. On the other hand, C–S–H with the highest Ca/Si ratios (γ-C–S–H) may 
only be formed in systems supersaturated in calcium hydroxide [70]. 

The C–A–S–H phases 

Different mechanisms of aluminum incorporation in the C–S–H structure may be 
responsible for C–A–S–H formation, as described by Faucon et al. [71]. To visualize these 
mechanisms, these authors present their vision of C–S–H (supported by a literature 
review), in which the tobermorite-like structure of C–S–H includes silicate chains of 
variable length depending on the calcium content. At Ca/Si = 0.66, there is no calcium in 
the interlayer space, silicate dimers (Si[Q2]) are connected by bridging tetrahedra 
(Si[Q2L]) and the negative charges of the Si[Q2L] are balanced by H+ ions (see C–S–Ha 
in Fig. 2.12a). Increasing calcium content decrease stability of the Si[Q2L], thus reducing 
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the silicate chain length; Ca/Si = 1.5 is the limit where there is no bridging tetrahedra 
left (see C–S–Hb in Fig. 2.12a). Further increase of calcium content leads to calcium 
incorporation in the interlayer space. 

Faucon et al. [71] also worked on C–A–S–H with low Ca/Si ratios: they measured a 
maximum Al/(Al + Si) ratio of 0.17 and observed preferential substitution of Al3+ into 
non-bridging Si4+ sites (Si[Q2] of C–S–H in Fig. 2.12a). Increasing the Ca/Si ratio 
resulted in the rupture of the silicate chains leading to instability of the non-bridging 
sites and redistribution of the aluminum in the bridging sites Si[Q2L]. At high Ca/Si 
ratio, the dimeric organization of silicate prevents substitution of Si4+, but Al3+ may 
substitute with Ca2+ in the CaO central plane and in the interlayer space. As illustrated 
in Fig. 2.12b, the total incorporation of aluminum in the C–S–H structure decreases with 
the reduction of silicate chain length (i.e. the increase of the Ca/(Si + Al) ratio). 

       

Fig. 2.12. (a) Representations of silica chains in C–S–H structures: C–S–Ha with Ca/Si = 
0.66 (without calcium in the interlayer space), and C–S–Hb with Ca/Si = 1.5. (b) Molar 
AlIV/(Si + AlIV) ratio in C–S–H as a function of the molar Ca/(Si + AlIV) ratio [71].  

Pardal et al. [72] synthetized C–A–S–H of up to Al/Si = 0.19, by exposing synthetic C–S–
H with Ca/Si = 0.66 to a solution of C3A dissolved in water. They further studied the 
influence of exposing this C–A–S–H to calcium hydroxide solutions of different 
concentrations. Fig. 2.13 corroborates the results by Faucon et al. [71]: aluminum 
incorporation in C–A–S–H is reduced with increased calcium content, up to a point where 
excess calcium and aluminum precipitate in calcium carboaluminates (AFm). 

(a) (b) 
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Fig. 2.13. Al/Si ratio of the solid at equilibrium as a function of the concentration of the 
calcium hydroxide solution used to modify C–A–S–H of initial composition: Al/Si = 0.19, 
Ca/(Si + Al) = 0.7 [72]. 

2.2.1.3 Mechanical properties of the C–S–H solid 

Measuring mechanical properties of the C–S–H solid is a complex task given its 
nanometric dimensions: C–S–H forms in globules of ~5 nm in diameter according to the 
model proposed by Allen et al. [55] and/or in lamellae of 60 x 30 nm² by 5 nm thick 
according to Atomic Force Microscopy (AFM) measurements by Gauffinet et al. [73]. 

Ulm and co-workers approached this problem with micromechanical analyses of 
nanoindentation measurements performed on C–S–H [74–76]. Each indentation was 
considered as a homogeneous composite response of (1) a frictional solid phase of volume 
fraction 𝜂  and (2) an empty pore space of volume fraction 𝜑G = 1 − 𝜂  (the indentation 
scale was assumed much larger than the characteristic scale of porosity to meet the scale 

separability condition). The packing density (i.e., h) was back-calculated assuming a self-
consistent micromechanics model for hundreds of nanoindentation points and then 
plotted against the indentation modulus M and indentation hardness H, as shown in 
Fig. 2.14. Analyses performed on pastes with different types of cement, water-to-binder 
ratios and curing conditions suggested that the C–S–H solid had a nanogranular nature 

with intrinsic asymptotic contact modulus ms = M(h=1) » 60–65 GPa and contact 
hardness hs = H(h=1) » 2–3 GPa [74–76]. 
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Fig. 2.14. Scaling relations for nanoindentation on a white cement paste (w/c = 0.5), 
packing density linked to (a) indentation modulus M and (b) indentation hardness H [74]. 

Alizadeh et al. [77] used a different approach which consists of synthesizing C–S–H 
powders at different Ca/Si ratios, before compacting these powders into bars of different 
porosities and running dynamic mechanical analyses on the compacted samples. As 
shown in Fig. 2.15a, the storage modulus 𝐸K was found to increase with the reduction of 
porosity. Extrapolation of fitted curves provided the zero porosity values of the storage 
modulus 𝐸GK , as presented in Fig. 2.15b. Even if these values are much higher than those 
of Ulm and co-workers, the authors specify that they are “in the order of the calculated 
theoretical elasticity values” by other authors [77]. 

        

Fig. 2.15. (a) Storage modulus E’ as a function of the Ca/Si ratio and porosity, for C–S–H 
samples at 11% RH compared to hydrated Portland cement and porous Vycor glass, and 
(b) zero porosity values of the storage modulus [77]. 

High Pressure X-Ray Diffraction (HP-XRD) was also recently employed by Geng and 
Monteiro [78] as a direct means to evaluate mechanical properties of C–A–S–H at the 

(a) (b) 

(a) (b) 
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atomic scale. Measuring modifications to C–A–S–H unit cell dimensions as a function of a 
prescribed external pressure enabled the estimation of a bulk modulus K0 = 71 ± 3 GPa 

for synthetic C–A–S–H formed at 80°C (similar to 1.1nm tobermorite and stiffer than 
normal C–A–S–H at ~38 GPa). This demonstrated the stiffening due to cross-linking of 
C–S–H layers with the incorporation of Al and elevated curing temperature [78]. 

Regarding theoretical values, Manzano et al. [79] performed Molecular Mechanics (MM) 
simulations of different lengths of tobermorite and jennite polymers. For species larger 
than dimers, their calculations of Young’s modulus E resulted in values of 47–50 GPa for 
tobermorite 1.4-nm and 46–56 GPa for jennite. Hajilar and Shafei [80] implemented 
Molecular Dynamics (MD) models of the same phases and obtained higher values of 

ETobermorite1.4 nm = 69 GPa and EJennite = 80 GPa. 

Abdolhosseini Qomi et al. [66] used combinatorial molecular optimization to determine 
numerically the indentation modulus M and the indentation hardness H of C–S–H with 
Ca/Si ratios ranging from 1.1 to 2.1. As shown in Fig. 2.16, the indentation modulus 

decreased from ~88–96 GPa for Ca/Si = 1.1 down to ~60–75 GPa for Ca/Si ³ 1.7. 
Similarly, the hardness also decreased with the increase of the Ca/Si ratio: from ~5.5–
7.5 GPa down to ~3.5–6 GPa for the range of Ca/Si ratios studied. These simulation 
results were experimentally validated with a combination of (1) statistical wavelength 
dispersive spectroscopy results to measure the Ca/Si ratio of different cement pastes and 
(2) statistical nanoindentation results analyzed with an improved version of the 
micromechanical modelling method previously presented [74]. 

 

Fig. 2.16. Effect of the Ca/Si ratio on the mechanical properties of C–S–H at the 
nanoscale: (a) C–S–H solid indentation modulus, M and (b) C–S–H solid hardness, H. 
The computational data is compared with experimental results obtained by 
nanoindentation (M, H) and wavelength dispersive spectroscopy (Ca/Si) [66]. 

(a) (b) 



28 CHAPTER 2.  STATE OF THE ART 
 

Using force field molecular dynamics, Hou et al. [81] investigated the tensile properties of 
a C–S–H structure with Ca/Si = 1.6 developed from a defective Tobermorite (based on 
the realistic model by Pellenq et al. [65]). Their results showed much lower tensile 
strength of 0.87 GPa in the z direction perpendicular to the C–S–H layers compared to up 
to 4.5 GPa for the x and y axes, which was attributed to the large displacement of water 
leading to tensile damage of the layered structure. Nevertheless, the maximum tensile 
strength of the molecular C–S–H is several orders of magnitude higher than that of the 
cement paste (~2 MPa), suggesting very different damage mechanisms. 

2.2.2 Level I: The C–S–H matrix 

At the micrometric scale, the C–S–H matrix is formed by the C–S–H solid intermixed 
with different scales of porosity. In addition, “[several] studies provide clear evidence of 
the existence of two morphological entities of C–S–H” [82]. This section first introduces 
different classifications proposed over the last decades to distinguish the different types 
of C–S–H matrices. Mechanical properties of these types of C–S–H are then presented, 
followed by a review of the influence of SCM on their relative abundance and properties.  

2.2.2.1 Classifications for two types of C–S–H 

Inner and outer products 

More than half a decade ago, Taplin [83] proposed to distinguish between the inner 
reaction products (Ip) which lie within the original boundaries of clinker grains and the 
outer products (Op) which grow outside these boundaries. Since then, this classification 
was widely adopted and supported by TEM investigations showing clear morphological 
differences between these products, as illustrated in Fig. 2.17a.  

Richardson [51,62,64] investigated intensively these morphologies and the following 
descriptions come from his works and sources. The Ip C–S–H formed into clinker grains 
larger than ~5 µm typically has a compact, fine-scale and homogeneous morphology, with 
pores smaller than ~10 nm. Based on TEM imaging, it appears that the Ip C–S–H 
consists of an arrangement of globules of ~3–8 nm. As shown in Fig. 2.17b, the Ip region 
formed in smaller fully hydrated grains “contains a less dense product with substantial 
porosity, surrounded by a relatively dense C–S–H” [62]. 
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The Op C–S–H generally has a fibrillar directional morphology, with longer coarse fibrils 
growing in large pores and fine fibrillar morphology in constrained spaces. The fibrils are 
composed of several particles of ~3 nm diameter with variable lengths reaching many 
tens of nanometres. It is interesting to note that the capillary porosity may be attributed 
to the interconnected spaces between these fibrils [64]. 

   

Fig. 2.17. TEM images showing: (a) the fibrillar morphology of the Op C–S–H and the 
fine homogeneous morphology of the Ip C–S–H, for a C3S paste hydrated 8 years at 20 °C 
(white arrows indicate the Ip–Op boundary); and (b) a fully hydrated small grain, in a 
mature OPC paste, exhibiting low-density Ip C–S–H surrounded by a rim of dense Ip C–
S–H and fibrillar Op C–S–H [64]. 

Phenograins and groundmass 

Based on backscattered electron (BSE) observations, Diamond and Bonen [84] proposed a 
classification to distinguish grains greater than ~10 µm, the phenograins, and the porous 
matrix embedding these grains, the groundmass composed of C–S–H, CH, AFm, AFt, and 
other phases. If this classification has been useful to describe BSE micrographs, its 
utility remains limited for the investigation of C–S–H types and morphologies [62]. 

Early, middle and late products 

Another classification consists of separating the early products formed in the first 4 h, 
the middle products formed up to 24 h and the late products formed afterward. 
Reviewing previous works, Taylor [21] presented the differences between these products. 
Early products consist of C–S–H foils, flakes or honeycombs (Fig. 2.18b), which exfoliate 
from C3S surfaces probably with some CH. As shown in Fig. 2.18a, observations of middle 
products showed fibrillar material (also known as Type I C–S–H and considered as the 

(a) (b) 
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Op C–S–H). However, TEM observations in wet cell suggested that a fibrillar morphology 
was an artefact of the drying occurring in conventional TEM: middle products should 
rather exhibit foil-like morphologies, which would collapse, crumple or roll up to form 
fibres upon drying (in the instrument, or during hydration with water depletion). Late 
products were found to be composed of Type III interlocked and interleaved thin foils, 
and Type IV C–S–H with dense and homogeneous morphology (equivalent to Ip C–S–H). 

  

Fig. 2.18. (a) Type I C–S–H formed in OPC cement paste w/c = 0.5 aged 10 h, and (b) 
Type II C–S–H honeycomb morphology formed in an oil well cement paste w/c = 0.44 
aged 1 day [21]. 

Low-density and high-density C–S–H 

If previous classifications emerged from imaging observations (SEM and TEM), the 
LD/HD C–S–H model, distinguishing low-density and high-density types of C–S–H, was 
developed to explain “how higher surface areas (measured by nitrogen) are associated 
with smaller volume of gel pores accessible to nitrogen, and vice-versa” [85]. In this 
model, it was assumed that (1) the contribution of HD C–S–H to surface area measured 
by nitrogen was negligible and that (2) each type of C–S–H contained a given amount of 
porosity: only part of the LD C–S–H pores were accessible to nitrogen, but none were 
accessible in HD C–S–H. Based on literature data and new experiments, the model was 
calibrated and recalibrated using several experimental techniques such as nitrogen 
surface area and porosity, capillary porosity, small-angle neutron scattering, equilibrium 
drying experiments and nanoindentation. Table 2.5 presents densities and porosities 
predicted by the colloid model of 2007 [76]. 

(a) (b) 
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Jennings further extended this colloid model into the CM-II [56], to address the 
properties of drying shrinkage and creep under loading. This model considers C–S–H as a 
nanogranular material (or colloid) with globules of ~5 nm as basic building blocks. This 
may be justified with observations of drying deformations reaching more than 20%, 
which would not be possible if C–S–H was a continuous porous material. The same 
building blocks may be organized with different packing densities (or porosities) resulting 
in LD and HD C–S–H: the structure of LD C–S–H is more open and is thus more 
susceptible to deform during drying or under loading. 

 

Table 2.5. Properties predicted by the recalibrated colloid model. Note that the ‘early’ LD 
C–S–H may persist indefinitely if not ‘stabilized’ by heat curing or drying [76]. 

Overall, the different classifications are generally not in contradiction, and they 
contribute to a better understanding of the two main types of C–S–H matrices. These 
classifications could be summarized in the following simplified way: low-density C–S–H 
forms as fibrillar (or foil-like) structures in the water between cement grains (outer 
product) during the early and middle stages of hydration; high-density C–S–H forms as a 
dense, fine-scale homogeneous structure inside the original boundaries of cement grains 
(inner product) during the late stage of hydration. 

2.2.2.2 Mechanical properties of LD and HD C–S–H 

If the mechanical properties of the C–S–H solid may not be measured directly by the 
existing methods (see section 2.2.1.3), nanoindentation enables measurements on LD and 
HD C–S–H, as comprehensively described by Constantinides & Ulm [75]. The method 
and constrains are briefly described below, and the reader may refer to papers such as 
Constantinides et al. [86] or Randall et al. [87] for additional details. 

The indentation method consists of applying a prescribed trapezoidal compressive load to 
a sample material with an indenter of know geometry, while measuring the 
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corresponding displacement of the indenter. The indentation modulus M and the 
indentation hardness H may then be defined with the following equations: 

𝐻 = 𝑃MN>/𝐴P (2.6)  

𝑀 =
𝜋
2𝛽

𝑆
𝐴P
	 (2.7)  

where Pmax is the maximum applied force, AC is the projected area of contact calculated 
using the Oliver and Pharr method [88,89], S is the unloading indentation stiffness 𝑆 =

(𝑑𝑃/𝑑ℎ)XYXZ[\ , and the b coefficient accounts for the slip on the indenter surface  

(b ≈ 1.034 for the Berkovich indenter [90]). 

Using the Oliver and Pharr method, the mechanical properties are measured for a given 
depth (or force) at the beginning of the unloading period, just after the end of the load-
holding period. Another approach, the continuous stiffness measurement (CSM) 
technique, consists of imposing a constant harmonic excitation to the increasing load, 
which enables the determination of the contact stiffness for any penetration depth [91]. 
The indentation modulus may then be extracted at any depth or averaged from a selected 
depth range, as performed in a few studies on cement pastes [92–94]. High-speed 
nanoindentation modulus mapping represents another emerging method, which consists 
of performing thousands of indentations over a region of interest, at depths of ~10–
100 nm in one-second cycles (instead of the several minutes required for each 
conventional nanoindentation) [93,95–97]. Modulus mapping may also be obtained using 
an AFM cantilever in the PeakForce QNM mode, as performed by Li et al. [95]. 
Nevertheless, the application of these alternative indentation methods to cement pastes 
is relatively recent compared to the use of the “conventional” Oliver and Pharr method, 
and thus, they are not further discussed in this review. 

Continuum scale mechanical models [90,98] allow linking indentation properties to 
material properties (e.g., determining Young modulus E from M) and require the scale 
separability to be valid on heterogeneous materials. Thus, the scale of the indentation 
should be much greater than the size of the largest heterogeneity (d) in the indented 
material, and much smaller than the characteristic size of the microstructure (D). 
Constantinides & Ulm [75] determined an adequate indentation depth ℎMN> ∈
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100, 300 	𝑛𝑚, based on the 1/10 rule of thumb: 𝑑 ≪ ℎMN> < 𝐷/10, where d ≈ 3–8 nm and 
D ≈ 1–3 µm for C–S–H in the cement pastes according to TEM investigations [64].  

If the nanoindentation method is adapted for probing C–S–H matrices at depths of a few 
hundreds of nanometres, linking the indentations performed with the phases probed is 
not a trivial task. Three alternatives are described below: visual identification of 
indentations, statistical nanoindentation and coupled chemo-mechanical analyses. 

Visual identification of indents 

Using the optical microscope or the AFM attached to the nanoindentation instrument, it 
may be possible to locate specific regions to indent – in this case, Ip and Op C–S–H. As 
shown in Fig. 2.19, Mondal et al. [99] employed this approach to indent specific locations 
and found a reduction of the elastic modulus of the C–S–H with the increasing distance 
from anhydrous clinker. However, a closer examination of Fig. 2.19a shows the variable 
values of the E modulus around clinker particles, which illustrates the difficulty in 
identifying Ip or Op C–S–H and the user-dependence of the method. 

     

Fig. 2.19. (a) AFM image of C–S–H gel with an anhydrous particle, showing E values 
in GPa at the locations where indentations were performed, and (b) change in C–S–H 
modulus as a function of the distance from an anhydrous cement particle [99]. 

Davydov et al. [100] proposed a method in which they first identify the HD C–S–H 
regions with SEM-BSE and then trace back these regions for nanoindentation. However, 
the authors also presented some limitations of their method: “Unfortunately, the 
accuracy of the Hysitron Tribo Indenter on such areas is not sufficient to ‘hit’ exactly the 
prescribed points” and “the indentation was done only in what appears as HD C–S–H, yet 
the obtained values of indentation moduli actually correspond to CH” [100].  

(a) (b) 
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Another approach is to perform a group of indentations on a grid at regular intervals and 
to sort them afterward, based on additional imaging of the surface with SEM-BSE or 
EDS mapping. This approach was used with SEM-BSE images by Chen et al. (2010) for 
preliminary data sorting into 4 groups: (1) pores and defects, (2) Op C–S–H, (3) Ip C–S–H 
and interfaces, and (4) clinker. It must be noted that Ip C–S–H could not be clearly 
distinguished and the group was thus enlarged to include interfaces with clinker grains. 

Acker [101] is one of the first authors to present nanoindentation measurements on C–S–
H. The presented experimental details are limited, but it could be hypothesized that the 
C–S–H indents in his Ductal® UHPC samples were identified by SEM-EDS. The author 
reported results for C–S–H with Ca/Si < 1 (E = 20 ± 2 GPa; H = 0.9 ± 0.3 GPa) and C–S–
H with Ca/Si > 1 (E = 31 ± 4 GPa; H = 0.8 ± 0.2 GPa). 

Statistical nanoindentation 

If visual identification of indented phases represents a difficult (and maybe erroneous) 
process, the alternative is to perform large grids of nanoindentations and to statistically 
deconvolute the results to obtain average properties and abundance of the constituting 
phases. This deconvolution method evolved in the past decade: frequency distributions 
were first fitted manually [82]; probability density functions were then fitted by least 
square fitting, as illustrated in Fig. 2.20 [75]; better results were further obtained by 
least square fitting of the cumulative density functions [74]. Finally, the method evolved 
into Gaussian mixture clustering using the maximum likelihood via the expectation 
maximization (EM) algorithm and the Bayesian information criterion (BIC) [20,102,103]. 

  

Fig. 2.20. (a) Frequency plot for a grid of 100 indentations (with spacing of 10 µm) fitted 
with a multi-phase probability density function [75]. (b) Grid indentation results 

(a) (b) 
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clustered with respect to H and M in the framework of the Gaussian mixture modelling, 
with the maximum likelihood (ML) fitting approach via the expectation maximization 
(EM) algorithm, and using the Bayes rule of allocation [20]. 

Based on the mechanical properties, the deconvoluted clusters may be associated with 
cement paste phases. In Fig. 2.20a by Constantinides and Ulm [75], the following 

associations were made with respect to the indentation modulus: M Î [0–13] GPa 

corresponds to regions dominated by high macroporosity, M Î [13–26] GPa represents 

LD C–S–H, M Î [26–39] GPa represents HD C–S–H, and M > 39 GPa represents 

Portlandite and anhydrous clinker [75]. In more recent publications [65,104], M £ 65 GPa 

and H £ 3 GPa was attributed to hydrates and data points above those limits were 
associated with anhydrous clinker. In these experiments [75], the investigated pastes 

were made with white Portland cement with high silicates contents (𝑚def+𝑚def ≈ 90%) 

and thus, the contribution of minor hydrates was neglected in the deconvolution. 

LD and HD C–S–H 

As summarized in Table 2.6, several publications present mechanical properties of LD 
and HD C–S–H obtained using the statistical nanoindentation method. These results are 
generally very similar, even if they cover a wide range of cement paste types, w/c ratios 
and curing times. On average, the literature values approach M ≈ 22.0 GPa and H ≈ 
0.7 GPa for LD C–S–H, compared to M ≈ 32.0 GPa and H ≈ 1.1 GPa for HD C–S–H. This 
observation supports the idea that mechanical properties of the two densities of C–S–H 
are not affected by the w/c and curing time, but it is rather their relative proportions 
that dictate the macro-scale properties, as suggested by Constantinides and Ulm [75]. 
[74,75,82,100,102,103,105–108] 
In addition, the model of Tennis and Jennings [85] proposes an empirical relation to 
relate Mr, the ratio of the mass of LD C–S–H to the total mass of C–S–H, to the w/c ratio 
and the degree of hydration 𝛼, as shown in Eq. (2.8). Constantinides and Ulm [75,82] 
verified this relation and found good agreement with the volume fractions determined by 
statistical nanoindentation. 

 
(2.8)  
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However, a closer examination of Table 2.6 indicates that volume fractions should be 
considered carefully, as no clear trend can be established between w/c, curing time and 
the relative content of LD C–S–H over total C–S–H. This requires further investigation. 
 

Material, w/c,  
curing time 

M (GPa) H (GPa) Volume fractions, f Ref. 
LD C–S–H HD C–S–H LD C–S–H HD C–S–H fLD fHD fLD/(fLD+fHD)  

UHPC, 0.20, 48h @ 90C 19.7±2.5 34.2±5.0 0.6±0.0 1.4±0.3 0.04 0.22 14% [105] 
WPC, 0.30, unknown 19.5±5.0 33.4±5.4 0.5±0.2 1.0±0.2 0.60 0.28 68% [74] 
WPC, 0.40, 7 days 24.8±3.6 32.9±3.4 0.9±0.1 1.2±0.2 0.69 0.19 79% [109] 
WPC, 0.50, 5 months 18.2±4.2 29.1±4.0 0.5±0.1 0.8±0.2 0.51 0.27 65% [75] 
WPC, 0.50, 28 days 18.1±4.0 31.0±4.0 – – - - - [76] 
OPC, 0.15, > 3 months 25.3±6.2 39.2±6.0 0.6±0.2 1.0±0.3 0.15 0.58 20% [110] 
OPC, 0.20, > 3 months – 37.1±5.4 – 1.1±0.2 - 0.69 - [110] 
OPC, 0.30, > 3 months 19.5±3.8 28.7±5.5 0.5±0.2 0.8±0.2 0.32 0.45 41% [110] 
OPC, 0.35, 28 days 23.4±3.4 31.4±2.1 0.7±0.2 1.3±0.2 0.76 0.24 76% [106] 
OPC, 0.40, > 3 months 23.0±4.5 31.3±3.8 0.6±0.1 0.8±0.1 0.51 0.30 63% [110] 
OPC, 0.40, unknown 25.2±2.8 31.6±2.9 0.8±0.8 1.1±0.2 - - - [111] 
OPC, 0.40, 3 months 25.0±2.5 30.9±3.9  –  – 0.32 0.47 41% [112] 
OPC, 0.40, > 2 months 18.6±4.4 29.3±6.4 0.6±0.2 1.1±0.3 0.15 0.51 23% [103]  
OPC, 0.50, 5 months 23.0±2.3 31.2±2.5 – – 0.70 0.30 70% [82] 
OPC, 0.50, unknown 19.0±4.8 30.8±7.0 0.6±0.2 1.0±0.2 0.15 0.63 19% [74] 
OPC, 0.50, 28 days 19.1±5.0 32.2±3.0 0.7±0.3 1.3±0.1 0.77 0.12 87% [107] 
OPC, 0.50, ~ 1 year 20.2±3.9 33.6±2.5 – – 0.64 0.24 73% [108] 
OPC, 0.50, > 2 months 21.4±6.0 34.2±5.2 0.8±0.3 1.2±0.2 0.39 0.14 74% [103] 
OPC, 0.60, > 2 months 21.0±6.3 32.0±8.5 0.7±0.2 1.3±0.4 0.26 0.12 69% [103] 
Class G, 0.44 23.4±2.9 29.5±5.3 0.8±0.1 1.1±0.2 0.39 0.43 47% [102] 
Class G, 0.65 16.8±4.4 22.5±5.6 0.6±0.2 0.9±0.2 0.33 0.45 43% [102] 
Aalborg, 0.60, 28 days 30.1±2.3 36.2±4.6 1.3±0.1 1.6±0.2 0.55 0.30 65% [100] 
Aalborg, 0.60, 28 days 28.9±2.2 33.2±2.5 1.2±0.1 1.5±0.5 0.53 0.30 64% [100] 

Table 2.6. Indentation modulus M, indentation hardness H and volume fraction f for low-
density (LD C–S–H) and high-density (HD C–S–H), measured with the statistical 
nanoindentation method by different authors (adapted from Krakowiak et al. [20]). 

Ultra-high-density C–S–H 

Vandamme et al. [113] investigation of cement pastes with w/c ratios ranging from 0.15 

to 0.40 suggested the presence of a third C–S–H phase with mechanical properties of H » 

1.5 ± 0.5 GPa and M » 40 ± 8 GPa. Interestingly, the elasticity is similar to that of  

Portlandite with M » 38 ± 5 GPa as measured with nanoindentation on large CH crystals 

[82] or M » 39 GPa as obtained from molecular dynamic simulation [79]. However, 
Vandamme et al. [113] considered this phase as a C–S–H phase distinct from CH, 
because it was found in substantial proportions at low w/c. The increased mechanical 
properties of UHD C–S–H were explained by an increased packing density 𝜂  of the 

elementary C–S–H globules: considering a C–S–H solid modulus of ms » 63.5 GPa, LD C–
S–H generally reaches 𝜂 ≈ 64% the random limit packing density of spheres [55,74,76], 
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HD C–S–H reaches 𝜂 ≈ 74%	which coincide with the face-centred cubic packing of 
spheres, and UHD C–S–H reaches 𝜂 ≈ 87% the random limit packing of two classes of 
particles [113]. This assumption is still controversial as discussed in the next section. 
Nevertheless, Vandamme et al. [113] results showed a clear reduction of the LD C–S–H 
content with the decrease of w/c, as shown in Fig. 2.21.  

 

Fig. 2.21. Volume fraction distributions in the microstructure as a function of the w/c 
ratio (a) for the cement paste composite and (b) for the C–S–H phases [113]. 

Gel porosity  

Micromechanics modelling of grid nanoindentation results provide the packing density 
distribution and, using Eq. (2.9), an estimate of the gel porosity 𝜑G: 

 
(2.9)  

where 𝑛′  is the number of hydrated phases, 𝑓o  is the volume fraction of each phase, 

determined from the statistical deconvolution, and 𝜂o is the corresponding mean phase 

packing density [113]. In the absence of macro-capillary pores (i.e., of a weak 
deconvoluted phase dominated by porosity) the total porosity 𝜙G of the cement paste is 
obtained by multiplying the gel porosity with the hydration degree 𝛼 as per Eq. (2.10). 

(a) 

(b) 
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(2.10)  

Fig. 2.21a illustrates the increase of gel porosity from 0.10 to 0.24 when w/c rises from 
0.15 to 0.4, as calculated from nanoindentation results by Vandamme et al. [113]. These 
results are in the same range as the gel porosities obtained from desorption isotherms 
(and theoretical calculation) by Kjellsen & Atlassi [114]: 17.5% (18.7%) for w/c = 0.25, 
and 18.3% (19.7%) for w/c = 0.4. 

Nanoindentation coupled with EDS analyses 

The identification of phases in the statistical nanoindentation method is based on 
mechanical properties of these phases. In the initial work performed with white Portland 
cement containing ~90% of silicates with enough water to hydrate into LD C–S–H, HD 
C–S–H and CH, the other hydrates were neglected in the analyses. However, the 
analysis of more complex systems, such as OPC or blended-cement pastes requires the 
consideration of the ‘other phases’ (e.g., UHD hydrate, SCMs, AFm, AFt, C–A–S–H, etc.). 

Chen et al. [115] investigated the UHD C–S–H phase by running successively 
nanoindentation experiments on a w/c = 0.2 OPC cement paste and EDS quantitative 
spot analyses at the exact location of the indents. This was used to demonstrate that 
mechanical properties associated with UHD should rather be attributed to a C–S–H 
microstructure reinforced with nanoscale CH crystals. It was further suggested that this 
nanocomposite was prone to form at low w/c ratios (below 0.3 and notably below 0.2) in 
the Ip regions and between closely packed clinker grains, where water and space is 
locally deficient. At higher w/c ratios, the increased space allows crystallization of CH 
and formation of microscale composites with modulus lower than that of the 
nanocomposites. This explanation was generally accepted, and the third C–S–H phase 
with increased modulus is now referred to as a “mix of C–S–H with Portlandite” [110]. 

Another chemo-mechanical coupling approach proposed by Krakowiak et al. [20] 
consisted of extracting intensities from EDS maps at the location of each point of an 
indentation grid, as schematized in Fig. 2.22. A multivariate Gaussian mixture 
deconvolution algorithm was then applied to the chemo-mechanical data, and the 
clusters thus represent statistically distinct phases, as shown in Fig. 2.23. New 
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observations became possible with this type of analysis, such as the overlap of 
mechanical properties of chemically distinct phases (e.g., C–S–H cluster #5 exhibits 
similar properties as AFm cluster #2).  

 
Fig. 2.22. Schematic representations of the coupled chemo-mechanical characterization: 
(a) the microstructure of a cement paste with layers associated to nanoindentation and 
EDS analyses, and (b) the multi-dimensional data cube with n material characteristics 
for the N points of the grid [20]. 

 
Fig. 2.23. Multivariate statistical deconvolution of coupled nanoindentation and EDS 
data obtained on a Portland cement paste enriched with crystalline silica [20]. 
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Due to the same chemistry of LD and HD C–S–H, these phases were clustered in a single 
family, which limited the ‘conventional LD/HD/UHD’ interpretation of nanoindentations 
on cement paste. Nevertheless, the method allowed investigation of C–S–H properties in 
cementitious mixtures containing additional anhydrous and hydrated phases. The 
method could eventually be extended to measure quantitative chemistry, enabling 
linkage between mechanical properties of C–S–H and Ca/Si ratio in complex systems. 
Such a development represents a key aspect of this thesis. 

Nevertheless, Ioannidou et al. [116] employed the qualitative coupled NI-EDS analysis to 
isolate nanoindentation experiments on C–S–H for comparison with a novel mesoscale 
physical statistical model of the C–S–H. Combining molecular dynamics and grand 
canonical Monte Carlo, the model replicates the C–S–H precipitation and densification 
based on aggregation/densification caused by the attractive interaction between 
nanoscale units randomly distributed between 3.78 and 9.2 nm. While providing 
explanations for several experimental measurements (e.g. small angle scattering, pore 
size distribution, surface area, nanoindentation), this mesoscale model “compose a 
physical picture of C–S–H beyond the classic colloidal model based on two distinct local 
densities” [116]. As shown in Fig. 2.24, the local packing densities of the mesoscale C–S–
H extends continuously over a range of values (rather than being limited to combinations 
of LD and HD C–S–H with fixed densities) and it is suggested that the nanoindentation 
experiments are mainly sensitive to the parts of the material with densities h > 0.6. 

 

Fig. 2.24. Results of the mesoscale texture C–S–H model [116]: (a) local packing fraction 
distributions hlocal for two average h, (b) 3D representation of hlocal for h = 0.52, and (c) 
experimental and simulated relation between h and indentation modulus M.  

(a) (b) (c) 



2.2. Multi-scale physico-chemistry of hardened concrete 41 
 

 

Long-term creep measurements by nanoindentation 

In addition to the modulus and hardness, logarithmic creep measured by 
nanoindentation with a few minutes holding time may provide quantitative indication on 
the macroscopic long-term creep, as suggested by Vandamme and Ulm [110]. The 
logarithmic contact creep modulus C was obtained by these authors by fitting the change 
in depth Δℎ 𝑡  with a logarithm curve, Eq. (2.11), and by using the definition of the long-
term creep compliance rate of Eq. (2.12). This simplification was done considering that 
the logarithmic term was the only material-related term in Eq. (2.11). 

 (2.11)  

 
(2.12)  

Using this method, average values of CLD C–S–H » 112.2 ± 23.3 GPa, CHD C–S–H » 182.5 

± 43.7 GPa and CC–S–H/CH » 342.6 ± 85.0 GPa were determined for investigations over nine 
different cement pastes with w/c ranging from 0.15 to 0.40 (incorporating or not silica 
fume and calcareous filler). The relatively low coefficients of variation suggested that the 
contact creep modulus of each C–S–H type was not dependent on the paste macro-
properties. Nevertheless, the contact creep modulus of cement pastes was found to be 
greatly affected by the relative humidity: the rate of creep increases with increasing 
relative humidity [117]. 

As shown in Fig. 2.25, the link between decade-long concrete creep and minute-long 
microindentation creep was further validated by Zhang et al. [118]. 
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Fig. 2.25. Comparison between the decade-long creep of concrete and the minute-long 
microindentation creep of a cement paste [118], in terms of (a) the uniaxial creep function 
of concrete, (b) the contact creep function of a cement paste, and (c) the comparison of the 
contact creep modulus homogenized from microindentation measurements with the 
uniaxial creep modulus measured directly on concrete. 

Thus, Zhang et al. [118] showed that after a characteristic time of a few seconds in the 
case of microindentation contact creep function (Fig. 2.25a) and of a few days in the case 
of concrete uniaxial creep function (Fig. 2.25b), both types of creep would similarly 
exhibit logarithmic behaviours. Also, homogenization of the cement-paste contact creep 
modulus with the Mori-Tanaka scheme led to a good correlation with the concrete 
uniaxial creep modulus (Fig. 2.25c). 

2.2.2.3 Influence of SCMs on properties of the C–S–H matrices 

The SCMs in blended cements generally release increased quantities of ions (e.g., Si, Al, 
Mg…) which change the morphological, chemical and mechanical properties of the C–S–
H matrices. This section presents a brief review of the effect of slag, fly ash, silica fume, 
calcareous filler and rice husk ash on these matrices. Mechanical properties of hydrates 
formed in alkali-activated systems are also presented for comparison.  

Slag and fly ash 

Although the C–S–H formed by the hydration of OPC is sometime distinguished from the 
‘pozzolanic C–S–H’ formed by the reaction of SCMs, their composition tends to even out 
according to a review by Lothenbach et al. [26]. As shown in Fig. 2.26a, rims of darker 
gray level may be observed around SCM particles, which should not be considered as a 
different type of C–S–H but rather as an intermix with other phases (e.g. aluminum-
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containing phases or hydrotalcite-like phases containing magnesium with low ionic 
mobility) [26]. Nevertheless, the presence of SCMs with low Ca/(Si + Al) such as slag 
reduces the overall Ca/Si ratios of C–S–H, slightly more for Op C–S–H than Ip C–S–H 
as shown in Fig. 2.26b [119]. In these systems with slag, Op and Ip C–S–H around 
clinker grains were not distinguishable anymore after one year. 

    

Fig. 2.26. (a) SEM-BSE image of a 60% OPC – 40% slag blend hydrated for 1 year. (b) 
Ca/(Si + Al) ratios for an OPC paste B, and mixes with 40% of two types of slags (B-S1 & 
B-S8) hydrated up to 1 year. The lines represent the initial ratios for pure slags [119]. 

TEM investigations by Richardson [64] showed the effect of slag on the morphology of Op 
C–S–H: as slag content increases, the directional fibrillar morphology is replaced by a 
foil-like morphology, as shown in Fig. 2.27. The authors also suggest that this space-
filling morphology reduces the interconnectivity of pores, leading to increased durability 
of blended system with slag and pozzolans. 

 

Fig. 2.27. TEM micrograph showing foil-like Op C–S–H found in a  
water-activated slag paste (w/s = 0.3, curing = 3.5 years at 40°C) [62]. 

(a) 
(b) 
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Regarding the mechanical properties, Zadeh and Bobko [120] investigated mixtures at 
w/c = 0.45 with 60% slag, 20% fly ash or 60% fly ash. The results showed similar 
modulus M as those observed on OPC for both LD and HD C–S–H, but significantly 
higher hardness (e.g., HHD » 2.5–3.5 GPa compared to ~1 GPa for OPC pastes).  

He et al. [121] also performed statistical nanoindentation on similar materials, but they 
pre-optimized their mixes to obtain similar strength at 28 days, varying for each mix 
both the w/c ratio and the SCM content. The mix designs were not presented, but the 
results reported in Table 2.7 showed different combinations of porosity, CH, LD and HD 
C–S–H contents, which resulted in similar macroscale mechanical performances. The 
OPC paste showed a relatively low porosity and high CH content compared to the 
blended systems, which appeared to have higher HD C–S–H content. 

 

Table 2.7. Volume fractions of the four phases identified by nanoindentation for different 
cement paste samples C incorporating specific types of fly ashes (FA-1, FA-2, or FA-3), 
blast furnace slag (BFS-1 or BFS-2) and metakaolin (MK) [121]. Note that all pastes have 
equivalent 28-day strengths, but variable SCM contents and w/b ratios. 

Silica fume 

Due to its elevated amorphous SiO2 content and its fine particle size, silica fume (SF) is a 
fast-reacting SCM which consumes CH by pozzolanic reaction, generating additional C–
S–H with reduced Ca/Si ratio (enabling higher Al uptake and reducing the pH) [26]. 

Vandamme and Ulm [122] observed an increase of the C–S–H solid contact hardness hs 
with increasing amounts of SF in cement pastes, particularly for lower w/c ratio as 
shown in Fig. 2.28. This change was expected with the reduction of the Ca/Si ratio. 
However, the contact modulus ms remained similar with and without SF. 

In addition, SF was found to affect volume fractions of the three types of C–S–H by two 
competing effects: the consumption Portlandite (which reduces the contribution to the 
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UHD C–S–H/CH phase) and the production of additional hydrates (which increases 
packing density). As shown in Fig. 2.29 by Vandamme and Ulm [122], the overall effect of 
SF on the C–S–H types is not clear. 

 

Fig. 2.28. Effect of silica fume addition on the C–S–H solid contact hardness ℎs , for 
different w/c ratio with and without heat treatment (HT) [122]. 

 

Fig. 2.29. Influence of SF on relative volume fractions of the three main hydrates [122].  

Calcareous filler 

Calcareous filler (CF) or limestone is generally considered as non-reactive (or almost non-
reactive) inclusions in the C–S–H matrices. Nanoindentation experiments showed that 
properties of both the C–S–H solid and the C–S–H phases remained unchanged by the 
use of limestone filler [122]. However, a clear decrease of the LD C–S–H content was 
observed with increasing limestone content, as well as an overall decrease of the mean 
porosity of all hydration products, as shown in Fig. 2.30a (obtained from back-calculation 
with the micromechanics model presented in 2.2.1.3). 

The calcareous filler phase (MCF = 95.3 GPa) could not be observed directly in the 
nanoindentation results, as its sub-micrometric size did not respect the scale separability 
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condition of the experiment (hmax  » 200 nm). Instead, it was hypothesized that the filler 
acts as a reinforcement of the C–S–H matrix, leading to a composite mechanical 
response. As illustrated in Fig. 2.30b, this hypothesis was modelled and validated by 
comparison with experimental results (modulus M of the hydrated matter obtained by 
deconvoluting results and considering a single Gaussian for the three C–S–H phases). 

   

Fig. 2.30. (a) Effect of two types of calcareous filler on the mean porosity of hydration 
products, and (b) validation of the hypothesis that non-reactive CF is embedded in the 
hydration products, with a Mori-Tanaka (MT) model of the homogenized composite 
indentation modulus compared to the experimental results [122]. 

Metakaolin 

Metakaolin is considered as a highly reactive pozzolan which consumes Portlandite, 
reduces porosity, creates nucleation sites for hydration and modifies relative proportions 
of the various phases [123]. Barbhuiya et al. [123] suggested based on their statistical 
nanoindentation results in Fig. 2.31 that the incorporation of 10% metakaolin reduced 
the CH content (Model 4) while increasing the HD C–S–H (Model 3). 

 

Fig. 2.31. Influence of 10% metakaolin addition on the nanoindentation results for a w/b 
= 0.4 cement paste showing the deconvoluted repartition of hydrates: LP C–S–H (Model 
1), LD C–S–H (Model 2), HD C–S–H (Model 3), and CH (Model 4) [123].  

(a) (b) 

(a) (b) 
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Rice husk ash 

Rice hush ash (RHA) consists of particles with a high internal porosity and composed 
mainly of amorphous SiO2, which incorporation into cement pastes can influence the C–
S–H formation and the Ca/Si ratios similarly as with SF. Nanoindentation experiments 
by Abuhaikal [103] investigated cement pastes with w/b ratios of 0.4, 0.5 and 0.6 
incorporating 0%, 10% and 20% RHA. As shown in Fig. 2.32, the increase of w/b appears 
to have a greater effect than the incorporation of RHA on the average packing density of 
hydrates (e.g., increasing amounts of micro-porous C–S–H [MP] with increasing w/b). No 
clear trend was observed for the effects of RHA. 

 

Fig. 2.32. Volume fractions as measured by statistical clustering  of nanoindentation 
results. The phases include: a C–S–H phase dominated by micro pores (MP); LD, HD and 
UHD C–S–H; and anhydrous clinker and RHA (UNH). The naming system is the 
following: the first number divided by 10 represents the w/c ratio and the last two 
numbers represent the percentage of RHA incorporated in the mix [103].  

Glass powder 

Danilova [8] investigated mechanical properties of C–S–H formed in pastes incorporating 
glass powder (GP) as an alternative SCM. The author employed different deconvolution 
methods based on PDF and CDF and found (in addition to the common LD, HD and UHD 

C–S–H) a statistically significant weak phase of E » 12.6 GPa and H » 0.6–0.8 GPa, as 
shown in Fig. 2.33a. This phase was named C–S–H PV and its occurrence was attributed 
to highly porous C–S–H formed by the pozzolanic reaction of Portlandite and GP, but 
further work is required for a better understanding of this phase. As shown in Fig. 2.33b, 
the author also calculated the gel porosity according to the method proposed by Ulm et al. 
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[124] and found an increase in gel porosity associated with the use of GP (which may be 
counter-intuitive considering the reduction of permeability observed with GP) [9]. 

        

Fig. 2.33. (a) Volumetric fractions (bars, left axis) and elasticity modulus E (lines, right 
axis) of phases identified in blended-cement pastes incorporating 0%, 20% and 30% glass 
powder and a ternary mixture with glass powder and metakaolin; (b) gel porosity 
expressed as a volumetric percentage of the total C–S–H matrix content [8]. 

Alkali-activated fly ash and metakaolin systems 

The main binding phase in alkali-activated (AA) systems (without OPC) consists of a gel 
of sodium aluminosilicate hydrates (N–A–S–H), instead of the C–S–H obtained in binders 
containing sufficient amounts of calcium. This review do not cover AA systems, but the 
results in Fig. 2.34 from Nemecek et al. [125] are included to provide a first comparison 
between C–S–H and other binding phases.  

 

Fig. 2.34. Elastic modulus distributions for statistical nanoindentation experiments 
performed on alkali-activated (a) fly ash and (b) metakaolin. The identified phases in the 
fly ash system includes N–A–S–H gel (A), partly activated slag-like particles (B), porous 
non-activated slag (C) and non-activated compact glass spheres (D) [125]. 

(a) (b) 
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The N–A–S–H gel formed in fly ash and metakaolin AA systems exhibits elastic modulus 

M » 17–18 GPa (in the same range as that of LD C–S–H) and partly activated or non-
activated fly ash particles strengthen the matrix. Similar observations were obtained for 
fly ash AA systems by Das et al. [92] and for metakaolin AA systems by Zhang et al. [94]. 

2.2.3 Level II: The cement paste 

At the scale of hundreds of microns, the hydrated cement paste is generally composed of 
clinker with SCM/filler grains embedded in a matrix of hydrates (C–S–H, CH, AFt, AFm, 
etc.), along with a multi-scale network of pores. This section presents these phases. 

2.2.3.1 Anhydrous clinker, SCMs and fillers 

During hydration, small clinker grains and reactive small SCM grains may react 
completely, whereas cores of larger grains (and filler grains) tend to remain anhydrous. 
As discussed below, their quantity in the hydrated paste (i.e., the hydration degree) and 
their mechanical properties are of importance as the anhydrous grains contribute in 
strengthening the paste with elevated hardness and elastic moduli. 

Hydration degree 

The evaluation of hydration of OPC systems has been widely assessed using the bound 
water content 𝑤u measured by the weight loss of samples dried at 105 °C and then fired 
at 1000 °C [26]. Hydration degree 𝛼  is then obtained by normalizing 𝑤u  with the 
maximum value of 𝑤uv  (bound water upon complete hydration): 𝛼 = 𝑤u 𝑤uv . As an 
example, bound water is expected to reach ~0.23–0.25 g per g of cement for fully 
hydrated Type I OPC pastes [126,127]. 

However, evaluating the degree of reaction of blended cement pastes is much more 
complex. As reviewed by Lothenbach et al. [26], several methods have been proposed, but 
a fast, reliable and precise method is still to be found: selective dissolution aims to 
dissolve everything except the SCM, but it was often found to incompletely dissolve 
clinker grains and hydrates; measurements of Portlandite consumption give only an 
indication of the SCM reaction, as quantification would need to consider the influence of 
SCM on the kinetics and stoichiometry of cement hydration; SEM-BSE and SEM-EDS 
image analysis allows quantification of anhydrous clinker and SCM, but the process is 
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time consuming and has a limited precision; NMR may be used, but it requires 
specialists for the analysis and it is not suitable for SCM containing high amounts of 
iron; a promising (but still to be refined) method consists of comparing a blended-cement 
cumulative calorimetry curve with that of a similar blend with the SCM replaced by an 
inert filler having the same particle size distribution. 

Mechanical properties  

As shown in Table 2.8, the anhydrous clinker phases exhibit very high hardness and 
elastic modulus, when compared to the other constituents of cement pastes. However, it 
must be noted that nanoindentation deconvolution results on conventional cement pastes 
rarely reach these values, because of important contributions from composite responses 
between clinker and weaker phases, particularly for small crystals of aluminate and 
ferrite [20], and possibly because the compliant surrounding matrix affects the 
measurements on hard clinkers [86,125]. Thus, all nanoindenation data points with 
M > 65 GPa and H > 3 GPa are generally considered as anhydrous products [65,103,104]. 
 

Property C3S C2S C3A C4AF Alite Belite υ Ref. 
EIndentation (GPa) 135 ± 7 130 ± 20 145 ± 10 125 ± 25 125 ± 7 127 ± 10 0.3 [101,128] 
EResonance (GPa) 147 ± 5 140 ± 10 160 ± 10     [128] 
ESimulation (GPa) 138.9 137.9     0.28-0.30 [129] 
HIndentation (GPa) 8.7 ± 0.5 8.0 ± 1.0 10.8 ± 0.7 9.5 ± 1.4 9.2 ± 0.5 8.8 ± 1.0 0.3 [128] 

Table 2.8. Comparison of mechanical properties of clinker phases obtained both at the 
microscale (nanoindentation and simulation) and at the macroscale (resonance frequency 
technique). 

As presented in Table 2.9, SCMs and fillers exhibit elastic modulus ranging from that of 

Portlandite, E » 40 GPa, up to that of pure clinker phases, E » 125 GPa. In addition, the 
table compiles both measurements on bulk materials and values obtained by 
deconvolution of statistical investigations on cementitious mixtures (e.g., bulk properties 
of quartz are about three times those measured on quartz powder in UHPC). Similarly, 

the bulk glass reach E » 70–80 GPa, which is expected to be lower (in the range of cement 
hydrates, E < 65 GPa) when glass powder is probed in cementitious matrices [8]. 
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SCM / Filler E (GPa) H (GPa) Type of mixture Ref. 
Calcite 95.3  Cementitious paste [122] 
Metakaolin 25 1 Na-Geopolymer [130] 
  43.91 ± 8.69  Geopolymer [125] 
Fly Ash 78.3 ± 14  Fiber-reinforced concrete [131] 
  120.4 ± 20.7  Cementitious composite [132] 
  72-84  Geopolymer [108] 
Rice hush ash 42-52  Cementitious paste [103] 
Soda-lime glass 70 6-6.5 Bulk solid [88] 
  69-74  Bulk solid [133] 
  70 [83.5] 5.4 [7.4] Bulk solid, with [without]  

pile-up effect correction [134] 

Fused silica 70 8 Bulk solid [88] 
Quartz 124 ~14 Bulk solid [88] 
Quartz powder 48.2  UHPC [105] 

Table 2.9. Mechanical properties of SCM and fillers, measured in different types of 
matrix or directly on bulk materials, adapted from Danilova [8]. 

2.2.3.2 Hydration products 

The multiphase matrices produced by the cement hydration and the SCMs reaction are 
described below in terms of main hydrates formed, kinetics and mechanical properties. 

Main hydrates and influence of SCMs 

As shown in Fig. 2.35 by Lothenbach et al. [26], the compositions of the binders and 
hydration products may be visually summarized in the CaO–Al2O3–SiO2 diagram.  

 

Fig. 2.35. CaO–Al2O3–SiO2 ternary diagram of (a) cementitious materials and (b) 
hydration products [26]. 

(a) (b) 
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OPC hydration generates mainly AFt, AFm, Portlandite, and C–S–H with Ca/Si = 1.7. 
The addition of silica fume brings the hydrates towards the SiO2 pole, reducing 
Portlandite and increasing C–S–H with low Ca/Si towards 0.83. The use of fly ash 
generates similar effects, but its increased Al content favours the formation of C–A–S–H 
and additional AFm. Slag has a composition close to OPC and thus, higher levels of 
substitution are required before making significant changes to the hydrates. 

These general ideas were further quantified by Lothenbach et al. [26] with 
thermodynamic modelling, as illustrated in Fig. 2.36 (post-hydration phase diagrams for 
blends of OPC with silica fume, low calcium fly ash and slag). The main hydrates formed 

were jennite-like C–(A)–S–H with Ca/Si » 1.7, tobermorite-like C–(A)–S–H with Ca/Si » 

0.83, Portlandite (CH), monocarbonate (carbo-AFm), ettringite (sulfo-AFt), calcite (CC), 

hydrotalcite (similar structure as AFm, with Mg replacing Ca) and strätlingite (C2ASH8). 

 

 
Fig. 2.36. Thermodynamically modelled assemblage of phases in systems after complete 
hydration of OPC blended with (a) silica fume, (b) 50% hydrated class F fly ash and (c) 
75% hydrated slag [26].  

(a) 

(b) (c) 
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Selected observations of these diagrams are presented below and the reader is referred to 
the original paper for experimental proofs of these trends. First, C–(A)–S–H represents 
less than half of the hydration products in fully hydrated OPC pastes (0% SCM). Thus, 
analyses of the binding matrix in OPC pastes should consider not only C–S–H, but rather 
a complex assemblage of hydrates. Second, the additional SiO2 provided by SF consumes 
Portlandite to form C–S–H with low Ca/Si (having a higher alkali binding capacity), 
which reduces the pH and eventually destabilizes carbo-AFm and sulfo-AFt. Third, the 
use of class F fly ash with 15–35% alumina results in the incorporation of Al into C–A–S–
H and in an increased AFm content at the expense of the AFt phase. Fourth, an increase 
in slag content (containing 7–15% MgO) results in higher amounts of hydrotalcite-like 
phases, replacing partly their calcium-based counterparts (AFt and AFm). 

Complex kinetics of multiphase hydration 

The simultaneous hydration of different clinker phases constitutes a complex series of 
interdependent mechanisms, as exemplified in Fig. 2.37 by Scrivener [21]. The 
complexity increases further with the incorporation of SCMs, as they not only react but 
also influence cement hydration (e.g., SF serve as nucleation sites for hydration products 
[136]). The aim here is not to review the different points of view on kinetics, but simply to 
remind the interdependence of reaction mechanisms. 

 

Fig. 2.37. Schematic representation of microstructure growth during the first 14 days of 
the hydration of Portland cement, as schematized by Scrivener in 1984 [21]. 
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Mechanical properties 

If mechanical properties of the different types of C–S–H, CH and clinker phases have 
been thoroughly investigated, mechanical investigations on the other hydrates remains 
scarce in literature [20]. Nevertheless, Haecker et al. [137] gathered mechanical 
properties of different cement phases and hydrates, as reproduced in Table 2.10. It must 
be noted that unknown properties for some phases were assumed to be the same as to 
those of other phases structurally similar. 

In addition, the indentation modulus of ettringite should approach M » 28 ± 3 GPa for 
𝜈 = 0.34, as obtained with Hill’s averaging scheme based on measurements on naturally 
occurring ettringite [138]. Also, experimental measurements on agglomerations of 
ettringite needles embedded in epoxy yielded M = 20.3 GPa and H = 0.6 GPa, which 
should be considered as a lower bound as the needles’ characteristic cross-section 
dimension of 0.1–1 µm is of the same order as the indentation interaction volume. 

 

Table 2.10. Mechanical properties of different cement phases and cement hydrates, as 
compiled from literature data by Haecker et al. [137]. 

2.2.3.3 Pore structure 

Pore structure is a key factor for durability of cementitious mixtures as it determines the 
transport properties and thus the capacity to prevent ingress of aggressive ions. This 
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section describes the scales of porosity, selected methods to measure porosity and 
tortuosity of the pore network, and the influence of the w/b ratio and SCMs on porosity.  

Scales of porosity in cement pastes 

The pore system of cement pastes has been thoroughly investigated, but a robust 
universal definition of the types of pores is still to be adopted [139]. As presented by 
Danilova [8], the cement paste porosity ranges from diameters <0.5 nm up to 1 mm, 
which may be separated in the following way: 

• Nano-porosity (<0.5 nm) is formed by the water bound chemically into the C–S–H 
solid’s layers; 

• Gel porosity (0.5 to ~10 nm) includes both water physically adsorbed to the C–S–H 
layers and small capillaries in the C–S–H matrices; 

• Capillary porosity (~10 nm to 15 µm) covers a large range of pores into the 
hydrates matrix which contains free water; 

• Macro-porosity (15 µm to 1 mm) includes air bubbles, entrapped air, entrained air 
and voids created by excess water. 

Combining all these types of porosities, the total porosity generally represents 8–16% of 
conventional concrete volume, or 20–50% of the paste [140]. As shown in Fig. 2.38 for 
mature OPC pastes, the total porosity increases with w/c. 

 
Fig. 2.38. Relations between porosities and w/c for mature OPC pastes compiled from 
several studies by Taylor [21]. Open symbols and curve A represent the total porosity, 
solid symbols represent the mercury porosities, curve B represents the calculated free 
water porosity and curve C represents the calculated capillary porosity. 
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Moreover, the water content is insufficient for complete hydration of cement below 
w/c = 0.38 (also leading to self-desiccation of porosity) and the increase in water content 
leads to the formation of larger macroporosity [21]. 

Porosity from mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry (MIP) consists of intruding under pressure a non-wetting 
fluid, mercury, into the microstructure and using the Washburn model to link the 
pressure-volume curve to a pore size distribution. The method has been widely used to 
investigate porosity of cementitious materials, but results should be interpreted with 
care because of concerns about the method and its interpretations [21,141].  

A first problem is the modification of the delicate pore structure both by the intensive 
drying required before the experiment and by the high pressure required to intrude 
mercury. Another problem is that the method does not really measure pore size 
distribution as sometime believed, but rather the pore-entry size distribution. Known as 
the ink-bottle effect, the volumes of large pores intruded through small pores will count 
as volumes of small pores, as illustrated in Fig. 2.39. This phenomenon also results in 
hysteresis in the sorption-desorption curves, which is still not fully modelled [142].  

 

Fig. 2.39. Schematics of (a) pores which will be correctly estimated by the Washburn 
model and (b) pores which will record all the volume at the small pore diameter [141]. 

Considering these concerns, Ma [143] recently presented a positive perspective on MIP 
along with good description of what could be expected from MIP. Thus, absolute pore size 
analysis from MIP could be possible but rather complex, as it requires an in-depth 
understanding of hysteresis and entrapment (which is generally not considered and 
forms the basis of the critics as described before). 

However, relative comparisons of systems and assessments of pore refinement were 
found to be valuable, given adequate sample preparation and data acquisition (see Ma 
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[143] or Scrivener et al. [144] for guidelines on the method). Furthermore, the total 
intrudable porosity Φin provides a good porosity index and the threshold porosity dth gives 
a good connectivity index, as agreed by Diamond [141].  

In addition, the critical pore diameter dc corresponds to the steepest slope of cumulative 
porosity curve and may be useful for permeability predictions with the Katz-Thompson 
equation. It is interesting to note that this approach is adequate for modelling high w/c 
or early-aged cement pastes, as they contain a percolated pathway of capillary pores 
described by dc [145]. However, capillary pores need to be connected through gel pores in 

low w/c or old pastes and dgp » 3–5 nm should be used instead of dc, leading to a modified 
Katz-Thompson equation if capillary porosity is lower than 18% [143]. A second critical 
pore size dc_ITZ should be used for modelling normal concrete to account for the increased 
porosity the interfacial transition zone (ITZ, which will be further described in 2.2.4.2).  

Influence of SCMs on porosity 

As reviewed by Lothenbach et al. [26], it is generally accepted that blended cement 
exhibits equal or higher total porosity compared to OPC pastes, but with a refined pore 
structure. This diminution of coarse capillary pores may then translate into reduced 
permeability. Loser et al. [146] demonstrated these trends: total porosities were much 
more affected in Fig. 2.40a by the w/b ratio than the type of blended cement, whereas 
pore sizes were greatly reduced in Fig. 2.40b for the OPC-fly ash system (CEM I + V) and 
the OPC-slag system (CEM III). 

As shown previously, the inkbottle effect cannot be neglected when interpreting pore 
refinements as shown in Fig. 2.40b. Kjellsen & Atlassi [114] combined different pore 
measurement methods and showed that porosity refinement observed in blended OPC-SF 
pastes should be attributed to hollow-shell pores. These pores are much larger than 
capillary pores, but they are sealed in cement hydrates and connected to the outside only 
through gel and capillary pores. Hollow-shells are created when small cement grains are 
fully hydrated into both Op C–S–H and a layer of dense Ip C–S–H, leaving an empty 
core. SF favours this phenomenon with the densification of the Ip C–S–H layer. 
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Fig. 2.40. Influence of SCMs and w/b ratios on (a) total porosity and (b) pore size 
distributions, as measured by MIP [146]. The cement compositions are the following: 
CEM I = 100% OPC; CEM II = 80–94% OPC + 6–20% limestone powder; CEM III = 35–
64% OPC + 36–65% slag; CEM I + V = 80% OPC + 20% class F fly ash.  

Table 2.11 by Kjellsen & Atlassi [114] presents interpretations of the influence of SF on 
different types of porosities. Mixtures with 10% SF exhibited higher total porosities than 
OPC-only pastes: gel porosity increased (likely due to the formation of higher amounts of 
C–S–H gel) as well as hollow-shell and ink-bottle porosities (which showed similar 
increase as they refer to the same type of pore). Finally, the capillary porosity, which is 
key for transport properties, was greatly reduced with SF, by more than a factor 5 for 
w/b = 0.25 with 10% SF. Overall, interpreting porosity measurements should be done 
with care, as the mechanisms responsible for the results may be confused. 

 
Table 2.11. Different types of porosity obtained by desorption isotherms (water vapour), 
microscopy (SEM-BSE) and theoretical calculations [114]. 

(a) (b) 
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Capillary porosity estimated from statistical nanoindentation 

As described by Constantinides and Ulm [75], statistical nanoindentation results can also 
provide an estimation of the volume fraction of the capillary porosity fMP in the sample: a 
deconvoluted phase with a low stiffness (M = 8.1 GPa) and low hardness (H = 0.17 GPa) 
may be attributed to regions dominated by this type of pores. These authors found fMP = 
6–9% for a w/c = 0.5 white Portland cement paste cured for 5 months (with a hydration 

degree a = 0.95), which was validated with the Powers-Brownyard’s semi-empirical 
relationship presented in Eq. (2.13). 

𝑓yz
𝑤
𝑐
= 0.5, 𝛼 = 0.95 =

𝑤/𝑐
𝑤/𝑐 + 0.32

1 + 1.32𝛼 − 1.32𝛼 = 12%	 (2.13)  

As shown in Table 2.7, He et al. [121] found similar value of 6.2% for an OPC paste and 
values increasing up to ~7.5–9% when incorporating fly ash or slag. A similar method 
applied by Sorelli et al. [105] showed a reduction of the porosity down to 1.5% for ultra-
high-performance concrete (UHPC), which could be expected because of the increased 
density of this material.  

Nevertheless, this type of estimation of capillary porosity should be considered with care 
because the ‘weak phase’ found by deconvolution may not be porosity only. 

Characterization of porosity by tomography 

As illustrated in Fig. 2.41, different nano- and micro-tomography approaches have been 
employed to investigate different scales of the capillary porosity and macro-porosity of 
cement pastes and concrete. The resolution of the investigated porosity depends on the 
method employed, but it is not yet possible to investigate the smaller gel pores.  

                 

(a) (b) 
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Fig. 2.41. Reconstructed 3D volumes of cementitious material obtained from (a) focussed-
ion beam nanotomography with 203 nm3 voxels [147], (b) X-ray microtomography with 
0.953 µm3 voxels [148], and (c) synchrotron microtomograhy with ~4.43 µm3 voxels [149]. 

2.2.4 Level III: The mortars and concretes 

At this scale, the cement paste fills the space in the skeleton of aggregates and acts as 
the binding phase holding constituents together. Several aggregate properties (e.g., type 
of aggregates, size distribution, texture, silica reactivity, etc.) influence concrete 
performance but this review focuses mainly on the strength of aggregates, on the 
formation of the interfacial transition zone (ITZ) and on homogenization schemes used to 
reconstruct mortar strengths from mechanical properties of the constituting phases. 

2.2.4.1 Mechanical properties of the aggregates 

As described by Aïtcin [150], the weakest link of normal concrete resides in the paste, 
whereas coarse aggregates become the weak link in high-performance concrete (HPC). 
Thus, 100 MPa concrete specimens incorporating limestone, diabase or granitic 
aggregates were found to fail by transgranular fracture, whereas concretes incorporating 
stronger siliceous aggregates failed at the aggregate boundary. Furthermore, HPC 
reaching up to 125–150 MPa were obtained using strong, non-microfractured and clean 

glacial (or fluvioglacial) gravel of maximum size ~10–14 mm (with silica fume and w/b » 
0.2–0.25). Increasing further the strength became possible by removal of the coarse 
aggregates, as performed in reactive powder concretes (RPC), also known as UHPC. 

Table 2.12 summarizes the mechanical properties from literature for limestone and 
quartz fine aggregates, as measured by indentation in different types of cement pastes. 

(c) 
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The elastic modulus and hardness of amorphous fused quartz and pure crystalline quartz 
are also presented for comparison. In addition to possible variations in the aggregate 
composition, one must consider that the average values presented by different authors 
might include both direct measurements on the pure phase and composite responses of 
strong aggregates with weaker neighbouring phases. 
 

Material E (GPa) H (GPa) υ Type (and substrate) Ref. 
Limestone 78 ± 1.4 10 ± 0.4  Aggregate in UHPC [140] 
Quartz 73 ± 1.6 10 ± 0.3  Aggregate in UHPC [140] 
Quartz 73.2 ± 14.5 5.14 ± 3.08 0.2 Sand in UHPC [105] 
Quartz 87.56 ± 3.42 11.28 ± 0.40  Quartz powder in paste [20] 
Quartz 105.1 ± 9.3   Sand in ECC [132] 
Quartz 71.8  0.17 Fused quartz [151] 
Quartz 74.2 ± 0.4  0.16 Fused quartz [152] 
Quartz 124 ~14  Pure quartz [0001] [122] 
Quartz 117.6 ± 2.7 14.54 ± 0.42  Pure quartz [0001] [153] 
Quartz 104.2 ± 5.9 13.0 ± 0.7  Quartz in basal quartzite [106] 

Table 2.12. Mechanical properties of limestone and quartz from literature, as measured 
in pure forms, inclusion in rocks or aggregates in cementitious pastes. 

2.2.4.2 Interfacial transition zone (ITZ) 

An interfacial transition zone (ITZ) with altered properties forms in the cementitious 
matrix around large inclusions in cementitious matrices (e.g., aggregates or steel fibres). 
The formation and properties of the ITZ  are briefly presented in this section based on 
the reviews by Ollivier et al. [154], Bentur & Alexander [155] and Scrivener et al. [156]. 
The reader is referred to these papers for references to the original studies. 

The ITZ is not sharply bounded, but it is rather a region of progressive changes in 
properties around the aggregates, with most significant variations in the first 15–20 µm. 
The “wall effect” explains this phenomenon, as several orders of magnitudes separate the 

cement grains (D50 » 16 µm) and the aggregates (at the millimetre scale). As schematized 
in Fig. 2.42b, the presence of the “wall” prevents random packing of clinker grains near 
aggregates, which results in a first layer dominated by small grains (~15 µm). This layer 
is followed by a region depleted of small grains (~15–35 µm), which reacts slower than 
the ITZ and the bulk between 1 and 28 days (see Fig. 2.42a).  
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Fig. 2.42. (a) Volumetric repartition of anhydrous cement grains in a w/c = 0.4 concrete 
at various ages, based on BSE image analyses, and (b) schematic representation of the 
“wall effect” on the grading of anhydrous grains in the ITZ [156]. 

Because of the reduced packing of clinker grains in the first layer, a local increase of w/c 
was observed near the aggregates, along with a reduced w/c in the bulk. Thus, bulk 
pastes in mortars were found to have w/c smaller by 0.05 than the whole sample average 

(e.g., w/c » 0.38–0.40 were found for bulk paste in mortars formulated with w/c = 0.4). 

The hydration products in the ITZ are also different from those of the bulk. On the one 
hand, the local reduction of clinker grains in the ITZ limits the formation of C–S–H gels, 
as the latter generally grow closer to clinker grains due to the limited solubility and 
diffusion of silicates. On the other hand, the local increase of w/c favours phases formed 
with ions highly mobile in solution (e.g., calcium, aluminum, alkali and sulfate ions), 
mainly Portlandite (see Fig. 2.43a) and ettringite. However, the ITZ is not uniform and it 
contains regions of high local porosity or Portlandite content (see Fig. 2.43b). 

(a) 

(b) 
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The elevated calcium content near the ITZ is further illustrated in Fig. 2.44, which shows 
how the Ca/Si ratio in a C3S paste reaches ~6 near the aggregate surface, compared to 
~3 at 120 µm from the aggregate. In addition, it was found that Ca/Si = 1.5–2 typical of 
C–S–H in the bulk paste was increased in the ITZ up to ~3.5–4, which was explained by 
possible intermixing of small Portlandite crystals in the C–S–H. 

Portlandite “flakes” were also found to grow parallel to the aggregate near the surface, 
with a progressive transition towards random orientation up to 50 µm. A duplex film of 
1–1.5 µm has also been detected on the surface of aggregates, with an inner Portlandite 
layer in contact with the aggregate and an outer C–S–H surface. 

      

Fig. 2.43. (a) Average volume fraction of calcium hydroxide as a function of the distance 
from an aggregate, based on BSE image analysis, and (b) BSE image of concrete showing 
the porous ITZ in zone 1 and a high calcium hydroxide concentration in zone 2. [156]. 

 

Fig. 2.44. Average Ca/Si molar ratio as a function of the distance from a marble 
aggregate, measured by electron microprobe analyses on a hydrated C3S paste [154]. 

(a) 
(b) 
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In addition, the ITZ was found to be influenced by several factors such as aggregate size, 
water-to-cement ratio and age [157], but these aspects are out of the scope of this review 
which focuses mainly on the SEM characterization of the ITZ, its mechanical properties, 
its porosity and the effect of SCMs on the ITZ. 

Characterization of the ITZ 

Scanning electron microscope (SEM) analyses using backscattered electron (BSE) 
imaging can provide interesting characterization of the ITZ. After acquiring BSE images 
with adequate size and number of fields of view (a compromise between resolution to 
resolve small features and the statistical significance of the field of view), the analysis 
consists of thresholding the grayscale image to separate the constituting phases, such as 
porosity (e.g., Fig. 2.45), anhydrous clinker, Portlandite, etc.  

Volume fraction profiles of the studied phases can then be extracted from strips of given 
thickness around the aggregates. Several methods may be used to delineate strips, but 
Gao et al. [158] recently proposed the concentric expansion method, which allows good 
resolution even with aggregate irregularities. The method consists of finding the centre of 
gravity of the aggregate in order to expand its boundary concentrically. 

 

Fig. 2.45. (a) Binary image of a w/b = 0.4 mortar after porosity segmentation (black 
pixels represent pores and the white region at the bottom is the aggregate) and (b) 10 
successive strips of 5 µm delineated with the concentric expansion method [158]. 

(a) (b) 
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Mechanical properties in the ITZ 

Hardness and elastic modulus measured by micro- and nano-indentation are generally 
constant in the bulk and gradients occur near the aggregates. Fig. 2.46 by Igarashi et al. 
[159] presents different hardness profiles observed near inclusions in cement matrices.  

 

Fig. 2.46. Possible types of microhardness profiles in the ITZ around a rigid inclusion in a 
cementitious matrix [159]. 

The ITZ is generally defined as a porous region near the aggregates and thus, a decrease 
in the mechanical properties up to the aggregate could be expected, as in type IV. This 
requires both a weak ITZ and weak bonding. However, this was rarely observed and 
results often show an increase of microhardness near the inclusions (types II and III), 
which could be attributed to the influence of the stiff inclusion on the probed volume, to a 
good bonding or to the presence of massive CH crystals near the inclusion. Finally, type I 
occurs when bulk matrix properties remain constant near a well-bonded inclusion, or 
when the ITZ near the surface is rich in massive CH. As an example, this is the case for 
interfaces between porous crushed-bricks and the matrix in lime-based ancient mortars, 
where ion exchanges between the brick and the matrix have strengthened the ITZ [160]. 

Fig. 2.47a reproduced from Igarashi et al. [159] illustrates the influence of the w/c ratio 
on the microhardness measured near steel fibres: reducing w/c increases the hardness of 
both the bulk and the ITZ, but a weaker zone remains between ~10–60 µm from the 
aggregate. As illustrated in Fig. 2.47b by Wang et al. [161], this weaker zone may not be 
clearly observed with nanoindentation hardness measurements [132,161,162]. 
Nevertheless, a higher w/c = 0.5 (sample 050003) seems to generate lower hardness near 
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the fibre, as compared to w/c = 0.3 (sample 030003). Similar trends were also observed 
by Xie et al. [163] in some rock-filled concrete systems. However, micromechanical 
interpretations of the ITZ should be done with care, as surface flatness is critical and 
very challenging to obtain at the interface between a hard inclusion and a soft matrix.  

   
Fig. 2.47. (a) Microhardness profiles of ITZ between steel fibres and pastes  with variable 
w/c ratios [159], and (b) nanohardness measured near steel fibres for OPC mortars with 
w/c = 0.3 (030003), w/c = 0.5 (050003), and w/c = 0.3 with 10% SF (031003) [161]. 

Porosity and permeability of the ITZ 

It is generally agreed that the ITZ exhibits higher porosity than the bulk paste, but its 
influence on transport properties is affected by several factors, as described below. 

MIP measurements by Ollivier and co-workers [154] reproduced in Fig. 2.48 illustrate 
the additional porous volume bounded by 0.045 and 0.1 µm in the cement paste of a 
mortar, compared to the same cement paste without aggregates (OPC paste, w/c = 0.4, 3 
months curing in lime water). According to the calculations by these authors, the porosity 
of the ITZ reaches 48 ± 1 % compared to 19 ± 1 % for the bulk paste. Interestingly, the 
porosity in the bulk cement paste without aggregates reaches 22%, which supports the 
idea that the local increase of water content in the ITZ leads to a less porous bulk paste. 

SEM-BSE image analysis results by Scrivener et al. [156] exhibit similar trends, as 
shown in Fig. 2.49a. On mixing, the porosity at the interface is much higher because of 
the wall effect. After 1 day, hydrates partly fill the space in the ITZ. After 28 days, the 
porosity in the ITZ is more than twice that of the bulk paste. Thus, “as the pores to be 
filled in are larger, the porosity, at all ages, will remain higher” [154]. 

(a) (b) 
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The increased porosity of the ITZ influences transport properties, as it forms a 
preferential path with increased connectivity. As illustrated in Fig. 2.49b by Scrivener et 
al. [156], concrete impregnated with Wood’s metal showed the preferential penetration in 
the ITZ around aggregates. 

 
Fig. 2.48. Incremental porosity distributions for a w/c = 0.4 OPC paste and the 
equivalent mortar after 3 months of curing in lime water [154]. 

           

Fig. 2.49. (a) Average porosity distribution in the ITZ at various curing ages (w/b = 0.4) 
and (b) concrete impregnated with Wood’s metal (white regions on the BSE image) 
showing better penetration in the ITZ around aggregate [156]. 

Ollivier and co-workers [154] investigated the transport of chloride in the ITZ both by 
diffusion and with an imposed electric field. Assuming a 100 µm thickness of the ITZ, the 
diffusion coefficient was found to be 12 times greater in the ITZ than in the cement paste. 

(a) (b) 
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If transport of species is clearly faster in the ITZ compared to the bulk paste, determining 
the impact of the ITZ on durability (i.e., on macro-scale transport properties) is much less 
straightforward, as reviewed by Marchand and Delagrave [164]. Increasing aggregate 
content increases the amount of ITZ and thus, it contributes to increasing permeability. 
At the same time, the presence of aggregates reduces the permeability as it decreases the 
overall volume of paste, it increases the tortuosity of the porous network and it decreases 
the local w/c of the bulk paste (and thus, porosity). Overall, experiments showed that 
increasing the aggregate content reduces transport rates even if the ITZ volume is larger. 

Influence of SCMs 

As seen earlier (Fig. 2.42b), the ITZ is formed by a concentration of small grains around 
the aggregates because of the “wall effect”. This phenomenon can further be employed to 
prevent the weak link that is the ITZ, by adding finer materials which will be “attracted” 
by the wall, thus leading to the densification of the microstructure of the ITZ. As 
illustrated by Fig. 2.50a, the porosity of the ITZ becomes almost equal to that of the bulk 
when adding 5–10% of silica fume (SF), which contains particles as small as 0.1 µm [156]. 
Even if the pozzolanic reaction of SF particles consumes Portlandite, “it seems that the 
main factor is the filling effect because the strength increase is similar with silica fume 
and inert alumina or carbon black [very fine] grains” [154]. 

      

Fig. 2.50. (a) Effect of silica fume on the porosity near the ITZ, at different curing ages 
[156]. (b) Effect of silica fume and rice husk ash on the porosity of around aggregates of 
w/c = 0.30 mortars, average ± one standard deviation [165]. 

(a) (b) 
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According to the review by Ollivier et al. [154], fine SCMs with particle sizes similar to 
those of cement have minor effects on the ITZ, as the “wall effect” is not affected. 
However, as shown in Fig. 2.50b by Zhang et al. [165], rice husk ash (RHA) with an 
average particle size of 7 µm was found to have a positive influence on the ITZ. 

2.2.4.3 Homogenization and multi-scale modelling 

The investigation of concrete at different scales (level 0 to level III) provides a 
comprehensive understanding of different aspects of the material, which may be further 
enhanced by linking the micro-scale properties of the constituting phases to the macro-
scale properties. Several approaches based on continuum micromechanics (and 
microporomechanics) or numerical discrete modelling enable the upscaling of mechanical 
properties from micro to macro. The following subsection aims to introduce some of the 
methods commonly employed for concrete and cementitious systems. 

Continuum micromechanics homogenization 

In the framework on continuum micromechanics, the Mori–Tanaka scheme is adapted for 
homogenizing systems in which relatively low concentrations of inclusions are embedded 
in matrices, as it is generally the case in cement pastes and concretes (levels II and III, 
respectively). The C–S–H matrix (level I) may also be represented by this scheme, if one 
type of C–S–H clearly dominates the other in terms of quantity [82,105]. 

Nevertheless, the self-consistent (or polycrystalline) scheme was found to be better suited 
for homogenization of the C–S–H matrix, as it captures the microelasticity of porous 
granular materials [75]. This scheme has a “unique feature of representing a highly 
disordered composite response of interacting phases none of which play a specific 
morphological matrix or inclusion role” [74]. Fig. 2.51 illustrates the fits obtained with 
both models for the indentation modulus vs. packing density scaling relation of LD and 
HD C–S–H, which supports the concept of a nanogranular morphology for C–S–H [75]. 

Fig. 2.52 by Sorelli et al. [105] visually illustrates the upscaling of mechanical properties 
from the C–S–H scale up to the engineering scale, for a UHPC system. Table 2.13 further 
presents the inputs and outputs of the three-step homogenization process which is 
described below. 
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Fig. 2.51. Indentation modulus vs. packing density scaling relations for LD and HD C–S–
H, as determined by nanoindentation. The results are fitted with the self-consistent (SC) 
micromechanical model and the Mori–Tanaka (MT) matrix-pore inclusion model [75]. 

 

Fig. 2.52. Four-levels model of UHPC [105]. 

 

Table 2.13. Inputs and outputs of the three-step homogenization process for UHPC [105]. 

At level I, the LD and HD C–S–H gels form a matrix with a homogenized elastic modulus 
of 29.9 GPa (significantly higher than the 23.8 GPa value typical for a w/c = 0.5 OPC 
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paste). At level II, the cement paste modulus reaches 45.3 GPa because the C–S–H 
matrix embeds significant amounts of quartz powder and clinker grains (and very little 
porosity). At level III, the cement paste embeds quartz sand, steel fibres and air voids, 
which leads to a homogenized modulus of 48.4 GPa. Notably, this calculated modulus is 
in excellent agreement with the modulus measured experimentally at the macro scale 
with bending tests (49.4 ± 1.6 GPa) and compression tests (52.7 ± 1.0 GPa). 

The Mori–Tanaka homogenization has been selected for this investigation on UHPC due 
to the apparent matrix-inclusion geometry [105], although another study suggested that 
homogenizing dense cement pastes (w/b = 0.3) using both the self-consistent and Mori–
Tanaka schemes would provide very similar results [166]. It is worth noting that even if 
no ITZ was found in this UHPC, the ITZ could also be considered as a distinct phase in 
the homogenization, as done in other studies (e.g. Nadeau [167]). Furthermore, the 
volume fraction of each phase of this UHPC was estimated directly from the statistical 
nanoindentation analyses, but it could also be estimated with other means such as the 
image analysis of back-scattered micrographs [166] or X-ray microtomography [148]. 

Discrete numerical modelling 

Discrete lattice modelling represents another approach for upscaling micromechanical 
properties. As summarized in Fig. 2.53, Lukovic et al. [168] proposed a promising 
approach for modelling 3D fracture behavior of cement pastes based on micromechanical 
mapping of successive slices of the material.  

 

Fig. 2.53. Schematized approach to investigate fracture behavior of cement pastes at the 
microscale: (a) hardness mapping from grid nanoindentation on a 140 µm x 140 µm 
region, (b) representation of the data cube for the same region investigated after 
subsequent removal of ~16 µm per step, (c) final fracture pattern of the discrete lattice 
model of the microstructure [168]. 

(a) (b) (c) 



72 CHAPTER 2.  STATE OF THE ART 
 

Assuming a direct relationship between tensile strength and hardness, a lattice model 
was developed from grids of nanoindentation performed 7 times on the exact same 
region, with the removal of ~16 µm between each step. The advantages of this modelling 
approach include avoiding assumptions regarding microstructure and micromechanical 
properties, as well as more realistic fracture properties compared to 2D modelling. 

At a larger scale, advanced discrete numerical models have been recently developed to 
model the heterogeneous microstructure of cement-based composites [169–172]. Fig. 2.54 
schematize the Lattice Discrete Particle Model (LDPM) developed by Cusatis and co-
workers [170,173,174] employed to upscale properties from the cement paste, through 
interactions between the matrix and aggregates, up to the macroscopic properties of 
concrete. Remarkably, this approach enables estimating the main mechanical behaviors 
at the engineering scale (e.g. nonlinear compressive behavior or tensile fracturing). 

 

Fig. 2.54. Schematic representation of the lattice discrete modelling: (a) example of 
idealized heterogeneous concrete microstructure; (b) numerical discretization; (c) one-
dimensional lattice model formulation; (d) example of numerical analysis of a 
macroscopic test [169,170]. 

2.3 Discussion on the state of the art 

After presenting the basics of cement and SCMs in terms of composition, hydration and 
properties, this literature review covered the multiscale structure of hardened concrete 
(from the atomistic configurations of C–S–H up to the paste-aggregate interfacial 
transition zone). This multiscale description of concrete represents the required 
framework for engineering highly sustainable concrete. 

As described by models and molecular simulations, the C–S–H solid (level 0) may take 
different configurations, include aluminum ions and exhibit different properties 
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depending on the Ca/Si ratio. Even if the level 0 will not be directly investigated in this 
thesis, this part of the review will help explain results obtained at larger scales. 

Based on literature, the C–S–H matrix (level 1) was described as a nano-granular 
material occurring in the form of low-density and high-density C–S–H (or inner and outer 
products, depending on the authors), with the possibility of an ultra-high-density C–(S)–
H phase. The mechanical properties of these different types of C–S–H, as determined 
with the statistical nanoindentation method by several authors, were presented along 
with their relative volume fractions (for a wide range of cementitious systems). The 
experimental work of this thesis aims to investigate these C–S–H phases and to 
contribute to improving the interpretation of nanoindentation results on cement pastes. 

The cement paste (level 2) includes (1) anhydrous cementitious materials, (2) the C–S–H 
matrix, (3) other hydrates, and (4) a complex porous network. The coupling of 
nanoindentation and EDS represents a promising approach for micro-chemo-mechanical 
investigations of these phases occurring in the cement paste in highly heterogeneous 
arrangements. Such investigations are expected to provide important insights on the 
influence of ASCMs on the different phases with respect to mechanical properties, 
chemical composition, relative volume fractions and repartition in the cement paste. 
Furthermore, extending the method to include quantitative chemistry represents an 
original improvement which will be pursued in this thesis. 

Finally, mortars and concretes (level 3) consist of aggregates embedded in the cement 
paste, with an interfacial transition zone possibly exhibiting weakened mechanical 
properties and increased transport properties. Although such scale will not be 
investigated in this thesis, it completes the description of concrete and enables the link 
between microstructure phase properties and engineering-scale properties. 
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Contribution to the thesis 

This first paper contributes to the thesis both by exploring the full potential of the latest 
micro-chemo-mechanical tool available in cement literature and by providing hints on 
key mechanisms for development of mechanical properties in low-cement systems. On the 
one hand, the statistical coupling of NanoIndentation and qualitative Energy-Dispersive 
Spectroscopy (NI-EDS) employed in this study has been recently developed [20], but 
rarely employed up to now with complex cementitious systems. To reach the thesis 
second sub-objective of improving the NI-EDS method, it was necessary to employ the 
method up to its limits as a first step. On the other hand, the main technical findings 
presented in this paper investigating systems with higher-than-typical levels of cement 
replacement by ASCMs represent a strong basis to interpret the results obtained for 
more typical systems in the rest of the thesis (e.g., the variation of the C–(A)–S–H 
chemistry and the dual contribution to mechanical properties of the SCMs, both in their 
reacted and anhydrous states). 

Titre en français 

Signature micromécanique des bétons à haute teneur en pouzzolanes naturelles par 
analyses statistiques combinées de nanoindentation et de MEB-EDS 

Résumé 

Alors que la soutenabilité des bétons peut être significativement améliorée en remplaçant 
de forts dosages de ciment Portland par des ajouts cimentaires (ACs), cette approche est 
loin d’être pleinement exploitée. Pour faire compétition aux bétons conventionnels, une 
meilleure compréhension de ces bétons à faible dosage en ciment est nécessaire en ce qui 
concerne les particularités microstructurales responsables des performances mécaniques, 
ainsi que les paramètres clés pour une méthode de formulation robuste. Plus 
spécifiquement, cet article vise à dévoiler la microstructure de systèmes cimentaires dans 
lesquels jusqu’à 60% du ciment Portland a été remplacé par des pouzzolanes naturelles 
(NP), sans pour autant modifier significativement les résistances mécaniques et la 
rigidité à 90 jours (en utilisant un ratio eau/liant de 0.35). L’étude inclut un couplage de 
la nanoindentation et de la spectroscopie aux rayons X à dispersion d'énergie, des 
simulations micromécaniques et des analyses d’images qui ont permis de révéler les 
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effets micromécaniques des NP sur la rigidité et la résistance globales (la formation d’un 
squelette microgranulaire d’inclusions dures et la transformation de la Portlandite en 
alumino-silicates de calcium hydratés [C–A–S–H]). 

Abstract 

Although concrete sustainability can be remarkably improved by replacing high amounts 
of Portland cement clinker with supplementary cementitious materials (SCMs), this 
approach is far from being fully exploited. To compete with conventional concrete, a 
better understanding of low-cement concrete is needed regarding both microstructure 
features responsible for mechanical performance and key parameters for robust mix 
design. In particular, this paper aims at disclosing the microstructure of cementitious 
systems in which up to 60% of Portland cement has been replaced with natural pozzolan 
(NP), without significantly affecting the 90-day mechanical strength and stiffness (using 
a fixed water-to-binder ratio of 0.35). The study carries out coupled nanoindentation/ 
energy-dispersive X-ray spectroscopy analyses, micromechanics modelling and image 
analysis to disclose the mechanical effects of NP on the overall stiffness and strength 
(i.e., the formation of a micro-granular skeleton of hard anhydrous inclusions and the 
transformation of Portlandite into calcium-aluminum-silicate-hydrate [C–A–S–H]). 

Keywords: Pozzolan, Calcium-silicate-hydrate (C–S–H), Nanoindentation, EDX, 
Micromechanics 
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3.2 Introduction 

To address sustainability concerns related to the CO2 emissions of Portland cement 
production, new concretes with low cement contents (<50% of binding materials) have 
been developed, such as the well-known high-performance, high-volume fly ash (HVFA) 

concrete promoted by Malhotra & Mehta [36]. High-volume natural pozzolan (HVNP) 
concrete, as investigated by Uzal and co-workers [33,37], also exhibits promising 
engineering properties given an adequate choice of the natural pozzolan (NP) type, 
concrete mix design and water-to-binder ratio. NP is defined as “either a raw or calcined 
natural material that has pozzolanic properties (for example, volcanic ash or pumicite, 
opaline chert and shales, tuffs, and some diatomaceous earths)” [29]. The wide variability 
in physical, chemical and mineralogical characteristics of the NP leads to a wide variety 
of NP concrete properties, which depend on the NP reactivity, its grinding and its 
blending with cement [30–35]. Uzal and Turanli tested HVNP systems using different 
types of NP, either highly amorphous (e.g., volcanic tuffs) [33] or highly crystalline (e.g., 
zeolites) [37], and showed complete consumption of Portlandite above 28 to 91 days, along 
with strengths similar to that of a reference Portland cement system and the reduction of 
the pores larger than 50 nm. 

Nevertheless, the use of HVNP concrete is still rather limited and further research is 
needed to take fully advantage of their enhanced properties in specific applications [34]. 
This requires improving the current understanding of the microstructure features which 
govern the mechanical properties. Coupled statistical nanoindentation (SNI) and energy-
dispersive X-ray spectroscopy (EDS) analyses emerge as an ideal method of investigating 
the microstructure of these HVNP systems. The statistical nanoindentation method 
consists of performing grids of nanoindentation on heterogeneous cementitious systems 
and using statistical deconvolution tools to disclose the properties of the constituents 
[75]. For example, this method has been used to improve understanding of the relative 
contribution of low-density and high-density calcium-silicate-hydrates (LD C–S–H and 
HD C–S–H), Portlandite, and anhydrous clinker to mechanical properties of different 
systems [20,74–76,82,100,102,103,105–107,115,175,176]. Investigations of more complex 
systems (e.g., including supplementary cementitious materials) required further 
investigation of each volume probed by nanoindentation using chemical micro-analyses. 
Qualitative EDS mapping [20,116,177] and quantitative EDS analyses at the location of 
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each indentation [115,178,179] were both used to include chemical properties as 
additional classification variables in statistical analyses of nanoindentation results. 
Furthermore, advanced spectral-spatial image processing strategies have also been 
developed for characterization of SCMs in cementitious systems using scanning electron 
microscope (SEM) multispectral mappings [180]. 

By comparing three systems of similar 90-day strength incorporating NP at dosages of 
0%, 20% and 60%, the objective of this work is to understand the microstructure 
reasoning by which similar performances could be obtained using less than half of 
Portland cement. More precisely, the investigation aims at demonstrating how 
mechanical properties in systems incorporating high volumes of NP depend on a skeleton 
of finely graded hard anhydrous particles efficiently embedded in a matrix of aluminum-
rich hydrates, in contrast with ordinary cement pastes whose properties mainly depend 
on the density of the calcium-silicate-hydrate (C–S–H) matrix. Coupled statistical 
nanoindentation and qualitative EDS mapping performed on the three systems illustrate 
these key microstructure features of the HVNP systems. The results are also further 
explored to link the micro-scale and macro-scale observations using micromechanics 
homogenization and image analysis. 

3.3 Materials and methods 

3.3.1 Materials 

This study investigates three binding system, namely OPC, 20NP, and 60NP, which 
refers to the partial replacement of ordinary Portland cement (OPC) by NP with dosages 
of 0%, 20%, and 60%, respectively.  

The cement used was a Canadian Type GU (i.e., general use Portland cement) and the 
natural pozzolan (NP) originated from a quarry in Veracruz, Mexico. Table 3.1 presents 
the chemical composition of these two cementitious materials, along with their physical 
properties that illustrate significantly finer particles for the NP than Portland cement. 
The mineralogical composition of NP shown in Fig. 3.1 indicates the presence of glassy 

phases (amorphous hump between around 18 and 35 º2q in the X-ray diffraction 
spectrum) along with a crystalline content dominated by plagioclase feldspars (such as 



80 CHAPTER 3.  THE MICROMECHANICAL SIGNATURE OF HIGH-VOLUME NATURAL […] 
 

albite and anorthite). Note that the identification of crystalline phases in Fig. 3.1 was 
performed considering the chemical composition of Table 3.1 and the chemical mappings 
further presented in section 3.4.2. 
 

Parameter Portland 
cement 

Natural 
pozzolan 

Chemical composition (wt. %) 
SiO2 20.2 65.2 
Al2O3 4.7 14.9 
Fe2O3 2.6 3.5 
CaO 62.0 3.2 
MgO 1.9 0.6 
Na2O 0.2 3.8 
K2O 0.9 3.7 
SO3 3.5 0.0 
TiO2 0.2 0.7 
LOI 2.5 3.9 
Physical Properties   
D50 (µm) 16.0 7.7 
D90 (µm) 45.0 25.0 
Blaine (m2/kg) 385 840 

Table 3.1. Chemical composition (in weight %, as measured by X-ray fluorescence) and 
physical properties for Portland cement and natural pozzolan investigated in this study.  

 

Fig. 3.1. X-ray diffraction spectrum of the natural pozzolan presented  
with the identification of the most probable phases. 

These cementitious materials were mixed with tap water at a water-to-binder ratio of 
0.35 to produce cement pastes, mortars, and concretes. Cement paste fabrication followed 
the standard procedure ASTM C1738 [181]. Silica standard sand conforming to 
ASTM C778 [182] was incorporated in mortars at a sand-to-cement ratio of 2.75. The 
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mortars were mixed according to ASTM C305 [183] and dispersed with a 
polycarboxylate-based superplasticizer to meet the 110 ± 5% flow requirements of 
ASTM C109 [184]. Superplasticized concrete mixtures were prepared with calcareous 
aggregates dosed for the reference OPC system at 975 kg/m3 for the fine fraction and at 
822 kg/m3 for the coarse fraction. 

3.3.2 Methods 

3.3.2.1 Engineering-scale experiments 

The compressive strength was measured both on mortar cubes after curing in limewater 
for 28 and 90 days according to ASTM C109 [184] and on concrete cylinders after curing 
at 100% relative humidity for 28 and 90 days according to ASTM C39 [185]. The modulus 
of elasticity was measured on concrete cylinders after curing at 100% humidity for 28 and 
90 days according to ASTM C469 [186]. 

3.3.2.2 Specimen preparation for microstructural investigations 

Disc-shaped specimens of about 15 mm diameter by about 5 mm thickness were sawed 
into cement paste samples cured for 90 days in limewater. These specimens were glued 
on AFM metallic discs and polished with Anamet perforated polishing cloths installed on 
a Struers automatic polishing machine using diamond oil-based suspensions. A first step 

of 10 min using a suspension of 15 µm diamond particles allowed the levelling of the 

sawed surfaces, which were then polished for 15 min using 6 µm particles, followed by 

two 15 min intervals using 1 µm particles. The specimens were cleaned between each 
step in isopropanol for 3 min using an ultrasonic bath. 

3.3.2.3 Nanoindentation mechanical analyses 

Nanoindentation experiments were performed using an Ultra-Nanoindentation Tester 
(UNHT) commercialized by Anton-Paar. Force-controlled indentations were performed on 
cement paste specimens using a trapezoidal loading composed of a loading phase at 
30 mN/min, a holding phase of 60 s and a rapid unloading at 30 mN/min. The reference 
contact force was set to 0.2 mN and the indenter contact force to 0.05 mN. The maximal 
indentation displacement, hmax, was fixed to 250 nm for probing constant micro-volumes 
on the heterogeneous cement specimens [20]. 
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Indentation modulus, M, and hardness, H, were calculated from the unloading part of the 
load-penetration curve by using the Oliver and Pharr method [88,89]. The tip area 
function was estimated by a standard calibration technique on a fused silica sample with 
incremental loads ranging from 0.05 mN to 24 mN (15 steps, 5 replicates per step).  

Indentation grids of 30 × 21 indents spaced by 10 µm were performed to statistically 
characterize the different phases in each of the cement paste specimens. The grid size 
and spacing were chosen as a compromise to obtain a statistically significant 
representation of the multi-phase materials investigated (with a probed surface much 
greater than the largest heterogeneity), while probing a relatively small region of interest 
(ROI) allowing high quality chemical mapping. The raw data obtained for each indent 
was visually inspected to detect and remove abnormal load-penetration curves, which 
could be caused by defects on the surface such as pores, cracks or uneven regions.  

3.3.2.4 SEM-EDS chemical mapping 

A Hitachi S-3400N scanning electron microscope (SEM) equipped with an Oxford Inca 
Energy 250 energy-dispersive spectrometer (EDS) was used for chemical mapping of the 
regions of interest including nanoindentation grids. The accelerating voltage was set to 

12 kV and a magnification of 370× was used to comprise a surface of 300 µm × 210 µm in 
a single view (the size of a nanoindentation grid). High-quality chemical maps were 
obtained by averaging 15 frames obtained using a map dwell time of 1024 s. 

3.3.2.5 Coupled chemo-mechanical statistical clustering 

The qualitative chemistry at the location of each indent was extracted from the chemical 
mappings using the indent localization algorithm further described in section 3.4.2. 
Although mappings were available for all the elements, previous analyses [20] showed 
optimal results for chemo-mechanical statistical clustering of cement pastes using 5 
classification variables: the indentation modulus M, the indentation hardness H, and the 
intensities of silicon ISi, calcium ICa and aluminum IAl. Thus, for a given nanoindentation 
grid, each i = 1…N data point was expressed with a vector xi = [Mi; Hi; ISi-i; ICa-i; IAl-i] and 
each of these data points could belong to one j = 1…n chemical phase having the average 
composition vector µj. Hence, statistical analysis was carried out on the dataset with the 
aim to estimate the number n of statistically significant phases, as well as their vector of 
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mean composition µj, their covariance matrix Sj and their associated fraction pj. A variety 
of deconvolution strategies have been used to achieve similar clustering in literature 
[74,86,113], but the multivariate mixture modelling supported with the Bayesian 
Information Criterion (BIC) [187] was chosen in this study. Based on finite Gaussian 
mixture modelling and assuming normal distributions for each phase, the estimation of 
the parameters was carried out according to the Maximum Likelihood (ML) function, via 
the Expectation Maximization (EM) algorithm [188], using Matlab®. 

3.3.2.6 Micromechanics homogenization of indentation modulus and hardness 

Previous studies have developed the upscaling relationships which allow estimating the 
homogenized indentation modulus Mhom and hardness Hhom of a composite volume probed 
by indentation, which is composed by different i-th phases also characterized by their 
indentation modulus and hardness 𝑀|, 𝐻| |Y...}, considering the hypotheses of an elastic 
isotropic behavior and a cohesive-frictional strength of each phase [75,82,105,189].  

In this study, the micromechanics theory was employed as comprehensively reviewed by 
Vandamme [122] and briefly summarized in the following. At first, the modulus of the 
composite Mhom can be estimated using the Reuss bound (uniform stress) and the Voigt 
bound (uniform strain) as indicated in Eq. (3.1), assuming an identical Poisson’s ratio for 
the N nanoindentation measurements randomly distributed in the material. 
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 (3.1)  

These estimates can be further refined to consider the self-consistent interactions 
between the heterogeneously distributed phases, by solving numerically Eq. (3.2) derived 
from the self-consistent model assuming a Poisson’s ratio 𝜈| = 0.2 [122]. 

1
1 + .

0 𝑀| 𝑀X�M − 1

}

|Y.

=
𝑀| 𝑀X�M

1 + .
0 𝑀| 𝑀X�M − 1

}

|Y.

 (3.2)  

Similarly, the hardness of the composite Hhom can be estimated using the Reuss-Voigt 
bounds of yield design for a cohesive material, as described by Eq. (3.3). 
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min
}
𝐻| ≤ 𝐻X�M ≤

1
𝑁

𝐻|
}

 (3.3)  

As described by Vandamme [122], the homogenized hardness can be estimated 
considering the non-linear strength homogenization approach and the self-consistent 
model by the system of equations Eq. (3.4). Thus, the numerical implementation of this 
system provides an estimate of the homogenized indentation hardness Hhom from the set 
of measured indentation hardnesses 𝐻| |Y...}. 

∀𝑖 ∈ 1…𝑁 ,
𝜕𝐺X�M
𝜕𝐺|

𝐻X�M
𝐺X�M

0
=
1
𝑁

𝐻|
𝐺|

0
 

𝐺X�M
1

3𝐺X�M + 2𝐺||
−

𝐺|
3𝐺X�M + 2𝐺||

= 0 
(3.4)  

3.3.2.7 Image analysis 

The composite chemical mappings further described in section 3.4.2 were analyzed using 
the image processing software ImageJ [190]. The colour threshold function allowed the 
separation of the different hydrous and anhydrous phases of the cement pastes, as their 
respective chemical signatures were reflected by distinctive colour levels in composite 
maps using the Si, Ca and Al dimensions. Although the exact separation criteria between 
phases were manually defined, they were kept the same for the analyses of the different 
systems investigated using the same SEM-EDS parameters. 

Segmented images for each phase were then used in schematic coloured representations 
of the cement paste and to determine the average equivalent particle diameter of the 
anhydrous grains. Note that this parameter represents the average diameter of discs 
having the same area as the grains observed in the two-dimension mappings of the 
studied materials. Thus, it should not be confused with the average particle diameter 
measured for granular materials. 
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3.4 Results and discussion 

3.4.1 Engineering properties at the macro-scale 

Fig. 3.2 compares the three cementitious systems investigated in this study at 28 and 90 
days of curing, with respect to the modulus of elasticity E on concrete and the 
compressive strength f’c on both concrete and mortar. At 90 days, the average elastic 
modulus for system 60NP reaches 36 GPa for concrete cylinders compared to 40 GPa for 
systems OPC and 20NP, which corresponds to a 12% difference with an overlap of the 
error bars (i.e., standard deviation). Furthermore, the compressive strength of 
system 60NP at 90 days represents 84% (on concrete) to 92% (on mortar) that of the 
other systems having the same water-to-binder ratio of 0.35. Analogously to the elastic 
modulus, the overlap of error bars for strength measured on mortars suggests a small 
difference in the mechanical properties between the three systems. Fig. 3.2 also suggests 
that after 28 days, the reaction rate is greater for systems incorporating NP than for the 
OPC system, i.e., the strength relative to system OPC increase with curing time (e.g., for 
mortars, system 60NP reaches 84% of OPC strength at 28 days and 92% of OPC at 90 
days). 

 

Fig. 3.2. Elastic modulus E of concrete cylinders and compressive strength f’c of concrete 
cylinders and mortar cubes measured for the three systems: reference cement-only paste, 
OPC, and pastes incorporating 20% natural pozzolan, 20NP, and 60% natural pozzolan, 
60NP (w/b=0.35).  
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3.4.2 Microstructure of cements pastes under the microscope 

The observation of polished cement paste surfaces under the optical and scanning-
electron microscopes provides a qualitative description of the pastes’ microstructure. 
Fig. 3.3 and Fig. 3.4 present different representations of the microstructure of 
system 20NP, which will be described thoroughly in this section as it includes all the 
phases found in the three systems of this study. 

The optical image of Fig. 3.3a shows a region of interest (ROI) after performing a 

nanoindentation grid of 30 × 21 indents spaced by 10 µm. However, as the indent 
locations deviate slightly from an equally spaced grid due to the accuracy of the indenter 
positioning, further analyses require a localization algorithm which determines 
coordinates of indent imprints from the optical image using: image treatment, automatic 
identification of most indents, determination of the actual grid from the imprints with 
the Hough transformation, and manual correction when necessary [20]. 

 

   

Fig. 3.3. (a) Optical image of a region of interest (ROI) on the system 20NP incorporating 
20% natural pozzolan, (b) SEM-BSE micrograph, and SEM-EDS elemental maps of the 
same ROI for (c) silicon, (d) calcium and (e) aluminum. The grids of points represent the 
locations of indents on the surface (30 × 21 rows of indents in a 300 µm × 210 µm ROI), 
as determined and translated on all figures with the indent localization algorithm.  

(b) 20NP – SEM-BSE (a) 20NP – Optical Micrograph 

(d) 20NP – Ca Map (e) 20NP – Al Map (c) 20NP – Si Map 
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The grayscale backscattered electron (BSE) micrograph of Fig. 3.3b provides an 
indication of the mean atomic number of the constituents of the material on the same 
ROI (brighter regions represent higher atomic numbers). Furthermore, Fig. 3.3b also 
includes the location of the indents translated from the coordinates list obtained with the 
indent localization algorithm previously described. Similarly, the grid of indents also 
appears in the elemental maps of Fig. 3.3c-e which represents the relative intensity of Si, 
Ca and Al. The brightest regions of these maps indicate the highest concentrations of the 
analyzed element, with the maximal intensity kept constant to allow comparison between 
the systems. 

The composite map presented in Fig. 3.4 represents the combination of the elemental 
maps of Fig. 3.3c-e. A clear distinction between the different phases emerge from the 
choice of the three main elements occurring in the investigated cementitious matrices 
(Si, Ca, and Al). 

 
Fig. 3.4. SEM-EDS composite chemical map of system 20NP including the identification 
of the different anhydrous and hydrous phases. This composite map is composed of the 
elemental maps for Si (red), Ca (blue) and Al (green). 

3.4.2.1 Anhydrous phases 

Calcium-rich anhydrous clinker particles appear as bright grains in the SEM-BSE 
micrograph (Fig. 3.3b). A closer examination of the grains texture allows the distinction 
between the uniform alite crystals, the streaked lamellae of the belite crystals and the 
interstitial phases (brighter due to their Fe content). Fig. 3.4 confirms visually this 
classification considering the chemical signature of each phase: alite (i.e., imperfect C3S) 

20NP – EDS Composite Map 
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appears purple, belite (i.e., imperfect C2S) having higher Si content appears pinkish 
purple, and the interstitial phases (i.e., imperfect C3A and C4AF) appears bright cyan due 
to their aluminum content. 

Natural pozzolan (NP) grains exhibit less contrast on the SEM-BSE micrograph 
(Fig. 3.3b), but their alumino-siliceous composition facilitate the identification in the 
composite map of Fig. 3.4. The map reveals three types of NP particles with sizes from a 

few microns up to ~30 µm (generally smaller than anhydrous clinker particles). The three 
types of NP appear as yellow, orange and red particles, which correspond to three 
different Al/Si ratios, in decreasing order. Considering the mineralogical 
characterization in Fig. 3.1, the three types defined as NP types 1, 2 and 3 are assumed 
to correspond to anorthite, albite, and a combination of diopside and quartz, respectively. 

3.4.2.2 Hydrated phases 

Portlandite (i.e., Ca(OH)2, simply indicated as CH in cement chemistry) is a crystal 
product of silicates (alite and belite) hydration, which is represented in blue in Fig. 3.4. 
Since calcium carbonate (CaCO3) grains have a similar blue colour, further statistical 
analyses in the following are required for its identification.  

Aluminum-bearing hydrates form into AFm (e.g., monosulfoaluminate) and AFt (e.g., 
ettringite) with the hydration of small-sized aluminates and ferrite grains. These phases 
may be observed as dark-greenish regions in Fig. 3.4. 

Finally, in Fig. 3.4, the pink regions surrounding the other phases represent the calcium-
silicate-hydrates (C–S–H) matrix which binds all the constituents. The variations in C–
S–H chemical composition is reflected in elemental composite maps. The pink areas 

indicates Portland cement C–S–H typically with Ca/Si » 1.7 [21], while the brownish-
pink areas indicate calcium-aluminum-silicate-hydrates (C–A–S–H) with lower 
Ca/(Si + Al) ratios. 

3.4.3 Coupled chemo-mechanical statistical micro-investigations 

Besides the visual observations of micrographs presented in the previous section for the 
system 20NP, the use of a statistical multi-technique coupling of grid nanoindentations 
with SEM-EDS chemistry analyses (SNI-EDS) enables further investigations on the 
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mechanical properties of the phases, their chemical composition, their relative content, 
and their distribution in the cement paste. Using this method, the following section 
compares an OPC paste with systems incorporating 20% and 60% of NP to understand 
the effects of reducing the cement content on microstructures of pastes cured for 90 days. 

3.4.3.1 System with ordinary Portland cement only (OPC) 

Fig. 3.5, Fig. 3.6 and Table 3.2 present the results of the statistical clustering for the 630 
micro-volumes of material probed in the Portland-cement-only system OPC. As described 
in section 3.3.2.5, the clusters were obtained following 5 dimensions for the statistical 
classification: the indentation hardness H and modulus M, along with the intensities of 
silicon ISi, calcium ICa and aluminum IAl. Fig. 3.5a shows a first representation of the 
results in the dimensions of ICa vs. ISi, which allows visual identification of the clusters 
typically obtained during analyses of cement pastes. The map in Fig. 3.5b illustrates the 
chemical components of the microstructure of the OPC sample, with the coloured dots 
representing the clustered data points of Fig. 3.5a to facilitate the identification of 
clusters.  

Cluster #1 contains the highest fraction of data points and represents the binding matrix 
of C–S–H. Cluster #7 consists of silicates (i.e., C3S and C2S), whereas cluster #8 
comprises aluminous phases of clinker (i.e., C3A and C4AF) possibly intermixed with 
silicates. Such intermix between phases appear when the volume probed by a single 
indentation is not located into a unique phase, but rather includes several phases. Thus, 
cluster #4 stretch from the pole of C–S–H (cluster #1) up to a pole of pure CH (ISi = 0, ICa ≈ 
0.8), which suggests an intermix between these phases and/or relatively small 
dimensions of the CH-dominated regions. Similarly, clusters #3 and #5 extends from C–
S–H to poles of AFm + AFt and calcium carbonate (CC.), respectively. Finally, clusters #2 
and #6 represents additional intermixes between the other clusters previously described. 

Table 3.2 reports the mechanical properties of the identified clusters of Fig. 3.6. The 
clusters #7 and #8 exhibit the highest average mechanical properties with µM ≈ 110 
± 40 GPa and µH ≈ 7 ± 4 GPa. These results agree with literature values, as Velez et al. 
[128] reports M = 125–145 GPa and H = 8.8–10.8 GPa for pure clinker phases. Generally, 
grid nanoindentation data points above M > 65 GPa and H > 3 GPa are considered to 
come from probed volumes composed with a large majority of clinker phases [65,103,104].  
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C–S–H cluster #1 with µM ≈ 27 ± 3 GPa and µH ≈ 0.8 ± 0.1 GPa also agrees with the 
literature, as it stands in between the average reported values for low-density LD C–S–H 
(M ≈ 21.4 GPa, H ≈ 0.7 GPa) and high-density HD C–S–H (M ≈ 31.4 GPa, H ≈ 1.2 GPa) 
[20,74–76,82,100,102,103,105–107,115,175]. However, the chemo-mechanical clustering 
of data points does not allow distinguishing these two types of C–S–H. Nevertheless, 
possible mixtures of C–S–H with CH and AFm + AFt (clusters #2, #3, and #4) can reach 
µM ≈ 34 ± 6 GPa and µH ≈ 1.1 ± 0.3 GPa. 

    
Fig. 3.5. (a) Representation of relative intensities of calcium ICa and silicon ISi for 
datapoints of system OPC after coupled SNI-EDS statistical analyses. (b) Cluster 
repartition of system OPC on the composite chemical map (see Fig. 3.4a for phase 
identification on the composite map; the point-colour legend is the same for a and b). 

 
Fig. 3.6. Cluster repartition of system OPC in the representation of indentation modulus 
M vs. indentation hardness H. 
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Clust. µH (GPa) µM (GPa) ISi ICa IAl π Predominant Phase(s) 
1 0.8 ±0.1 27 ±3 0.20 ±0.03 0.46 ±0.03 0.13 ±0.02 35% C–S–H 
2 1.0 ±0.2 33 ±4 0.19 ±0.04 0.49 ±0.03 0.13 ±0.02 20% C–S–H + CH 
3 1.1 ±0.3 34 ±6 0.15 ±0.04 0.44 ±0.04 0.22 ±0.06 9% AFm+AFt + C–S–H 
4 1.2 ±0.4 35 ±6 0.13 ±0.04 0.60 ±0.06 0.10 ±0.01 10% CH + C–S–H 
5 1.6 ±0.6 44 ±11 0.10 ±0.04 0.57 ±0.03 0.10 ±0.03 5% CC. + C–S–H 
6 2.0 ±0.7 53 ±9 0.23 ±0.07 0.57 ±0.06 0.16 ±0.05 8% Clinker + C–S–H 
7 7.1 ±2.2 110 ±18 0.35 ±0.03 0.71 ±0.04 0.13 ±0.02 6% Clinker (Silicates) 
8 7.1 ±4.0 106 ±40 0.14 ±0.07 0.55 ±0.08 0.46 ±0.19 8% Clinker (Al-Rich) 

Table 3.2. Average properties of the clusters resulting from the SNI-EDS investigations 
of system OPC and identification of the predominant phase(s). 

Table 3.2 also provides the average chemical properties along with an estimation of the 

volume fraction p for each cluster. Since a cluster can possibly be composed by more than 
one phase, estimating the volume content of each single phase requires further 
techniques for distinguishing the intermixed constituents. Although precise estimations 
were obtained using geometrical analyses for simpler systems [191], the complexity of the 
studied systems suggest the use of a simple first order estimation method: points in 
intermix clusters are distributed equally between their predominant phases (e.g., cluster 
#2 is separated between 10% C–S–H and 10% CH) . This assumption leads to an 
approximated microstructure composition for system OPC of ~17% anhydrous clinker, 
~61% C–S–H, ~15% portlandite, and ~7% AFm + AFt and calcite. Thus, as also shown in 
Fig. 3.5b, the system OPC incorporates a significant fraction of anhydrous clinker grains 
and Portlandite crystals (from approximately a few microns in diameter up to above 10–
20 µm) both embedded in the C–S–H matrix. 

3.4.3.2 System with 20% replacement of cement by natural pozzolan (20NP) 

The addition of an alumino-siliceous supplementary cementitious material (i.e., NP) 
significantly changes the SNI-EDS results, as shown in Fig. 3.7 and Table 3.3. The 
cluster #4 in Fig. 3.7a and b corresponds to the presence of NP in the paste 
microstructure, with a distribution extending mainly from the predominant NP particle 
type I (ICa ≈ 0, ISi ≈ 0.7, IAl ≈ 0.5) to the C–(A)–S–H cluster #1. Fig. 3.7b also shows a large 
dispersion of cluster #4 in the IAl vs. ISi representation, which illustrates the important 
variation of the Al/Si ratio for the different types of NP particles. The visual 
representation of the mechanical performances of Fig. 3.7c indicates the elevated 
hardness and modulus of the anhydrous NP particles, which can contribute to the 
strength of the system similarly as the harder clinker inclusions. 
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Fig. 3.7. Results of SNI-EDS coupled analyses for system 20NP, as represented into three 
different axes: (a) ICa vs. ISi, (b) IAl vs. ISi, and (c) M vs. H. 

Under the same assumptions of the previous section on OPC, the analysis of results of 
Table 3.3 provides the following first order approximation of the phase repartition for 
system 20NP: ~12% anhydrous clinker, ~11% NP, ~56% C–(A)–S–H, ~14% Portlandite, 
and ~8% AFm + AFt. Due to the increased content of aluminum provided by the NP to 
the system and to the possible non-uniform incorporation of aluminum in the C–S–H 
structure [26,192,193], the acronym C–(A)–S–H include both C–S–H and C–A–S–H. 
 

Clust. µH (GPa) µM (GPa) ISi ICa IAl π Predominant Phase(s) 
1 0.7 ±0.2 25 ±3 0.25 ±0.02 0.40 ±0.03 0.15 ±0.02 29% C–(A)–S–H 
2 0.8 ±0.2 27 ±4 0.17 ±0.04 0.38 ±0.03 0.23 ±0.06 16% AFm+AFt + C–(A)–S–H 
3 1.0 ±0.3 31 ±6 0.23 ±0.06 0.46 ±0.08 0.15 ±0.03 33% CH + C–(A)–S–H (+NP) 
4 3.7 ±2.5 48 ±15 0.48 ±0.18 0.23 ±0.14 0.38 ±0.12 10% NP + C–(A)–S–H 
5 5.5 ±3.6 80 ±31 0.12 ±0.03 0.47 ±0.08 0.46 ±0.17 4% Clinker (Al-Rich) 
6 6.3 ±3.3 82 ±24 0.30 ±0.03 0.68 ±0.09 0.13 ±0.04 8% Clinker (Silicates) 

Table 3.3. Average properties of the clusters resulting from the SNI-EDS investigations 
of system 20NP and identification of the predominant phase(s). 

3.4.3.3 System with 60% replacement of cement by natural pozzolan (60NP) 

While the results for system 20NP resemble those of system OPC with the addition of a 
cluster for NP, system 60NP exhibits a totally different microstructure, as shown in 
Fig. 3.8, Fig. 3.9 and Table 3.4. The combination of a low Portland cement content and a 
high NP content results in the absence of a Portlandite cluster and in increased Si and Al 
contents for the C–(A)–S–H cluster #1 (i.e., a lower Ca/(Si + Al) ratio). Interestingly, the 
increased content of NP also enables the distinction between two types of NP particles: 
cluster #5 for NP type 1 (high Al/Si ratio) and cluster #6 for NP type 2 (average Al/Si 
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ratio). Furthermore, the cluster #7 seems to include both clinker grains and NP type 3 
(low Al/Si ratio) particles having the highest mechanical properties. Finally, clusters #2, 
#3 and #4 represents C–(A)–S–H intermixed with AFm + AFt, NP, and siliceous clinker 
phases, respectively.  

 
Fig. 3.8. Results of SNI-EDS coupled analyses for system 60NP, as represented into three 
different axes: (a) ICa vs. ISi, (b) IAl vs. ISi, and (c) M vs. H. 

The high level of replacement of cement by NP particles is clearly visible in Fig. 3.9 and 
also evident in Table 3.4 which reports (using the same assumption as for system OPC) 
an approximated anhydrous clinker content of ~8% and NP content of ~33%. This 
increased anhydrous content compared to previous systems is compensated by a reduced 
content of hydrates: ~51% C–(A)–S–H with ~8% AFm + AFt and without Portlandite. 

 

Fig. 3.9. Repartition of the clusters of Fig. 3.8 on the composite map of system 60NP (see 
Fig. 3.4a for composite map phase identification and Fig. 3.8 for the legend of markers). 
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# µH (GPa) µM (GPa) ISi ICa IAl π Predominant Phase(s) 
1 0.6 ±0.2 23 ±4 0.37 ±0.06 0.35 ±0.04 0.28 ±0.05 34% C–(A)–S–H 
2 0.7 ±0.2 25 ±7 0.25 ±0.07 0.35 ±0.04 0.29 ±0.08 15% AFm+AFt + C–(A)–S–H 
3 1.1 ±0.4 31 ±8 0.46 ±0.10 0.28 ±0.09 0.33 ±0.07 21% C–(A)–S–H + NP 
4 2.7 ±2.5 55 ±27 0.34 ±0.03 0.64 ±0.08 0.16 ±0.04 6% Clinker (Silicates) 
5 3.2 ±3.0 56 ±28 0.30 ±0.18 0.40 ±0.21 0.44 ±0.16 2% NP(1) + C–(A)–S–H 
6 4.2 ±2.0 46 ±13 0.60 ±0.13 0.17 ±0.10 0.41 ±0.08 18% NP(2) + C–(A)–S–H 
7 6.1 ±4.0 67 ±36 0.56 ±0.07 0.20 ±0.06 0.55 ±0.23 5% Other Anhydrous 

Table 3.4. Average properties of the clusters resulting from the SNI-EDS investigations 
of system 60NP and identification of the predominant phase(s). 

3.4.4 From microstructure to engineering properties 

The coupled SNI-EDS results presented in the previous section provide a microstructural 
characterization which is further analyzed in the following section to understand how 
system 60NP can attain similar overall mechanical properties as system OPC while 
having more than half of the cement content replaced by NP. 

3.4.4.1 Homogenized mechanical properties 

Micromechanics homogenization of the nanoindentation results provides an estimation of 
the composite mechanical properties of the heterogeneous cement pastes at the micro-
scale. The composite response of the material depends on the mechanical properties of its 
constituting phases (e.g., hard inclusions increase the composite hardness). The 
homogenization of the indentation modulus M and hardness H were carried out as 
described in section 3.3.2.6 [122]. 

Fig. 3.10a shows the reduction of the homogenized indentation modulus Mhom when the 
NP dosage increases, with respect both to mixture rules (i.e., the Reuss-Voigt limits) and 
to the micromechanics homogenization. Notably, the increase of NP content to 20% and 
60% reduces Mhom of the cement paste by 11% and 18%, respectively, which agrees with 
the reductions of 2% and 12% observed for the overall elastic modulus on concrete at 90-
days, as shown in Fig. 3.2. This trend may be explained by a modification of the 
microstructure’s inclusions: anhydrous NP inclusions exhibits significantly lower 
indentation modulus (µM-60NP ≈ 46 ± 13 GPa) compared to anhydrous clinker inclusions 
(µM-OPC ≈ 110 ± 40 GPa).  
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Fig. 3.10. Homogenized mechanical properties as a function of the NP dosage for (a) the 
indentation modulus Mhom and (b) the indentation hardness Hhom. The filled areas 
represent the Reuss-Voigt bounds, whereas the lines represent the values obtained using 
micromechanics homogenization with the self-consistent model. 

As for the hardness, Hhom decreases of about 16% when increasing NP from 0 to 60%, 
which agrees with the overall strength reduction of 8% to 16% observed on mortar and 
concrete. It is worth emphasizing that this strength difference between the systems was 
not considered significant considering the amount of cement replaced by NP (i.e. 60%). 

While the analysis showed coherent micro-to-macro trends for the modulus and 
hardness, this simplified micromechanics approach may not consider other important 
factors affected by the incorporation of NP in the systems, such as: the change of the 
fundamental properties of C–S–H, the weakening effects on interfaces of hard inclusions, 
or the changes in particle size distributions. This will be investigated in the following. 

3.4.4.2 Modified system of hydrates 

From Portland C–S–H to C–A–S–H 

Fig. 3.11 compares the C–(A)–S–H clusters for the three investigated systems (cluster #1 
in Table 3.2, Table 3.3 and Table 3.4). Fig. 3.11a and b presents a reduction of the Ca/Si 
and Ca/Al ratios of the C–(A)–S–H with the increase of the NP content. These results 
suggest a change from the predominance of C–S–H for system OPC to the predominance 
of C–A–S–H for system 60NP. This change is also associated with a reduction of both the 
average indentation modulus M from 27 ± 3 to 23 ± 4 GPa and the average indentation 
hardness H from 0.8 ± 0.1 to 0.6 ± 0.2 GPa (see. Fig. 3.11c and d). Thus, the macro-scale 
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strength of system 60NP cannot be attributed to stronger binding C–(A)–S–H produced 
by the pozzolanic reaction between the NP particles and the Portlandite produced during 
cement hydration. 

      

   
Fig. 3.11. Variations in the properties of the C–(A)–S–H cluster (#1) for the three studied 
systems, as represented into four different axes: (a) ICa vs. ISi, (b) ICa vs. IAl, (c) M vs. ISi, 
and (d) H vs. ISi. 

From C–S–H + CH to C–A–S–H + AFm + AFt 

A closer examination of the systems OPC and 60NP clearly indicates a different 
morphology of the hydrates, changing from large regions of typical Portland cement 
hydrates (C–S–H and CH) for OPC to thin regions of intermixed C–S–H, C–A–S–H and 
Al-bearing hydrates for 60NP. The coloured mappings in Fig. 3.12a-c represents the 
chemical maps of the three studied systems, segmented for easier interpretation with the 
following colour legend: anhydrous inclusions (white), Portlandite (blue), AFm + AFt 
(dark green), C–S–H (purple), and C–A–S–H (brown).  
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As the composition of the C–(A)–S–H hydrates extends from “Al-free” C–S–H to “Al-rich” 
C–A–S–H, the C–S–H was defined in our segmentation process as the range of colour 
levels attributed to C–S–H in the OPC system. The colour ranges for Portlandite and 
AFm + AFt were defined similarly and the C–A–S–H represents a different type of 
hydrate occurring only in the systems 20NP and 60NP. Fig. 3.12d presents a 
magnification of the black rectangle in Fig. 3.12c, which illustrates the presence of C–S–
H around a hydrating clinker grain intermixed with C–A–S–H at greater distance from 
this clinker grain. Fig. 3.12d thus provides a visual evidence of the coexistence of C–(A)–
S–H with different Ca/(Al + Si) in the same system. It is worth noting that, even if the 
boundaries between these two types of C–(A)–S–H are sharply defined based on simple 
interpretation, a gradual variation of Ca/(Al + Si) seems to exist between different zones. 

   

   

Fig. 3.12. Repartition of hydrates on the analyzed surfaces, as obtained by image 
segmentation of composite maps for systems (a) OPC, (b) 20NP, (c) 60NP, and (d) 
magnified view of the black rectangle in (c). The phases include C–S–H (purple), C–A–S–
H (brown), lime (blue), Al-bearing hydrates (dark green) and anhydrous grains (white). 

Fig. 3.12a-c confirms the pozzolanic consumption of the Portlandite crystals by the NP 
particles, which is believed to be a key mechanism contributing to explain both the 
macro-scale strength and the C–(A)–S–H micro-mechanical properties. On the one hand, 
although Portlandite generally develops higher hardness and elasticity than C–(A)–S–H 
[19,115], the layered structure of large crystals may form weak cleavage planes [21] 

(a) OPC (b) 20NP 

(c) 60NP (d) 60NP - Magnified 
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which limit the macro-scale strength of the OPC system. On the other hand, C–S–H 
formed in solutions saturated in calcium ions (i.e., typical Portland cement pastes) 
incorporates nano-crystals of Portlandite in its microstructure, which contribute to 
increased hardness and elasticity [115]. Thus, one can attribute the reduction of 
mechanical properties observed with decreasing Ca/(Si + Al) ratio (see section 3.4.4.2) to 
the absence of these reinforcing nano-crystals of Portlandite in the C–(A)–S–H structure. 

Furthermore, the amount of Al-bearing phases increase with the dosage of NP, as the 
latter provides increased dissolved aluminum to the solution. As seen with intermix 
clusters incorporating AFm + AFt in Table 3.2, Table 3.3 and Table 3.4, the mechanical 
properties of these phases are on average higher than that of the C–(A)–S–H. Thus, an 
increased content of Al-bearing phases in the NP systems may also positively contribute 
to the macro-scale strengths. 

3.4.4.3 Optimized skeleton of hard anhydrous inclusions 

While the matrix of hydrates binds the different constituents, the hard anhydrous 
inclusions may strongly contribute to the mechanical properties. Thus, dense cement 
pastes may be considered as a “micro-granular” material, optimally designed to develop 
strength with a skeleton of hard particles. Fig. 3.13 illustrate the distribution of residual 
anhydrous particles at 90 days of hydration, which consist of the main clinker phases 
(silicates in purple, aluminates and ferrites in cyan) and the three NP types (type 1 in 
yellow, type 2 in orange, and type 3 in red).  

 

Fig. 3.13. Repartition of anhydrous particles on the analyzed surfaces, as obtained by 
image segmentation of composite maps for systems (a) OPC, (b) 20NP and (c) 60NP. The 
anhydrous phases include silicates (purple), ferrite (green), and natural pozzolan 
particles of type 1 (orange), type 2 (yellow) and type 3 (red). 

(a) OPC (b) 20NP (c) 60NP 
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Image analyses of Fig. 3.13 indicates an average equivalent particle diameter of about 

17.5 µm for the clinker grains compared to about 10.6 µm for the NP particles. 
Furthermore, counting particles in each system provides an additional description of the 
granular skeleton: the number of particles for systems 20NP and 60NP represent 130% 
and 230% that of system OPC, respectively. Thus, the incomplete reaction of both clinker 
and NP grains contributes to a granular skeleton in which the number of small particles 
depends on the replacement of clinker by NP. 

An optimal repartition of small hard inclusions may be an important factor for 
developing high strength at 90 days for the 60NP system. The compressive failure 
behavior of concrete (and cement paste) is a complex process in which the porosity 
gradually collapses and microcracks form progressively into the material before 
converging into propagating major cracks [194]. Thus, the compressive strength is 
influenced by the effect of the hard inclusions on the crack propagation within the 
heterogeneous cement paste microstructure. It is well known in damage mechanics that 
optimal combination of brittle materials (e.g., chain of weak links) can lead to 
heterogeneous materials with much higher composite toughness [195,196]. Then, the 
addition of tough inclusions in the microstructure can trigger toughening effects such as 
crack deflection, crack trapping or crack bridging. Crack deflection occurs when fracture 
planes are deviated by heterogeneities, leading to reduced crack tip stress as the 
orientation become unfavourable to the external stress field. This toughening 
mechanism, which can increase by up to twice the toughness, depends on the shape and 
density of the heterogeneities [197,198]. Tough inclusions can also deform the crack 
propagation front which may bow around the heterogeneity (crack trapping) and, if the 
toughness of the inclusion exceeds a critical value, may bow further until the crack joins 
up on itself, leaving bridging particles behind (crack pinning). The combination of these 
two mechanisms can lead up to a five-fold toughness increase, depending on the particles 
relative toughness and size [199]. 

Although measurements of fracture toughness are out of the scope of this study, the 
effect of hard inclusions on the fracture process of an heterogeneous medium under 
compression may explain the high strengths observed in HVNP systems. 
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3.4.4.4 Key material parameters responsible for the macro-scale properties 

The microstructure investigations previously presented are summarized below with key 
mechanisms and parameters. The replacement of up to 60% cement by NP reduces the 
modulus of elasticity with similar trends (about 12–18% reduction) both for concrete 
macro-measurements and for the homogenized micro-scale elasticity. This is consistent 
as the indentation modulus of anhydrous NP inclusions is less than half that of 
anhydrous clinker inclusions. 

The 90-day compressive strength observed not to differ significantly for mortar 
incorporating from 0% to 60% of NP may be explained by a combination of mechanisms 
and parameters. The reaction capacity of the NP appears to be a key factor, as it 
contributes both to the formation of the hydrates and to the remaining skeleton (or 
network) of anhydrous particles. On the one hand, the amount of C–(A)–S–H is not 
greatly reduced (from ~61% down to ~52%) even with reductions of Portland cement 
content by up to 60%. The pozzolanic consumption of the Portlandite by the reacting part 
of the NP particles leads to the formation of C–A–S–H and additional AFm + AFt. 
Although the C–A–S–H exhibits slightly lower mechanical properties than Portland-
cement C–S–H, the absence of Portlandite crystals with weak cleavage planes seems to 
contribute positively to the compressive strength of system 60NP. On the other hand, the 
presence of a dense skeleton of hard, finely graded, and well-distributed anhydrous NP 
particles in system 60NP is believed to contribute to the overall strength by improving 
fracture toughness. This improved capacity of the cementitious matrix to resist to crack 
propagation at the macro-scale may explain the results at 90 days: the mortar strength of 
system 60NP reaches 92% of system OPC, whereas the homogenized micro-hardness, 
which calculation does not consider grain size and distribution, reaches 84%. 

3.4.5 Limitations and perspectives 

This study investigated HVNP systems with an emphasis on the effects of NP on the 
strength development and on the microstructure morphology. The results showed that 
the reaction capacity, the mechanical properties and the size distribution of the NP 
particles were key parameters. However, the evaluation of quantitative thresholds for 
these parameters remains out of the scope of the study. Further research should include 
additional types of NP and multi-damage modelling of the mechanical properties at the 
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engineering scale considering the size and properties of the inclusions in the C–(A)–S–H 
matrix. From an experimental standpoint, scratch tests measuring the local toughness of 
the phases may also be pertinent [200,201]. Such research could allow identification of 
additional mechanisms and quantification of their relative impacts on strengths of low-
clinker concrete. 

Moreover, the reduction of mechanical properties observed for C–(A)–S–H with reduced 
Ca/(Si + Al) ratios arose from experiments using the studied type of NP and cannot be 
generalized to other Al-rich systems. While the reduction of the Ca/Si ratio was 
previously found to increase the stiffness and hardness of the C–S–H unit block (of size 
around 5 nm [55]) by atomistic modelling [66] and experimental investigations [66,77], 
the eletrostatical effect of the Ca and Si ions at a greater scale in the gel pores may have 
more complex consequences [67,202]. Nanoindentation/SEM-EDS analyses on additional 
systems incorporating Al-rich SCMs (e.g., metakaolin or fly ash) could contribute to 
explaining the controversial literature results regarding the link between the mechanical 
properties and the Ca/(Si + Al) ratio of the C–(A)–S–H [66,67,101]. 

Furthermore, the method of chemo-mechanical coupling using qualitative chemistry 
maps, as implemented in this study, provides variations in chemical mass ratios but not 
the exact mass ratios (e.g. Ca/[Si+Al]) because the elemental concentrations are not 
quantified. Future work should estimate the chemistry of phases in terms of mass ratios 
by extending the current method to the statistical coupling of nanoindentation with 
quantitative chemistry as measured by SEM-EDS calibrated with standards. 

Finally, based on the results of the present study, it is suggested that low-cement 
concretes should include several SCMs dosed to optimize the combination of key 
mechanisms, leading to systems benefiting from synergetic effects of the constituents. 
Therefore, the chemo-mechanical characterization of systems incorporating other types of 
SCM may be needed to explore additional mechanisms of strength gain (e.g., early 
activation of SCMs, modification of hydrate compositions, alternative sources of calcium 
or densification with ultra-fine particles). Further studies should also be performed 
regarding the impact of the microstructure modifications on other concrete properties at 
the engineering scale (e.g., abrasion resistance, fracture toughness or chloride 
permeability).  
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3.5 Conclusion 

The coupled chemo-mechanical results presented in this study illustrate the effects of NP 
on the microstructure of cement pastes with respect to the relative content of the 
anhydrous and the binding phases, their chemical composition, their mechanical 
properties, and their distribution in the cement paste. More specifically, the 
incorporation of NP particles (rich in silicon and aluminum) led to a change from 
conventional C–S–H to C–A–S–H, to the consumption of Portlandite, and to an increased 
content of anhydrous hard inclusions. 

The results showed that the investigated ordinary Portland cement (OPC) paste 
contained around ~83% hydrates and ~17% residual clinker inclusions, whereas the 
HVNP system contained ~59% hydrates (with generally lower mechanical properties 
than OPC hydrates), ~33% residual NP particles (smaller in size than residual clinker, 
well distributed and having high mechanical properties) and ~8% residual clinker 
inclusions. Further analyses of these results with nanoindentation and micromechanics 
showed that the HVNP system are also characterized by the following micromechanical 
changes: (i) the absence of large Portlandite crystals with possible weak cleavage planes; 
(ii) a skeleton of hard anhydrous NP inclusions that could increase the crack propagation 
resistance; (iii) a slight reduction of the C–A–S–H mechanical properties with respect to 
C–S–H. 

Eventually, the comparison of OPC and HVNP systems (at fixed water-to-binder ratio of 
0.35) with coupled chemo-mechanical investigations provided original quantitative and 
visual interpretations of the effects of NP on microstructure, hinting that a maximal 
reactivity of the NP may not be necessary. An optimal balance between the reactive 
content and the hard anhydrous phases seems to provide a more efficient 
micromechanical system, which consists of a micro-granular skeleton bound with a C–A–
S–H-dominated hydrate matrix well distributed in the paste due to the locally available 
ions dissolved from the NP grains. Thus, the mechanical properties of SCM particles, 
their size distribution, and their reaction capacity in cementitious matrices are key 
micromechanical parameters for the design of low-cement concrete, considering that 
optimal SCM particles should contribute to strength both by reinforcing the micro-
granular skeleton and by contributing to the formation of the binding hydrates. 
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Contribution to the thesis 

This second paper represents a key contribution of the thesis, as it develops a novel state-

of-the-art method which will be used to provide unique characterization of different types 
of cement pastes with SCMs in the next three papers of the thesis. The aim behind this 
development was to combine advanced mechanical and chemical methods (i.e., 
nanoindentation and quantitative EDS) to enable interpreting nanoindentation datasets 
obtained from highly complex cement pastes with SCMs. In addition, a comprehensive 
interpretation of the results became possible with the combination of statistical and 
deterministic approaches. Although it was not initially expected, this also led to 
questioning previous approaches widely employed to interpret similar datasets without 
any insights from chemistry. 

Titre en français 

Couplage automatisé de la nanoindentation et de la spectroscopie quantitative aux 
rayons X à dispersion d'énergie (NI-QEDS) : une méthode exhaustive pour dévoiler les 
propriétés micromécaniques des pâtes de ciment 

Résumé 

L’ingénierie des composites cimentaires nécessite une compréhension approfondie des 
caractéristiques microstructurales responsables des propriétés macroscopiques. Ce 
travail vise à favoriser l’utilisation de la plus récente technique chimico-mécanique pour 
dévoiler les propriétés micromécaniques de phases intimement mélangées. En 
considérant une pâte de ciment Portland typique comme cas d’étude, les méthodes 
d’analyses de nanoindentation développées jusqu’à maintenant sont comparées avec une 
nouvelle méthode automatisée de couplage de la nanoindentation et de la spectroscopie 
quantitative aux rayons X à dispersion d'énergie (NI-QEDS). En plus de montrer les 
avantages et désavantages des méthodes précédentes, les analyses NI-QEDS ont permis 
de distinguer différentes phases chimiques possédant des propriétés mécaniques 
fortement chevauchées. Les résultats ont aussi suggéré la présence de quantités 
supplémentaires de calcium, d’aluminium et de soufre dans (ou aux alentours des) C–S–
H extérieurs, à l’échelle sous-micrométrique. Les analyses chimiques quantitatives ont 
permis d’identifier les rares microvolumes de nanoindentation situés sur des phases 
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« pures » (ex. C–S–H intérieur). Finalement, la méthode NI-QEDS a apporté de nouvelles 
connaissances sur les propriétés micro-chimico-visco-mécaniques des pâtes de ciment et 
s’est illustrée comme un outil puissant pour étudier des systèmes encore plus complexes. 

Abstract 

Engineering cement-based composites requires a comprehensive understanding of the 
microstructure features governing macroscopic properties. This work aims to foster the 
latest chemo-mechanical technique to disclose the micro-mechanical properties of 
intimately intermixed phases. Considering a typical Portland cement paste as a study 
case, we compared the so-far developed nanoindentation analysis methods with a new 
automatic method coupling NanoIndentation and Quantitative Energy-Dispersive 
Spectroscopy (NI-QEDS). Besides evincing advantages and disadvantages of previous 
methods, the NI-QEDS analyses enabled distinguishing chemical phases having strongly 
overlapping mechanical properties. Results suggested the presence at the sub-
micrometre scale of extra calcium, aluminum and sulphur into (or in the vicinity of) outer 
C–S–H. The quantitative chemistry allowed identifying the rare occurrence of 
nanoindentation volumes located on “pure” phases (e.g., inner C–S–H). Finally, NI-QEDS 
provided new knowledge on cement pastes' micro-chemo-visco-mechanical properties and 
showed to be a powerful tool for investigating even more heterogeneous systems. 

Keywords: Microstructure, Calcium-silicate-hydrate (C–S–H), Nanoindentation, EDX, 
Micromechanics 
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4.2 Introduction 

Engineering modern concrete made of ordinary Portland cement (OPC) requires a better 
knowledge of its complex microstructure properties, which – due to its high heterogeneity 
– still holds mysteries. Moreover, the emergence of new eco-friendly alternatives to OPC-
only systems urges the development of methods for investigating their highly 
heterogeneous microstructure features which govern the macroscopic properties.  

Typically, an OPC paste is composed of a porous matrix of hydrated phases, which are 
rather intermixed at the micron scale and embed anhydrous clinker grains with sizes up 
to tens of microns. The hydrates include calcium-silicate-hydrates (C–S–H), Portlandite 
(CH), aluminum-rich hydrates (e.g., aluminoferrite-mono [AFm] such as 
monosulfoaluminate or monocarboaluminate, and aluminoferrite-tri [AFt] such as 
ettringite) and possibly hydrotalcite-like phases incorporating Mg and Al atoms) [21,26]. 
As the most important binding hydrate, C–S–H has been widely investigated in the last 
decades in terms of morphology, sorption-desorption, chemistry, or mechanical properties 
[21,62,64,68–70,75,76,83–85]. In a landmark work, Taplin [83] distinguished the Inner 
Products (IP), which lie within the original boundaries of the clinker grains, and the 
Outer Products (OP), which grow outside these boundaries. The IP/OP classification of 
C–S–H was widely accepted and investigated intensively by Richardson using 
transmission electron microscopy [51,62,64]. He found that the IP C–S–H formed by 
hydration of clinker grains larger than ~5 µm had typically a compact, fine-scale and 
homogeneous morphology, with pores smaller than ~10 nm, whereas the OP C–S–H had 
a fibrillar morphology. The latter was found to be composed of longer coarse fibrils 
growing in large pores and of a fine fibrillar morphology in constrained spaces. Based on 
nitrogen surface area and accessible porosity measurements, the Tennis and Jennings 
model [85] suggested a different classification of Low-Density (LD) and High-Density 
(HD) types of C–S–H. Jennings and co-workers [55,56] further extended the classification 
into a colloid model considering C–S–H as a nanogranular material (or colloid) with 
globules of ~5 nm as basic building blocks. The same building blocks may organize with 
two preferential packing densities corresponding to LD and HD C–S–H. The structure of 
LD C–S–H is more porous and, thus, more deformable during internal loading (e.g., 
drying) or external loading [55,56]. Eventually, the different classifications may 
potentially be reconciled: low density C–S–H forms as fibrillar (or foil-like) structures in 
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the water between cement grains (outer product) during the early and middle stages of 
hydration; whereas high density C–S–H forms as a dense, fine-scale homogeneous 
structure “inside” the original boundaries of cement grains (inner product) during the 
late stage of hydration. 

In 2004, the investigation of micro-mechanical properties of C–S–H became possible with 
the combined use of statistical nanoindentation and micromechanics theory, as developed 
by Ulm and co-workers [75,82,86,87,203]. The nanoindentation test consists of 
establishing contact between an indenter and a material surface, before prescribing a 
loading profile and measuring the penetration depth. The indentation Modulus (M) and 
the indentation Hardness (H) may then be derived from the measured load-penetration 
curve. Heterogeneous microstructures composed of distinct phases can be investigated 
using the grid nanoindentation method [203].  

The method was based on statistical deconvolution of nanoindentation results, which 
consists of decomposing a mixture distribution for the two measured mechanical 
variables (M and H) with supposed normal distributions. The method was employed on 
different cementitious systems and the analysis approach evolved over the past decade: 
first, the frequency distributions were fitted manually [82,203]; then, least-square fitting 
was employed to fit univariate probability density functions (i.e., one variable, M or H) 
[75,76,86,108,125,204–208] and bivariate probability density functions (i.e., two 
variables, M and H) [94,105–107,109,123,189,209–213]; eventually, better results were 
obtained by least square fitting of joint cumulative density functions 
[74,93,110,113,122,214–218]. Finally, the method evolved into Gaussian mixture 
modeling using the Maximum Likelihood (ML) via the Expectation Maximization (EM) 
algorithm and the Bayesian Information Criterion (BIC) 
[20,100,102,103,111,112,120,178,179,219–226]. 

Based on the statistical analysis of the distribution of indentation mechanical properties, 
the deconvoluted phases have been associated with phases of the cement paste with 
respect to the indentation modulus, for instance: (i) 𝑀 ∈ 0 − 13 	𝐺𝑃𝑎 was attributed to 
regions dominated by defects or porosity; (ii) 𝑀 ∈ 13 − 26 	𝐺𝑃𝑎 to LD C–S–H; (iii) 𝑀 ∈

26 − 39 	𝐺𝑃𝑎 to HD C–S–H; (iv) and 𝐸 > 39	𝐺𝑃𝑎 to Portlandite and anhydrous clinker 

[75]. In recent publications [65,104], data points with 𝑀 ≤ 65	𝐺𝑃𝑎 and 𝐻 ≤ 3	𝐺𝑃𝑎 were 
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considered as hydrates and data points above those limits were associated with 
anhydrous clinker. In early experiments [75], white Portland cement with high siliceous 
clinker content (𝑚N�|��+𝑚u��|�� ≈ 90% ) was employed to limit the presence of minor 
hydrates, disclosing the mechanical property of two different kinds of C–S–H.  

Over the past decade, such statistical nanoindentation methods have been extensively 
employed and similar micromechanical values were reported for LD and HD C–S–H by 
several authors for different types of cement-based systems in different contexts, as 
summarized in Table 4.1. The average quoted values for LD C–S–H reach MLD C–S–H ≈ 
22.0 GPa and HLD C–S–H ≈ 0.7 GPa, whereas HD C–S–H reach MHD C–S–H ≈ 32.0 GPa and 
HHD C–S–H ≈ 1.1 GPa. A third hydrous phase having an ultra-high density (UHD) was 
proposed by Vandamme [113] along with estimated values of MUHD ≈ 42.8 ± 2 GPa and 
HUHD ≈ 1.4 ± 0.2 GPa. Although the properties of Portlandite evaluated using several 
methods are also in the same range with MCH ≈ 36–46 GPa and HCH ≈ 1.3–1.35 GPa 
[19,75,82,101,129,137,227], the UHD phase was separately defined because it was also 
found in low w/c heat treated samples (where CH was less likely to occur in high 
amounts) [113]. Finally, investigations of the pure phases of anhydrous clinker provided 
the highest mechanical properties with Mclinker ≈ 125–145 GPa and Hclinker ≈ 8.8–10.8 GPa 
[101,128]. 

In the works of Vandamme and Ulm [110,122,226], the contact creep modulus (C) was 
defined as an additional mechanical parameter, which measures the asymptotic 
logarithmic creep rate of the penetration depth as a function of time during the holding 
phase of the load. This contact creep modulus has proved to be particularly interesting as 
well correlated with the basic creep of a cement paste over a much longer time [117,228]. 

However, when applied to OPC with very low cement-to-water ratio (w/c) and silica 
fume, the statistical deconvolution based on mechanical properties showed the difficulty 
in distinguishing the mechanical properties of 8 phases with overlapping properties 
[105]. Furthermore, based on investigations using focussed-ion beam nanotomography, 
Trtik et al. [229] questioned the interpretation of statistical nanoindentation results 
arguing that there was a limited chance to perform nanoindentation on pure outer 

product C–S–H with an indenter–solid interaction volume of about 1 µm3 or larger. They 
also suggested that the peak commonly attributed to HD C–S–H could represent 
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mixtures of C–S–H with other hydrous and anhydrous phases, which started a discussion 
on the application of statistical nanoindentation to cementitious materials [100,104,230]. 
 

Material, w/c, curing time M (GPa) H (GPa) Reference 
 LD C–S–H HD C–S–H LD C–S–H HD C–S–H  
UHPC, 0.20, 48h @ 90C 19.7±2.5 34.2±5.0 0.6±0.0 1.4±0.3 [105] 
WPC, 0.30, unknown 19.5±5.0 33.4±5.4 0.5±0.2 1.0±0.2 [74] 
WPC, 0.40, 7 days 24.8±3.6 32.9±3.4 0.9±0.1 1.2±0.2 [109] 
WPC, 0.50, 5 months 18.2±4.2 29.1±4.0 0.5±0.1 0.8±0.2 [75] 
WPC, 0.50, 28 days 18.1±4.0 31.0±4.0 – – [76] 
OPC, 0.15, > 3 months 25.3±6.2 39.2±6.0 0.6±0.2 1.0±0.3 [110] 
OPC, 0.20, > 3 months – 37.1±5.4 – 1.1±0.2 [110] 
OPC, 0.30, > 3 months 19.5±3.8 28.7±5.5 0.5±0.2 0.8±0.2 [110] 
OPC, 0.35, 28 days 23.4±3.4 31.4±2.1 0.7±0.2 1.3±0.2 [106] 
OPC, 0.40, > 3 months 23.0±4.5 31.3±3.8 0.6±0.1 0.8±0.1 [110] 
OPC, 0.40, unknown 25.2±2.8 31.6±2.9 0.8±0.8 1.1±0.2 [111] 
OPC, 0.40, 3 months 25.0±2.5 30.9±3.9  –  – [112] 
OPC, 0.40, > 2 months 18.6±4.4 29.3±6.4 0.6±0.2 1.1±0.3 [103]  
OPC, 0.50, 5 months 23.0±2.3 31.2±2.5 – – [82] 
OPC, 0.50, unknown 19.0±4.8 30.8±7.0 0.6±0.2 1.0±0.2 [74] 
OPC, 0.50, 28 days 19.1±5.0 32.2±3.0 0.7±0.3 1.3±0.1 [107] 
OPC, 0.50, ~ 1 year 20.2±3.9 33.6±2.5 – – [108] 
OPC, 0.50, > 2 months 21.4±6.0 34.2±5.2 0.8±0.3 1.2±0.2 [103] 
OPC, 0.60, > 2 months 21.0±6.3 32.0±8.5 0.7±0.2 1.3±0.4 [103] 
Class G, 0.44 23.4±2.9 29.5±5.3 0.8±0.1 1.1±0.2 [102] 
Class G, 0.65 16.8±4.4 22.5±5.6 0.6±0.2 0.9±0.2 [102] 
Aalborg, 0.60, 28 days 30.1±2.3 36.2±4.6 1.3±0.1 1.6±0.2 [100] 
Aalborg, 0.60, 28 days 28.9±2.2 33.2±2.5 1.2±0.1 1.5±0.5 [100] 

Table 4.1. Mechanical properties of low-density LD C–S–H and high-density HD C–S–H 
reported in literature for cement pastes with different types of cement (white Portland 
cement [WPC], ordinary Portland cement [OPC] and specialty cements), water-to-cement 
ratios (w/c) and curing times. 

A breakthrough occurred in this research endeavour with the coupling of chemo-
mechanical measurements. First, Vanzo [102] statistically combined Wavelength 
Dispersive Spectroscopy (WDS) analyses with nanoindentation to better understand the 
effect of carbonation on the hydrated phases of a cement paste. However, this chemo-
mechanical coupling was not carried on the same microvolumes as those indented, and 
therefore, the statistical analysis of the chemical and mechanical properties had to be 
carried out separately. Hu et al. [111,112,178] investigated different types of cement 
pastes using both nanoindentation and SEM-EDS, and they suggested that, at the scale 
of the interaction volume of nanoindentation, the ‘C–S–H gel’ was not a single phase but 
rather a composite of porous C–S–H and other phases. They also proposed a method 
based on micro-poromechanics to investigate these bi-phase mixtures of C–S–H with 
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other phases. In a review article [176], those authors argue that the mechanical 
properties of the IP and OP C–S–H depend on the cement paste mix proportions.  

Notably, Krakowiak et al. [20] developed an automatic algorithm for rapid statistical 
coupling of nanoindentation with qualitative Energy-Dispersive Spectroscopy (NI-EDS), 
by extraction of chemical intensities at the location of each nanoindentation from 
chemical mappings. Furthermore, they applied multivariate Gaussian mixture 
deconvolution algorithm on the coupled chemo-mechanical dataset to recognize the 
preferential chemical phases of an oil well cement paste and determine their mechanical 
properties. The method was also employed as part of a comprehensive validation of 
advanced mesoscale modelling of C–S–H [116] to isolate nanoindentation performed on 
the C–S–H phase. Another NI-EDS investigation of High Volume Natural Pozzolan 
(HVNP) cement composite revealed the importance of anhydrous pozzolan grains on the 
overall macroscopic properties [220]. As for low w/c ratio OPC (i.e., 0.2), Chen et al. [115] 
combined statistical nanoindentation and quantitative EDS by visually and manually 
tracing the location of each point of the nanoindentation grid. Such analysis allowed to 
discover that the phase proposed to be “Ultra High Density” phase was indeed an 
intermix of HD C–S–H and nanocrystaline CH, as also accepted by other authors [110]. 

Following the development trend, the coupling of NanoIndentation and Quantitative 
Energy-Dispersive Spectroscopy (NI-QEDS) with an automated procedure appears the 
next step to undertake. Hopefully, this will refine knowledge on the influence of the 
different anhydrous and hydrous phases on the chemo-mechanical properties of the C–S–
H phase. Moreover, further understanding of the main phases occurring in low w/c 
systems, or in systems including OPC and/or supplementary cementitious materials 
(SCMs) is today paramount (e.g., CH, AFm, AFt, C–A–S–H, anhydrous SCMs, etc.). 

The contribution of this work is to foster this research direction by developing the 
automated NI-QEDS method with an optimized analysis approach. After having 
reviewed the previous analysis methods, the application of NI-QEDS to a typical OPC 
paste allowed further distinction of the intimately-intermixed main phases of its 
microstructure, such as: (i) anhydrous silicates; (ii) anhydrous alumino-ferrites, (iii) C–S–
H; (iv) CH; and (iv) Al-rich hydrates (e.g., AFm and AFt). Furthermore, NI-QEDS 
enabled the identification of the properties of the “pure” phases by selecting the points 
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having chemistry close to the theoretical values. For the same OPC, this work compared 
the NI-QEDS results with the previous methods for statistical analysis of 
nanoindentation tests. The comparison evinced advantages and limitations of up-so far 
developed methods which are widely employed worldwide.  

4.3 Materials and methods 

4.3.1 Materials and specimen preparation 

The cement paste sample investigated in this study was prepared with Canadian General 
Use Ordinary Portland Cement (i.e., OPC type GU). The chemical and physical 
properties of this cement are presented in Table 4.2. The cement paste was prepared 
using a high-shear mixer at a water-to-cement ratio of w/c = 0.40. Samples were cast in 
bar molds of 25 mm × 25 mm × 285 mm and kept moist until demolding at 24 h. The 
samples were then cured for one year in lime water at 23 ± 2 ºC. The combination of low 
w/c ratio and underwater curing resulted in a relatively-high-strength cement paste (a 
compressive strength of 80 MPa was measured after 90 days of curing). 

Due to the dense microstructure of the cement paste, polishing without prior 
impregnation in epoxy could be achieved and was preferred to avoid the influence of the 
epoxy on the measurement of micro-mechanical properties (as in [20,93,220]). A specimen 
was cut using a Buehler slow-speed saw into a disk of about 15 mm diameter by about 3 
mm thickness. The specimen was glued on a metallic disk and polished using an 
automatic Struers polishing machine. After levelling the sample with an oil-based 15 µm 
diamond compound, the final polishing was performed using Anamet perforated cloths 
with 6 µm and 1 µm oil-based diamond suspensions for two rounds of 5 min and two 
rounds of 10 min, respectively. Between each step, the sample was cleaned in isopropanol 
for 3 min using an ultrasonic bath to remove any debris left from the polishing. This 
method was found adequate to obtain high-quality surfaces with minimum roughness, 
maximal flatness at hard-soft boundaries, limited scratches from grain pop-outs and 
avoidance of pore contamination with the polishing media. After the final cleaning, the 
sample was placed under slight vacuum in a desiccator with soda-lime CO2 absorbent. 
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Shortly after polishing, the samples were tested for nanoindentation and then dried in 
isopropanol for several weeks before SEM-EDS analyses. Such procedure offered two 
advantages: prevention of further hydration or carbonation of the polished surface 
(during the transport of the specimen between facilities) and removal of the free water 
from the specimen (as required for high-vacuum SEM analyses). Before the analyses in 
the SEM, the specimen was placed under vacuum for 24 h and then coated with a carbon 
layer of about 15 nm. 
 

Property Portland Cement 
(Type GU) 

SiO2 19.7 
Al2O3 4.4 
Fe2O3 2.7 
CaO 61.3 
MgO 2.9 
SO3 4.0 

Na2O 0.3 
K2O 0.9 
TiO2 0.2 
MnO 0.1 

Loss on ignition 2.7 
D50 (mm) 15.3 
D90 (mm) 49.3 

Blaine Fineness (m2/kg) 445 

Table 4.2. Chemical and physical properties of the Portland cement type GU employed in 
this study. 

4.3.2 Grid nanoindentation 

The indentation method employed consist of applying a trapezoidal load (including 
loading, holding and unloading phases) to the sample material with an indenter of known 
geometry while measuring the corresponding displacements. The method and constrains 
are briefly described below, but the complete micromechanical description may be found 
elsewhere [86,87,117]. Indentation Modulus (M) and indentation Hardness (H) were 
extracted from the load-penetration curves, as defined by the following relations: 

𝑀 =
𝜋
2𝛽

𝑆
𝐴P
	 

𝐻 = 𝑃MN>/𝐴P	

where Pmax is the maximum applied force, AC is the projected area of contact calculated 
using the Oliver and Pharr method [88,89], S is the unloading indentation stiffness 𝑆 =
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(𝑑𝑃/𝑑ℎ)XYXZ[\, and the b coefficient accounts for the slip on the indenter surface, (b ≈ 

1.034 for the Berkovich indenter [90]). 

Furthermore, a prolonged load holding period allowed the investigation of the local creep 
behavior of the material. Previous work by Vandamme et al. [110,122,226] showed that 
nanoindentation creep in cement materials was best modeled by the logarithmic 
equation:  

∆ℎ 𝑡 = 𝑥. 𝑙𝑛 𝑥0𝑡 + 1 + 𝑥%𝑡 + 𝑥9	

where the change of indentation depth ∆ℎ as a function of time t (during the load holding) 
is fitted with four constants (x1…x4). Correlation analyses of these constants showed that 
only the term x1 was material-related and led to the following definition of the contact 
Creep modulus (C) [110,122,226]: 

𝐶 =
𝑃MN>

2𝑥. 𝐴P/𝜋
	

Continuum scale mechanical models [90,98] allow linking indentation properties to 
material properties (e.g., determining Young modulus E from M) and require the scale 
separability to be valid on heterogeneous materials. Thus, the scale of the indentation 
should be much greater than the size of the largest heterogeneity (d) in the indented 
material, and much smaller than the characteristic size of the microstructure (D). 
Constantinides & Ulm [75] determined an adequate indentation depth ℎMN> ∈
100, 300 	𝑛𝑚, based on the 1/10 rule of thumb: 𝑑 ≪ ℎMN> < 𝐷/10, where d ≈ 3–8 nm and 

D ≈ 1–3 µm for C–S–H in the cement pastes according to TEM investigations [64]. 
Although the characteristic size of the cement paste microstructure has been debated 
[100,104,229,230], the scale separability condition is assumed to be respected in this 
study for the “pure” phases. 

An Ultra-Nanoindentation Tester (UNHT) commercialized by Anton-Paar was employed 
to perform force-controlled indentations with a maximal indentation displacement of hmax 
= 250 nm. Similarly as in previous work [20,220], this constant maximal displacement 
was chosen to ensure comparable indenter–solid interaction volume for the different 
phases occurring on the probed surface, thus avoiding the variations of hmax that would 
be obtained with a fixed maximal force (e.g., 1.2 mN or 2 mN) on phases with different 
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mechanical responses. After establishing contact of the reference with a force of 0.2 mN 
and contact of the indenter with a force of 0.05 mN, specimens were rapidly loaded at a 
rate of 30 mN/min up to hmax = 250 nm; the force was then held for 60 s before unloading 
at 30 mN/min [20,220]. A fused silica sample was used to calibrate the tip area function 
as a standard procedure (15 incremental loads from 0.05 mN to 24 mN, 5 replicates per 
load).  

To investigate the heterogeneous microstructure of a cement paste having several 
hydrous and anhydrous phases, a large grid of 630 indentation points (30 × 21) spaced by 

10 µm was performed on a Region Of Interest (ROI). Such ROI was selected as a 
compromise between its representativeness of the material and the quality of the 
chemical mappings to be performed on this same ROI [20,220]. Visual inspection of each 
load-penetration curve allowed the removal of abnormal measurements associated with 
surface defects such as pores, cracks or uneven regions. 

After indentation, the ROI was imaged by stitching 50× optical micrographs, and the 
exact location of each indent was determined using an improved version of the indent 
locator script presented in [20]. The localization of the indents was achieved with the 
following steps: (i) the brightness of the optical picture was optimized for maximal 
contrast of the indents; (ii) the micrograph was subtracted from a blurred duplicate of 
itself and then thresholded in order to remove the background and isolate the 
indentation imprints; (iii) the Hough transform was employed to sort the imprints into a 
grid and fill the missing points by interpolation; (iv) manual adjustment of point 
locations could have been achieved, if necessary. 

4.3.3 SEM-EDS quantitative analyses and qualitative mapping 

A Hitachi S-3400N scanning electron microscope (SEM) equipped with an Oxford Inca 
Energy 250 energy-dispersive spectrometer (EDS) was used for qualitative chemical 
mapping and quantitative spot analyses on the ROI. The accelerating voltage was set to 

15 kV and a magnification of 400× was used to comprise the ROI of 300 µm × 210 µm in a 
single view. 

To assess the size of the probed material volume using these parameters, the SEM 
analysis of a cement paste was modeled using Monte Carlo simulations with the non-
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commercial CASINO software [231]. In the case of EDS analyses, the parameter of 
interest is the interaction volume responsible for the generation of the characteristic X-
Rays reaching the EDS detector. This volume depends not only on the microscope 
parameters, but also on the composition and density of the material probed [232]. The 
modeling of a flat surface of the C1.7SH4.0 material with an average density of 2 g/cm3 
[21,76,103,233] showed that 95% of the characteristic X-rays escaping the material were 
generated within a depth of ~1100–1700 nm. Similarly, the modeling of the idealised 
clinker phases C3S, C2S, C3A and C4AF [234,235] resulted in a 95% interaction depth of 
~900–1100 nm for most elements (except oxygen X-rays which were generated from 
smaller volumes). These SEM-EDS interaction volumes compare well with the indenter–
solid interaction volume having a characteristic depth z ≈ 1000–1250 nm, for the 
nanoindentation parameters chosen in this study (z ≈ 4–5 hmax, according to [104,115]). 

The indent coordinates obtained with the indent locator script (described in 4.3.2) were 
precisely translated onto the same ROI in the SEM and used as input for the EDS 
acquisition software. Spot EDS analyses of 20 s were performed, which provided quality 

EDS spectra with  ³ 100 000 counts. The spectra were post-processed with the publicly 
available NIST software DTSA-II to achieve quantitative analyses with standards 
[236,237]. Invalid measurements due to local charging and surface irregularities were 
excluded based on their Duane-Hunt limit. For the quantitative EDS analysis, mineral 
standards from SPI Supplies and pure clinker phases were selected as standards 
compatible with cement paste phases, i.e., minimizing the ZAF corrections required when 
quantifying elements of the most important phase, C–S–H. The elements investigated 
were thus calibrated using the following standards: pure synthetic C2S for Ca and Si, 
pure synthetic C3A for Al, olivine for Mg and Fe, anhydrite for S, orthoclase for K, 
tugtupite for Na and Cl, and sphene for Ti. In addition, a kaersutite standard was 
employed to validate the procedure with a material of known composition including most 
of the elements occurring in cement pastes. Following the quantitative analyses, high-
quality qualitative chemical maps were obtained by averaging 60 frames using a map 
dwell time of 512 s. 
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4.3.4 Statistical deconvolution and cluster analysis 

The chemo-mechanical results were statistically analyzed using two deconvolution 
methods: least-square fitting of the marginal probability density functions and multi-
variate Gaussian mixture clustering using the maximum likelihood estimation. 

4.3.4.1 Univariate deconvolution method 

In a first approach [75,76,86], the nanoindentation results were deconvoluted by 
considering the distribution of each mechanical property x = M, H and a number of 

statistically distinct phases j = 1…n. A Gaussian distribution pj(x) with a mean µj and a 
standard deviation sj was assumed for each phase. A mixture distribution P(x) was 
employed to describe the combination of the pj(x) distributions considering the surface 
fraction πj occupied by each phase j on the indented surface: 

𝑃 𝑥 = 𝜋o𝑝o 𝑥�
oY. ,   with 𝜋o = 1�

oY.  

For each mechanical property x = M, H, the parameters of the phases (µj, sj and πj) were 
then determined using the discrete experimental frequency densities Pk obtained from 
the nanoindentation results with a least-square minimization process, considering each 
bin k = 1…m of a predetermined size: 

min z�:z >�
�

M
M
�Y. ,   with 𝜋o = 1�

oY.  

4.3.4.2 Multivariate deconvolution and cluster analysis 

The method was further extended to consider a multivariate normal distribution 
[20,102,103,220] including several chemo-mechanical properties as dimensions. For 
instance, a vector xi was constructed (e.g., xi = [Mi; Hi; Sii/Cai; (Fei+Ali)/Cai; SOXi]) to 
describe each i = 1…N data point, which may belong to one of the j = 1…n chemo-
mechanically distinct phases composing the probed material. Statistical analyses were 
then carried out on the chemo-mechanical dataset with the aim of estimating for each 
phase j the vector of mean composition µj, its covariance matrix Σj and its associated 
surface fraction πj. The Finite Mixture Model was employed with the assumption of the 
multi-variate Gaussian probability density function fi: 



4.4. Results 119 
 

 

𝑓 𝒙𝒊; 𝝍 = 𝜋o𝑓o 𝒙𝒊; 𝝁𝒋, 𝚺𝒋�
oY. ,      𝜋o = 1�

oY. ,     0 ≤ 𝜋o ≤ 1 

The estimation of the parameters (µj, Σj, πj) was carried out according to the Maximum 
Likelihood (ML) function, via the Expectation Maximization (EM) algorithm [188], using 
Matlab®. To avoid local solutions and ensure an optimal solution, 500 replicates with 
random starting parameters were performed for each number n of phases. The Bayesian 
information criterion (BIC) was then employed both to determine the optimum model for 
each value of n and to determine the optimum number n of statistically significant 
phases on a probabilistic basis [187]. Finally, the probabilistic clustering of the N 
experimental observations into n clusters was done following the Bayes rule of allocation. 

4.3.5 Deterministic approach 

In the deterministic approach, the experimental chemo-mechanical properties of each 
“pure” phase j = 1…n were calculated from the data points having chemistry close to 
theoretical composition cj of this “pure” phase, based on stoichiometry and typically 
reported values. For a given set of chemical variables (e.g. cj = [Sij/Caj; (Fej+Ajj)/Caj; 
Sj/Caj, Mgj/Caj, SOXj]), the data points were selected only if their chemical ratios stood 
inside a limited range around the theoretical values (e.g. cj ± 5%, cj ± 10 % or cj ± 15%). 
This selection range was defined as a percentage of the maximal value obtained from the 
whole dataset for each chosen variable. 

4.4 Results 

In the following, we have analyzed the same nanoindentation results (or dataset) using 
several approaches to provide a comprehensive comparison of the existing methods which 
are widely employed in current open literature works (see section 4.2). Note that 44 of 
630 indentation points were disregarded due to the irregular shape of their load-
penetration curve which was attributed to the presence of pores, cracks or defects. 

4.4.1 Statistical deconvolution: influence of the method and variables 

Different variants of statistical deconvolution methods have been widely used to separate 
nanoindentation data points into the different phases of the cement pastes. The methods 
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employed may be separated in three levels of analyses: level 1 is based on mechanical 
properties only, level 2 also includes qualitative chemistry and level 3 includes 
quantitative chemistry. 

4.4.1.1 Level 1: Deconvolution based on mechanical properties 

Single variable fitting of marginal probability density functions 

A first approach proposed by Constantinides et al. [75] was to fit the marginal probability 
density functions of H and M with simple mixture distributions. Fig. 4.1 shows such 
deconvolution for the polished OPC paste investigated in this study. The use of 4-modal 
Gaussian distribution curves enabled the fitting of the PDF in the ranges associated to 

hydrates (i.e., M £ 65 GPa and H £ 3 GPa [65,104]). Values greater than M = 65 GPa and 
H = 3 GPa were attributed to indentation on residual clinker grains and they were not 
presented in Fig. 4.1 for a better visualisation of the deconvolution results for hydrates. 

 

Fig. 4.1. Single variable deconvolution of probability density functions for (a) indentation 
modulus M and (b) indentation hardness H. 

Table 4.3 presents the results with the predominant phase(s) assigned based on the 
literature values presented in section 4.2. The values obtained generally agree very well 
with literature, although the estimated modulus of 26.1 GPa for the curve associated 
with “LD C–S–H” is in the upper range of values generally reported for this phase (see 
Table 4.1). In addition to the curves associated with the “three types” of C–S–H, a fourth 
curve exhibits average properties higher than those generally associated with hydrates. 
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Nevertheless, Gao et al. [238] reported very similar values (E = 60.88 and H = 2.26) 
obtained by manual indentation on large CH regions, and supported their results with 
the anisotropy of flat Portlandite crystals with respect to the direction of loading (ECH 
may range from 22.6 to 99.4 GPa, as reported). 
 

M (GPa) pM (vol.%) H (GPa) pH (vol.%) Predominant Hydrate 

26.1±2.7 35 0.82±0.14 64 ‘LD C–S–H’ 
30.8±3.5 31 1.21±0.16 26 ‘HD C–S–H’ 
37.4±6.1 32 1.71±0.14 6 ‘C–S–H + CH’ 
58.4±4.1 2 2.27±0.34 4 Other 

Table 4.3. Deconvolution results of the grid nanoindentation measurements based on 
single variable fitting of marginal probability density functions for M and H. 

The univariate deconvolution employed here poses a problem in terms of volume 

fractions (p) associated with each phase, as there are significant differences between pM 

and pH (i.e. the data points are not necessarily attributed to the same phase for analyses 
with the hardness and with the modulus). Furthermore, the stability of the deconvolution 
using least-square fitting of probability density functions has been criticized, as the 
choice of both the bin size and the starting parameters could lead to different local 
optimums [176,229,230]. 

Bivariate fitting of the joint distribution function 

These limitations of using marginal probability density functions were addressed with 
different approaches: the deconvolution using least-square fitting of joint probability 
density functions [105–107,109] or cumulative distribution functions [74,110,122,214], as 
well as the Gaussian mixture modeling using the maximum likelihood via the 
expectation maximization algorithm [20,100,102,103,111,178,219,220]. One advantage of 
the latter technique is that the number n of statistically significant phases is determined 
on a probabilistic basis by minimizing the Bayesian information criterion (BIC). This 
approach was commonly adopted in literature and is employed here for the bivariate 
deconvolution of the 586 valid nanoindentation points (including both hydrous and 
anhydrous materials).  

Fig. 4.2a and b present the deconvoluted Gaussian mixture model in the form of 
frequency density plots and Table 4.4 shows the estimated mechanical properties. 
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According to the BIC minimization, the complete nanoindenation dataset is best modeled 
with n = 4 Gaussian distributions. Furthermore, the Bayes rule of allocation was 
employed with the mixture model to cluster the N experimental observations into n = 4 
clusters [20,102,103,200,239]. Fig. 4.2c illustrates the clustering results in the M vs. H 
representation, along with crosses indicating the reference values for the clinker and C–
S–H phases. These reference values represent averages of values reported in literature, 
as summarized in Table 4.5. 

 

Fig. 4.2. Results of the statistical deconvolution of the joint distribution with H and M as 
classification variables and shown in the frequency density representation of (a) M and 
(b) H. The clustering results are shown (c) in the M vs. H representation and (d) over an 
optical image of the indented surface. 

In this specific study, the optimal bivariate model provided two clusters with properties 
typical of the C–S–H phases (instead of three in the previous analyses). Although the H 
values for clusters #1 and #2 approach the reference values of LD and HD C–S–H, the M 
values are slightly higher than those expected. Based on visual inspections of Fig. 4.2c, 
one could argue that these two clusters should be attributed to mixtures of LD + HD C–
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S–H and HD C–S–H + CH, respectively. Moreover, the cluster #4 extends towards the 
properties of Anhydrous Clinker (AC) and the cluster #3 with large standard deviations 
appears to be a mixture between hydrates and anhydrous material (i.e., the indenter–
solid interaction volume includes both materials). The occurrence of this anhydrous-
hydrous mixture can be expected due to the size of the interaction volume, as previously 
illustrated with phase-distribution-density analyses based on focussed-ion beam 
nanotomography [230]. 

Interestingly, the optical micrograph of Fig. 4.2d with the mapping of the position of the 
so-obtained clusters supports that cluster #4 corresponds to clinker grains and that 
cluster #3 is generally found on boundaries of these grains. This confirms that those 
cluster points do not correspond to CH (thus clarifying the analysis of the previous 
section). However, no difference between the points of cluster #1 and those of cluster #2 
was observed in Fig. 4.2d. 
 

Cluster M (GPa) H (GPa) p (vol.%) Predominant Phase(s) 
#1 27.8±3.5 0.83±0.15 57 'LD+HD C–S–H' 
#2 36.4±5.5 1.23±0.30 33 'HD C–S–H+CH' 
#3 54.4±13.0 2.24±0.58 5 AC + Hydrates 
#4 108.6±29.5 7.50±2.83 5 Anhydrous Clinker (AC) 

Table 4.4. Deconvolution results of the grid nanoindentation measurements based on 
bivariate deconvolution with the variables M and H. 

 

Phase M (GPa) H (GPa) C (GPa) References 
Alite 125 9.2 – [128] 
Belite 127 8.8 – [128] 
C4AF (~Ferrite) 125 9.5 – [101,128] 
C3A (~Aluminate)  145 10.8 – [101,128] 
Low density C–S–H ~22.0 ~0.7 112 Table 4.1 & [110] 
High density C–S–H ~32.0 ~1.1 182 Table 4.1 & [110] 
C–S–H+CH (‘UHD phase’) 42.8 1.4 342 [110,113] 
Portlandite (CH) ~44.6 1.35 – [19,20,101,137,227] 
Calcium carbonate (CC.) ~91.7 – – [122,137] 
Ettringite (AFt) 28.0 – – [138] 
Monosulfoaluminate (AFmSO4) ~44.6 – – [137] 
Monocarboaluminate (AFmCO3) ~44.6 – – [137] 

Table 4.5. Average mechanical properties (indentation Modulus [M], Hardness [H] and 
contact Creep modulus [C]) reported in literature for the main anhydrous and hydrous 
phases of the cement paste. 
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Gaussian mixture clustering with 3 variables (M, H and C) 

A tri-variate micromechanical clustering is here considered, with the contact creep 
modulus (C) as the third variable. The results presented in Fig. 4.3 and Table 4.6 
indicate a similar clustering with the same predominant phases as those obtained with 
the previous bivariate analysis using only M and H. Nevertheless, a better separation of 
the points associated with the “pure” clinker phases of cluster #4 was obtained, and the 
average mechanical properties of this cluster are in excellent agreement with the 
reference values of Table 4.5. 

Note that some nanoindentation curves did not allow the assessment of C, particularly in 
the case of very low creep (524 of 630 points were considered). Because the addition of C 
as a classification variable did not change significantly the clustering, it is not anymore 
considered as a phase discriminating variable in the following analyses. However, C is 
still calculated for each cluster using the clustered data points.  

 

Fig. 4.3. Tri-variate micromechanical clustering results presented in the (a) M vs. H 
representation and (b) C vs. H representation (with the insert for extended axes). 

Cluster M  
(GPa) 

H  
(GPa) 

C 
(GPa) 

p 
(vol.%) 

Predominant 
Phase(s) 

#1 27.4±3.3 0.82±0.14 197±38 55 'LD+HD C–S–H' 
#2 35.3±5.6 1.18±0.32 327±105 37 'HD C–S–H+CH' 
#3 61.6±18.4 2.83±1.32 1019±484 7 AC + Hydrates 
#4 126.6±15.6 9.13±1.42 7074±3590 2 Anhydrous Clinker (AC) 

Table 4.6. Deconvolution results of the grid nanoindentation measurements based on tri-
variate clustering with classification variables H, M and C. 

(a) (b)

0 5 10 150

50

100

150

H (GPa)

M
 (G

Pa
)

Classification Variables
H,M,C

CLUSTER #1
CLUSTER #2
CLUSTER #3
CLUSTER #4

AliteBelite

Ferrite
s

Aluminates

LD C-S-HHD C-S-HC-S-H+CH

0 5 10 150

500

1000

1500

H (GPa)

C
 (G

Pa
)

Classification Variables
H,M,C

CLUSTER #1
CLUSTER #2
CLUSTER #3
CLUSTER #4

LD C-S-HHD C-S-H
C-S-H+CH 0 5 10 15

0

5000

10000

15000



4.4. Results 125 
 

 

4.4.1.2 Level 2: Chemo-mechanical analyses with qualitative NI-EDS 

Following the previously proposed approach [20,220] consisting of using SEM-EDS to 
perform high-quality chemical mapping over the grid of nanoindentations, the chemistry 
at the location of each indent was extracted from the elemental maps and expressed in 
terms of arbitrary relative intensities. An optimal chemo-mechanical clustering was 
employed using 5 chemo-mechanical classification variables: indentation properties M 
and H, along with intensities of calcium (ICa), silicon (ISi), and aluminum (IAl).  

The results presented in Fig. 4.4 and Table 4.7 exhibit 5 clusters which can be identified 
based on their chemo-mechanical properties. The points of each cluster are also reported 
in Fig. 4.5, which consists of a composite chemical mapping of the indented region 
obtained by combination of three elemental mappings: Si in red, Ca in blue, and Al in 
green. This color combination was chosen to allow clear distinction between the phases of 
the cement paste, which are also identified in Fig. 4.5. 

 

Fig. 4.4. Results of the chemo-mechanical clustering with qualitative chemistry, as 
illustrated in the representations (a) M vs. H, (b) ICa vs. ISi and (c) IAl vs. ISi. 

Cluster M  
(GPa) 

H  
(GPa) 

ISi ICa IAl p 
(vol.%) 

Predominant Phase(s) 

#1 27.8±3.7 0.85±0.16 0.22±0.03 0.54±0.04 0.12±0.02 49 C–S–H 
#2 34.6±6.6 1.17±0.40 0.15±0.04 0.67±0.08 0.10±0.02 24 CH+C–S–H 
#3 36.1±6.8 1.19±0.38 0.16±0.06 0.54±0.06 0.21±0.08 20 Al-Rich+C–S–H 
#4 80.7±36.2 4.57±2.97 0.11±0.04 0.57±0.08 0.41±0.15 4 Aluminates Mix 
#5 101.9±26.2 6.73±3.38 0.31±0.02 0.83±0.08 0.11±0.02 3 Silicates Mix 

Table 4.7. Results of the chemo-mechanical clustering with qualitative chemistry. 
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Interestingly, cluster #1 with C–S–H as the predominant phase has mechanical 
properties very similar to cluster #1 of the previous analyses, although the volume 
fraction attributed to this cluster is slightly lower. As illustrated in Fig. 4.4b, cluster #2 
extends from the C–S–H cluster #1 to a pole having high calcium intensity and low 
silicon intensity, i.e., Portlandite. Points in cluster #2 thus represent different variations 
of the mixture between C–S–H and CH, as also illustrated in Fig. 4.5. Furthermore, 
cluster #3 has mechanical properties very similar to cluster #2, but a different chemistry 
with an increased aluminum content. These chemo-mechanical particularities suggest a 
mix of C–S–H and Al-rich hydrates, such as aluminoferrite-mono (AFt) and/or 
aluminoferrite-tri (AFt). As reported by Haecker et al. [137], CH and AFm are expected 
to have a similar elasticity higher than that of C–S–H (Voigt and Reuss average of 
E = 42.3 GPa), which can explain the values obtained for the mixture clusters #2 and #3. 

The use of chemistry also enables the separation between anhydrous grains: cluster #4 
represents a mixture of aluminates (including both aluminate and ferrite phases mixed 
with hydrates), as illustrated in Fig. 4.4c and Fig. 4.5., whereas cluster #5 represent a 
mixture of silicates (alite, belite and hydrates) as illustrated in Fig. 4.4b and Fig. 4.5.  

 
Fig. 4.5. Composite chemical mapping over the indentation grid showing the different 
anhydrous and hydrous phases along with the markers of the level-2 clustered data 
points. The composite mapping represents a multilayer combination of three elemental 
mappings (Si in red, Ca in blue, and Al in green) which allows distinction of the main 
phases of the cement paste. 

Overall, the use of qualitative chemistry provided a better separation of the points 
previously attributed to different types of C–S–H in the mechanical-only analyses. The 
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previously proposed mixture of C–S–H with CH is visually validated, and a previously 
neglected group of Al-rich hydrates is identified. Finally, qualitative chemistry improves 
the clustering of data points, but a precise chemical characterization of each cluster 
triggers the need for quantitative chemical analyses.  

4.4.1.3 Level 3: Chemo-mechanical analyses with quantitative NI-QEDS 

The quantitative chemistry at the location of each indent was determined using SEM-
EDS spot analyses after calibration with standards (due to local surface charging and 
irregularities on the surface, 505 of 630 data points were retained). 

Clustering with 2 mechanical variables (M, H) and 3 quantitative chemistry variables 

(Si/Ca, [Fe+Al]/Ca, SOX) 

Following a previous work [115], clustering was first carried out by considering the 
following variables: indentation properties H and M, along with the chemistry ratios of 
Si/Ca and (Fe+Al)/Si, as well as the sum of oxides SOX. The clustering results and the 
average properties for each cluster are presented in Fig. 4.6 and Table 4.9. Fig. 4.6a 
shows an overlap of clusters #1, #2 and #3 which exhibit mechanical properties typical of 
hydrates, whereas anhydrous clinker grains are predominant in clusters #4 and #5. This 
observation is confirmed by the sum of oxides as presented in Fig. 4.6b: the points 

associated with anhydrous materials tend toward SOX » 1, hydrates are included in the 
range SOX » [0.55, 0.80], and anhydrous-hydrous mixtures lie in-between. 

The poles of ideal composition for the “pure” phases are also drawn with crosses in 
Fig. 4.6b and Fig. 4.6c, based on the compositions reported by Taylor [21] for typical 
clinker phases and typical C–S–H (water-saturated or not), and based on the theoretical 
stoichiometric composition for the other hydrates, as presented in Table 4.8. Using these 
poles, each cluster may be associated with its predominant phase(s): C–S–H for cluster 

#1 ( ), mixture of Al-rich hydrates and C–S–H for cluster #2 ( ), mixture of CH and C–

S–H for cluster #3 ( ), mixture of anhydrous clinker (AC) and C–S–H for cluster #4 ( ), 

and anhydrous alite for cluster #5 ( ). Moreover, the chemical properties of the phases 
generally agree with the theoretical values, e.g., the cluster #3 extends toward 
Portlandite with Si/Ca = 0 and SOX = 0.76, and the cluster #2 extends toward AFm and 

AFt with Si/Ca = 0 and SOX » 0.60. 
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As shown in Table 4.9, cluster #1 exhibits similar average mechanical properties as those 
associated with C–S–H by the level-2 method, although the volume fraction for this 
cluster is reduced. Moreover, cluster #2 exhibits an increase of about 10% of points 
associated to the mixture of Al-rich hydrates and C–S–H. Nevertheless, cluster #3 
composed by CH and C–S–H exhibits very similar mechanical properties and volume 
fractions for both qualitative and quantitative chemical analyses. Thus, the clustering 
with quantitative chemistry allowed narrowing the identification of the C–S–H cluster. 
 

Phase Si/Ca (at.) (Fe+Al)/Ca (at.) S/Ca (at.) Mg/Ca (at.) SOX (wt.) 
Alite 0.33 0.02 0.00 0.02 1.00 
Belite 0.46 0.05 0.01 0.01 1.00 
Ferrite 0.07 0.82 0.00 0.09 1.00 
Aluminate 0.06 0.68 0.00 0.03 1.00 
Aluminate (Orthorhombic) 0.08 0.68 0.00 0.03 1.00 
Aluminate (Low Fe) 0.07 0.65 0.00 0.03 1.00 
Ferrite (Low Al) 0.10 0.76 0.00 0.11 1.00 
C1.7SH4.0 (saturated)  0.59 0.00 0.00 0.00 0.68 
C1.7SH2.1 (non-saturated) 0.59 0.00 0.00 0.00 0.80 
Portlandite (CH) 0.00 0.00 0.00 0.00 0.76 
Calcium carbonate (CC.) 0.00 0.00 0.00 0.00 0.56 
Ettringite (AFt) 0.00 0.33 0.50 0.00 0.54 
Monosulfoaluminate (AFmSO4) 0.00 0.50 0.25 0.00 0.65 
Monocarboaluminate (AFmCO3) 0.00 0.50 0.00 0.00 0.57 

Table 4.8. Elemental ratios and sum of oxides for the main anhydrous and hydrous 
phases of the cement pastes, as calculated from the typical composition of clinker and C–
S–H presented by Taylor [21] and from the stoichiometry of the other pure phases.  

 

Fig. 4.6. Results of the chemo-mechanical clustering using three quantitative chemistry 
variables displayed in the representations (a) M vs. H, (b) Si/Ca vs. SOX, and (c) 
(Fe+Al)/Ca vs. Si/Ca. 
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Moreover, the average mechanical properties of the cluster #1 lie in-between the 
generally accepted values for LD and HD C–S–H, whereas average values for clusters #2 
and #3 approach the values commonly associated with HD C–S–H. Considering the wide 
range of chemical compositions shown in Fig. 4.6c for clusters #1, #2 and #3 with 
overlapping mechanical properties (Fig. 6a), the deconvolution based on solely the 
mechanical properties is not recommended even for a “relatively simple” system as an 
OPC paste. 
 

Clust. M  
(GPa) 

H  
(GPa) 

C  
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/Ca 
(at.) 

SOX  
(wt.) 

p 
(vol.%) 

Predominant 
Phase(s) 

#1 28.1±3.8 0.86±0.17 84±24 0.47±0.05 0.06±0.02 0.69±0.03 39 C–S–H 
#2 33.5±7.3 1.08±0.35 126±54 0.31±0.11 0.18±0.11 0.68±0.04 30 Al-Rich+C–S–H 
#3 33.8±6.5 1.15±0.40 161±180 0.25±0.13 0.03±0.02 0.71±0.03 23 CH+C–S–H 
#4 79.1±31.6 4.08±2.65 687±626 0.32±0.15 0.34±0.25 0.85±0.10 7 AC+C–S–H 
#5 122.8±16.2 9.91±0.59 5404±1707 0.35±0.01 0.02±0.01 1.01±0.01 2 Alite 

Table 4.9. Results of the chemo-mechanical clustering using three quantitative chemistry 
variables (the contact creep modulus C was post-calculated with clustered data points). 

Chemo-mechanical clustering with 2 mechanical variables (M and H) and 5 quantitative 

chemistry variables (Si/Ca, [Fe+Al]/Ca, S/Ca, Mg/Ca, SOX) 

To refine the clustering process, the chemical ratios S/Ca and Mg/Ca were further 
added to the classification variables used in the previous section, which resulted in a 
reorganization of the clusters as presented in Fig. 4.7 and Table 4.10. The use of the 
Mg/Ca variable resulted in the separation of the clinker phases between the silicates in 

cluster #6 ( ), i.e., alite and belite, and the interstitial phases in cluster #5 ( ), i,e., 
aluminate, ferrite and other minor phases which may contain more magnesium. 
Nevertheless, the combined volume fraction of the clinker clusters remained similar as 
that obtained in the previous level-3 analysis.  
 

 

 M  
(GPa) 

H  
(GPa) 

C  
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/Ca 
(at.) 

S/Ca  
(at.) 

Mg/Ca  
(at.) 

SOX  
(wt.) 

p 
(vol.%) 

Predominant 
Phase(s) 

#1 28.1±3.8 0.85±0.17 192±38 0.47±0.04 0.06±0.02 0.05±0.03 0.04±0.02 0.69±0.03 35 C–S–H 
#2 32.5±7.3 0.99±0.31 283±119 0.26±0.10 0.15±0.09 0.11±0.09 0.04±0.03 0.68±0.04 16 Al-Rich+C–S–H 
#3 32.9±6.1 1.10±0.35 321±181 0.27±0.13 0.03±0.02 0.03±0.02 0.01±0.01 0.71±0.04 27 CH+C–S–H 
#4 36.2±9.1 1.27±0.47 352±197 0.38±0.08 0.22±0.13 0.06±0.03 0.09±0.06 0.70±0.05 14 AC+C–S–H 
#5 85.1±38.9 4.82±3.24 1755±1527 0.21±0.08 0.51±0.17 0.05±0.04 0.31±0.32 0.84±0.11 4 Aluminates Mix 
#6 103.1±25.1 7.01±3.15 4831±4932 0.41±0.08 0.04±0.02 0.01±0.00 0.02±0.01 0.97±0.05 3 Silicates Mix 

Table 4.10. Results of the chemo-mechanical clustering using five quantitative chemistry 
variables (the contact creep modulus C was post-calculated with clustered data points). 
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Fig. 4.7. Results of the chemo-mechanical clustering using five quantitative chemistry 
variables displayed in the representations (a) M vs. H, (b) C vs. H with the insert for 
extended axes, (c) Si/Ca vs. SOX, (d) (Fe+Al)/Ca vs. Si/Ca, (e) S/Ca vs. Si/Ca, and (f) 
Mg/Ca vs. Si/Ca. 
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Notably, the additional variables S/Ca and Mg/Ca allowed the distinction between the 

intermix of C–S–H and Al-Rich hydrates (cluster #2, ) and the intermix of C–S–H and 

Al-rich clinker (cluster #4, ), which were comprised in a single cluster in the previous 
analyses of section 4.4.1.3. Thus, the cluster #2 comprises the Al-rich points with higher 
S/Ca values, in contrast with cluster #3 which includes points with higher Mg/Ca. 

Fig. 4.8a shows the histogram of the Ca/Si ratio for the C–S–H cluster #1, which is 
expected to be about 1.7–1.8 for theoretical C–S–H [21,55,115]. The Ca/Si ratio 2.13 
± 0.21 measured in this study is above the theoretical values but, nevertheless, it agrees 
well with similar previous observations [112,178,240]. Considering that C–S–H can 
incorporate alumina as partial substitution of silicates to form calcium-aluminum-
silicate-hydrates (C–A–S–H), the Ca/(Si + Al) ratio may also be used as an alternative 
descriptor of the C–A–S–H chemistry. The average value of Ca/(Si + Al) = 1.91 ± 0.14 
presented in Fig. 4.8b is in good agreement with previous chemical analyses of the C–A–
S–H in ordinary Portland cement [119,225,240]. 

 

Fig. 4.8. Frequency distributions of key chemical ratios calculated for the C–S–H cluster 
#1: (a) Ca/Si, (b) Ca/(Si + Al), and (c) Ca*/(Si + Al) where Ca*=Ca-S. 

As suggested by Rossen [240], the alumina substitution and the sulphate adsorption are 
both relevant to the atomic description of the C–A–S–H phase. Fig. 4.8c shows the 
Ca*/(Si + Al) ratio (defined with Ca*=Ca-S) that reaches on average 1.81 ± 0.12, which is 
in good agreement with the results presented by Rossen obtained with manual chemical 
SEM-EDS analyses of IP and OP C–S–H [240]. Moreover, the relatively narrower 
distribution of the histogram of Ca*/(Si + Al) compared to those of Ca/Si and 
Ca/(Si + Al) suggests a variable uptake of aluminum and sulfur for the different points 
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grouped in the C–S–H cluster #1 (i.e., points with the same Ca*/(Si + Al) ratio but with 
different S and Al contents exhibit different Ca/Si ratios). Nevertheless, it cannot be 
excluded that the investigated microvolumes grouped into C–S–H cluster #1 may contain 
traces of other hydrates having greater Ca/Si ratio (e.g., CH and/or Al-rich hydrates). 

As illustrated by the chemical mapping in Fig. 4.9 (with color markers representing the 
clusters of Table 4.10), the microstructure of the OPC cement paste consist of a very 
complex intermix of several phases. The size of heterogeneities being relatively small, the 
likelihood to probe an interaction volume located on more than one phase is rather high 
(as pointed out in previous studies [229,230]). Thus, the determination of material 
properties (e.g., Young modulus) from indentation properties of the clusters presented in 
Table 4.10 represent a challenge which would likely require advanced analysis, perhaps 
with discrete models to reproduce the mechanical nanoindentation response of such 
intermixed phases. However, in certain cases, the presented method allowed identifying 
clusters which can be reasonably considered as a “single phase”, e.g., C–S–H cluster #1 
which has much smaller standard deviations in all the chemo-mechanical axes. 

 

Fig. 4.9. Composite chemical mapping of the ROI showing the different anhydrous and 
hydrous phases along with the level-3 data points clustered using two mechanical 
variables and five quantitative chemistry variables. 

4.4.2 Identifying “pure” phases by a deterministic approach 

Interestingly, the coupled NI-QEDS technique also enables a deterministic analysis 
approach which consists of identifying a limited number of data points with chemical 
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composition comparable to the expected theoretical ratios presented in Table 4.8. The 
mechanical properties of the so-identified “pure” phases can then be averaged using the 
indentation properties of those data points. 

4.4.2.1 Selection of points for the “pure” phases 

The data points representative of a “pure” phase were defined in this study as the points 
which do not differ by more than a given selection range from the reference values, 
simultaneously for the following five chemical variables: Si/Ca,(Fe+Al)/Si, S/Ca, 
Mg/Ca, and SOX. Fig. 4.10 visually illustrates the data points determined as “pure” 
phases considering a selection range of ±10% around the theoretical values (the range is 
relative to the maximal value for each variable, e.g., 10% of the maximal value for Si/Ca 

» 0.055). Three different selection ranges were investigated: the range ±5% was found to 
be too small as it included a few points for only two “pure” phases; the ranges ±10% and 
±15% provided interesting results presented in the next section. 

  

Fig. 4.10. Visual representations, in the axes (a) Si/Ca vs. SOX and (b) (Fe+Al)/Ca vs. 
Si/Ca, of the deterministic approach used to identify points with chemistry included in 
the range of the theoretical values ±10%. 

4.4.2.2 Deterministic estimation of the properties of the “pure” phases 

Table 4.11 and Table 4.12 present the average chemo-mechanical properties estimated 
for each “pure” phase using the deterministic approach with selection ranges ±10% and 
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±15%. For each phase, the properties are averaged from the N data points included in the 
selection range. The estimated chemo-mechanical properties generally agree with the 
reference values presented in Table 4.5 and Table 4.8. Unfortunately, the current dataset 
did not include any data point which could be associated to “pure” AFm or AFt. That is, 
the likelihood to indent a volume made of “pure” Al-rich hydrate is very limited for the 
considered 505 nanoindentation tests.  

For the clinker phases, extending the selection range from ±10% to ±15% did not change 
significantly the points attributed to each phase, as the composition of the phases is 
relatively uniform and close to the reference values. The measured properties of alite 
agree very well with the reference values, both with respect to mechanical properties and 
chemistry. However, the belite phase exhibits an average sum of oxide lower than 1 and 
an average Si/Ca higher than the expected value, which suggests partial hydration that 
would also explain the mechanical properties lower than expected. Similarly, the “pure” 
ferrite phase’s average composition approach the low-Al ferrite described by Taylor [21] 
and the “pure” aluminate tends toward Taylor’s low-Fe aluminate [21], but their 
mechanical properties are lower than those expected for completely anhydrous Al-rich 
clinker phases (see Table 4.5). As for Portlandite (CH), the measured values agree with 
the expected chemistry, with chemical ratios close to 0 and an SOX value approaching 
the theoretical value of 0.76. The indentation modulus is in excellent agreement with the 
reference value of MCH = 44.6 GPa, although the measured hardness of 1.78 ± 0.33 GPa is 
above the reference value HCH = 1.35 GPa previously reported for large Portlandite 
crystals [101]. 

Phase M 
(GPa) 

H 
(GPa) 

C  
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/Ca 
(at.) 

S/Ca  
(at.) 

Mg/Ca  
(at.) 

SOX  
(wt.) 

N 

Alite 122.8±16.2 9.91±0.59 9961±2863 0.35±0.01 0.02±0.01 0.00±0.00 0.03±0.00 1.01±0.01 9 
Belite 85.3±8.8 3.90±0.66 1143±431 0.50±0.02 0.05±0.02 0.01±0.00 0.02±0.00 0.93±0.02 6 
Ferrite 81.9±27.4 5.54±2.79 2224±1783 0.10±0.00 0.77±0.03 0.01±0.01 0.14±0.04 0.98±0.02 3 
Aluminate 79.6 5.68 2010 0.10 0.64 0.01 0.04 0.95 1 
CH 44.6±5.2 1.78±0.33 704±324 0.04±0.01 0.01±0.00 0.01±0.00 0.00±0.00 0.73±0.03 9 
C–S–H 31.7±4.7 0.98±0.22 181±37 0.55±0.01 0.04±0.01 0.02±0.01 0.06±0.02 0.71±0.02 13 

Table 4.11. Results of the deterministic selection of points associated to “pure” phases, 
defined as theoretical values ±10% of the maximal value for each chemical variable. 

The deterministic approach led to the estimation of “pure” C–S–H properties from 13 and 
49 data points when using the selection ranges ±10% and ±15%, respectively. These 
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points closer to the theoretical C–S–H composition represent a relatively small fraction of 
the 190 points of the cluster #1 in the analysis of section 4.4.1.3. 

Phase M 
(GPa) 

H  
(GPa) 

C  
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/Ca 
(at.) 

S/Ca  
(at.) 

Mg/Ca  
(at.) 

SOX  
(wt.) 

N 

Alite 122.8±16.2 9.91±0.59 9961±2863 0.35±0.01 0.02±0.01 0.00±0.00 0.03±0.00 1.01±0.01 9 
Belite 81.0±10.9 3.75±0.75 1166±398 0.49±0.02 0.05±0.02 0.01±0.01 0.02±0.00 0.92±0.03 8 
Ferrite 96.3±34.3 6.22±2.69 2337±2506 0.11±0.01 0.74±0.05 0.01±0.01 0.15±0.04 0.98±0.02 4 
Aluminate 116.4±23.9 6.84±1.00 3068±1842 0.12±0.02 0.66±0.05 0.01±0.01 0.13±0.06 0.96±0.02 4 
CH 42.7±6.0 1.67±0.37 661±295 0.05±0.02 0.02±0.03 0.01±0.01 0.01±0.01 0.73±0.03 16 
C–S–H 30.2±4.5 0.92±0.22 176±34 0.53±0.01 0.05±0.02 0.03±0.01 0.05±0.02 0.70±0.03 49 

Table 4.12. Results of the deterministic selection of points associated to “pure” phases, 
defined as the theoretical values ±15% of the maximal value for each chemical variable. 

As determined for the ±10% selection range, the “pure” C–S–H characteristic ratios are in 
good agreement with the expected composition of C–S–H: Ca/Si = 1.85 ± 0.04, 
Ca/(Si + Al) = 1.73 ± 0.03 and Ca*/(Si + Al) = 1.69 ± 0.03. The similar values for these 
three ratios indicate a “pure” C–S–H with low amounts of guest elements (e.g. Al and S) 
possibly formed in “ideal conditions”. Similarly, these ratios range from 1.90 to 1.73 when 
using a ±15% selection range. Fig. 4.11 locates on the composite map the points 
associated to “pure” C–S–H (using the ±15% selection range). In general, these “pure” C–
S–H points occur in larger uniform C–S–H regions typical of the inner product, i.e., 
inside the initial boundaries of alite, which may be completely or partially hydrated. 

Notably, the determined “pure” C–S–H points exhibit average mechanical properties of 
M = 31.7 GPa and H = 0.98 GPa, which are above those of the C–S–H cluster #1 obtained 
with the level-3 statistical analyses (M = 28.1 GPa and H = 0.85 GPa). Considering that 
clusters containing CH and Al-rich hydrates in Table 4.10 showed higher average 
mechanical properties, the lower performance of cluster #1 (Table 10) cannot be 
attributed to the intermix with weaker phases. Thus, the results suggest that the “pure” 
C–S–H identified in the deterministic approach corresponds to densified inner products, 
whereas the C–S–H of cluster #1 (Table 10) also includes lower density outer product C–
S–H (which precipitated between clinker grains during the hydration process). 
Furthermore, the comparison of C–S–H chemistry in Table 4.10 and Table 4.11 suggests 
that the outer product C–S–H is more likely to uptake higher amounts of calcium, 
aluminum and sulfur. Inversely, the magnesium appears preferentially incorporated in 
the inner product C–S–H, which can be attributed to the low mobility of magnesium [26] 
coming from the hydration of alite (see composition in Table 4.8). 
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Fig. 4.11. Data points attributed to “pure” phases using the chemical deterministic 
approach and considering the selection range ±15% (see Fig. 4.10 for the legend). 

4.5 Discussion 

4.5.1 Impact of the method on the identification of hydrates’ properties 

The results obtained using the three levels of statistical analyses and a deterministic 
approach showed the influence of the deconvolution method and the classification 
variables on the identified properties of the hydrates. In particular, Fig. 4.12ab and 
Fig. 4.12de compare the results obtained with the cluster analysis of level 1 and level 3, 
with respect to the mechanical axes of M vs. H, and C vs. H, respectively. The analysis 
using 3 mechanical properties (level 1, Fig. 4.12a and d) provided a separation of the data 
points into 4 clusters, with the first 2 clusters lying in the range of properties commonly 
attributed to LD C–S–H, HD C–S–H and CH (i.e., M ≈ [20, 45] GPa).  

The addition of quantitative chemistry variables to the clustering process (level 3) 
resulted in a separation of the points of these 2 clusters into 4 clusters with strongly 
overlapping mechanical properties (Fig. 4.12b and e). Based on the chemistry, these 
clusters were attributed to C–S–H (cluster #1), a mix of Al-rich hydrates and C–S–H 
(cluster #2), a mix of CH and C–S–H (#3), and a mix of hydrates and Al-rich anhydrous 
clinker (cluster #4). Interestingly, the C–S–H cluster #1 kept similar average properties 
although its volume fraction was reduced with the chemo-mechanical clustering.  
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The range of different chemistry for similar mechanical properties is further 
demonstrated in Fig. 4.12c and f, which presents the level-3 clustering results in the axes 
of M and C as a function of the chemical ratio Si/Ca. Considering these observations, 
assigning phases to clusters obtained from statistical deconvolution based only on 
mechanical properties should be avoided, as these clusters likely include datapoints from 
different chemical phases, even for “relatively simple” systems such as an OPC paste. 
Notably, the mixtures of C–S–H with Al-rich components should not be neglected as their 
volume fractions reached 30–40% of the total data points in level-3 analyses of this study. 

In addition, the deterministic results presented as poles (or crosses) in Fig. 4.12bc and 
Fig. 4.12ef are in good agreement with the chemo-mechanical statistical clustering, e.g., 
the pole determined for CH lies toward the end of the C–S–H and CH mixture cluster. 

 

Fig. 4.12. Comparison of the clustered data points obtained with (a,d) the level-1 
clustering using 3 mechanical variables and (b,c,e,f) the level-3 clustering using 7 chemo-
mechanical variables, as illustrated in the representations of M and C vs. H and Si/Ca. 
The contours represent the 95% confidence interval for the hydrates’ clusters and the 
crosses represent the deterministic values obtained with the ±10% selection range. 
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4.5.2 Separation and properties of the two types of C–S–H 

The deterministic analyses performed in this study allowed the identification of data 
points corresponding to C–S–H with the “purest” composition (see Fig. 4.10). 
Remarkably, these points were generally located on uniform C–S–H regions 
corresponding to inner products (see Fig. 4.11) and their mechanical properties (M = 
31.7 GPa and H = 0.98 GPa, see Table 4.11) correspond to those commonly attributed to 
high-density C–S–H (see Table 4.5). Moreover, the C–S–H pole in Fig. 4.12 is located in 
the upper region of the C–S–H cluster, which supports the previous observation that 
“purest” inner C–S–H has higher mechanical properties than outer C–S–H. 

On the other hand, the outer C–S–H could not be easily distinguished, but it was 
assumed to form the remaining of the C–S–H cluster obtained with the level-3 clustering, 
i.e., the points not associated with inner C–S–H using the deterministic approach. 
Furthermore, the chemical representations of Fig. 4.7 illustrates how this C–S–H cluster 
extends from a “pure” composition toward “less pure” outer C–S–H. These results suggest 
the presence at the sub-micrometre scale of extra calcium, aluminum and sulfur into – or 
in the vicinity of – this outer C–S–H. Interestingly, the chemo-mechanical analyses did 
not provide a clear distinction between two C–S–H phases, but rather a gradual variation 
between two endpoints. 

4.5.3 Estimation of volume fractions of hydrates 

The estimation of volume fractions of hydrates from nanoindentations over a large 
21 × 30 matrix of datapoints represents a challenge due to the complex intermix of 
phases in the cement paste at the sub-micrometre scale. Thus, if the phases can possibly 
be separated based on mechanical properties for simpler systems (e.g. hydrated C3S 
paste), such approach is limited for complex Portland-cement systems and unlikely 
accurate for even more complex systems (e.g. blended-cement pastes). The coupling of 
nanoindentation with chemistry analyses allowed the identification of the minor phases 
of the cement paste, but most of the clusters still represent mixtures which likely include 
at least two phases. 

Fig. 4.13 presents the volume fractions obtained with the three levels of statistical 
analyses for the clusters which properties may be attributed to hydrates. Thus, the 
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amounts of data points attributed to C–S–H (cluster #1) reduces with the increasing level 
of analysis, as the coupling with chemistry allows the identification of mixtures of C–S–H 
with other phases (clusters #2, #3 and #4 for level 3). This brings the need to separate the 
mixture clusters into their constituting phases. A first order estimation of the volume 
fractions could be obtained by splitting equally the points of these mixtures into their 
main constituting phases [220]. A more precise approach would consist in analysing the 
bi-phase mixtures by estimating for each point the contribution of each phase. This would 
require a multi-dimensional extension of the geometrical approach previously developed 
for analysis of anhydrous clinker [191], which should be part of future developments to 
the method. Nevertheless, as the two types of C–S–H are not clearly separated with the 
chemo-mechanical analyses, the estimation of the volume fractions of the phases may 
possibly be more simply determined using image analysis of chemical mappings and/or 
backscattered electron micrographs [180,220,241–244]. 

 

Fig. 4.13. Volume fractions of the clusters associated to hydrates for the different levels of 
statistical analyses. 

4.5.4 Technique limitations and future recommendations 

The addition of chemical variables to the deconvolution method allowed clustering into 
an increased number of phases with an intermix nature. However, the two generally 
accepted LD and HD C–S–H families –which have been commonly obtained by level-1 
statistical nanoindentation analyses with sole mechanical properties– were not distinctly 
found. Possible reasons for the absence of LD C–S–H in the current study include the 
overall high density of the studied system (due to low w/c ratio and prolonged hydration) 
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or the chemo-mechanical clustering (which may be more impacted by the important 
chemical differences between phases compared to relatively smaller variations in 
mechanical properties of the C–S–H). Further NI-QEDS studies on OPC pastes with 
higher w/c should thus be undertaken to validate that distinct mechanical properties 
may be obtained for LD and HD C–S–H when considering all the intermixed phases in 
the analyses.  

Furthermore, ‘purest’ C–S–H properties obtained with the deterministic approach were 
found to correspond to the inner product region (IP C–S–H), but the outer product region 
could not be characterized by a single composition using NI-QEDS. The investigation of 
outer C–S–H in Portland-cement pastes would thus require a means either to obtain an 
additional clustering parameter (e.g. local porosity or density) or to perform chemo-
mechanical investigations at a smaller scale. The former could possibly be obtained by 
extracting at the location of each indent an indicator of the C–S–H density from a high-
resolution-high-contrast back-scattered electron mapping (although artefacts and 
correlations with the chemistry variations should be considered). The latter would 
require reducing the nanoindentation probed volume by decreasing hmax, which is 
currently limited by conventional surface preparation methods. Further works should 
focus on alternative polishing methods such as ion-beam milling allowing 
nanoindentation investigations at the sub-micron scale, combined with the use of the 
continuous stiffness measurement method to determine the minimum adequate depth of 
nanoindentation [91–93]. 

In addition, great care was employed to preserve the cement paste microstructure during 
the whole experimental process and to prevent carbonation. Nevertheless, the 
isopropanol drying required for SEM-EDS analyses may have damaged some hydration 
products, e.g., dehydration of ettringite leading to micro-cracking. SEM-EDS 
measurements on such micro-cracked products have been excluded using the Duane-
Hunt limits and the reader should thus remember that the chemical measurements of 
this study represent an isopropanol-dried OPC paste. Also, some experimental steps such 
as the polishing and nanoindentation measurements could not be performed in CO2-free 
environments, which could be done in future works to improve further the control of 
carbonation during all the steps of the process. 
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Finally, the deterministic approach using theoretical values was adequate for the 
analysis of an OPC paste with an expected Ca/Si ratio of 1.7 for the C–S–H. However, a 
complementary means for determining the composition of the “pure” C–A–S–H is needed 
for more complex systems where the C–A–S–H has different and unknown Ca*/(Si + Al) 
ratios. This could be achieved by studying bi-phase C–A–S–H mixtures along appropriate 
chemical axes. This should be investigated in further work on more complex cement 
paste microstructures incorporating SCMs, with the aim of better understanding 
conflicting literature results regarding the link between the Ca/(Si + Al) ratio and the 
mechanical properties of the C–A–S–H [66,67,101,220,245]. 

4.6  Conclusion 

By considering a “relatively simple” system such as an OPC cement paste, this work 
compared existing methods for statistical deconvolution of nanoindentation 
measurements, while also developing a state-of-the-art NI-QEDS technique for further 
disclosing the micro-chemo-mechanical properties. Based on the presented results, the 
following conclusions can be drawn: 

1. Deconvolution based solely on mechanical properties resulted in clusters including 
data points having similar mechanical properties but a wide range of chemistries 
attributable to mixtures of hydrates. Assigning these clusters to phases without 
using coupled chemo-mechanical analyses should thus be avoided, even for 
“relatively simple” OPC systems. 

2. Statistical clustering using indentation modulus M and hardness H, along with 
key quantitative chemical ratios (i.e., Si/Ca, [Fe + Al]/Ca, S/Ca, Mg/Ca, SOX) 
allowed the identification and the estimation of properties for micro-volumes 
incorporating the main phases of cement pastes, i.e., C–S–H, CH, Al-rich hydrates 
and anhydrous clinker. The results demonstrated how the cement paste 
microstructure at the micron scale consists of a complex mixture of phases having 
strongly overlapping mechanical properties. 

3. The quantitative nature of the chemical analyses also enabled an original analysis 
using a deterministic approach, which provided a complementary means to 
address the intermix of phases and to estimate mechanical properties of “pure” 
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phases. More specifically, the rare occurrence of “pure” C–S–H was observed in 
the inner product region with properties of Ca/(Si + Al) = 1.73 ± 0.03, M = 31.7 
± 4.7 GPa and H = 0.98 ± 0.22 GPa, which approach those commonly reported for 
HD C–S–H. Moreover, the results suggested the presence at the sub-micrometre 
scale of extra calcium, aluminum and sulfur into or near the “less pure” C–S–H 
occurring in the outer product region. 

Overall, the herein developed state-of-the-art NI-QEDS method proved to be a powerful 
means for comprehensive chemo-mechanical investigation of complex cementitious 
microstructures, using a combination of statistical analyses for global understanding of 
the microstructure and deterministic analyses for investigation of the “pure” phases. The 
NI-QEDS technique thus represents a very promising method to study systems with 
increased microstructure heterogeneity, e.g., blended cement pastes with fly ash and 
slag, or cement matrices incorporating emerging supplementary cementitious materials 
such as glass powder, nano-glass powder and metakaolin, as well as novel binding 
technologies such as low-clinker systems or limestone-calcined-clay systems (LC3). As 
new cementitious composites may be completely different from conventional Portland 
cement systems, a deeper understanding of their micromechanical features will 
contribute to more efficient industrial exploitations. 
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Contribution to the thesis 

This third paper employs the statistical analysis approach of the NI-QEDS method to 
investigate cementitious systems incorporating conventional SCMs. Before attempting to 
investigate the effects of less known alternative SCMs, this paper focusses on binary 
blended-cement systems that have been widely investigated (i.e., OPC with 30% fly ash 
or 50% slag). Interestingly, the NI-QEDS proved its usefulness by capturing properties 
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for phases never considered in micromechanical analyses of such systems (to the 
knowledge of the author). Furthermore, the results provided additional experimental 
evidence to the ongoing debate about the effect of the Ca/(Si+Al) ratio on the mechanical 
properties of the C–(A)–S–H.  

Titre en français 

Propriétés chimico-mécaniques des matrices cimentaires avec cendres volantes et laitier 

Résumé 

Une compréhension améliorée des caractéristiques microstructurales des matrices 
cimentaires incorporant des ajouts cimentaires (ACs) représente une connaissance clé 
pour l’ingénierie d’infrastructures en béton plus soutenables. En favorisant l’utilisation 
de la méthode de couplage de la nanoindentation et de la spectroscopie quantitative aux 
rayons X à dispersion d'énergie (NI-QEDS), ce travail vise à dévoiler les effets de la 
substitution du ciment Portland par 30% de cendres volantes ou 50% de laitier sur les 
phases hydratées et anhydres. Notamment, après un an d’hydratation, les mesures 
attribuées aux (alumino)-silicates de calcium hydratés, C–(A)–S–H, ont montré des ratios 

moyens Ca/(Si+Al) < 1.5 pour les pâtes avec ACs, comparé à Ca/(Si+Al) » 1.9 pour la 
pâte de ciment Portland. Il est intéressant de noter qu’un mélange de C–(A)–S–H et de 
phases de type hydrotalcite a aussi été découvert dans les systèmes avec laitier. 
Néanmoins, des propriétés mécaniques similaires ont été déterminées pour ces différents 

C–(A)–S–H (module M » 26–29 GPa [3770–4205 ksi] et dureté H » 0.8–0.9 GPa [115–
130 ksi]), ce qui indique que les C–A–S–H formés par la réaction des cendres volantes ou 
du laitier peuvent remplacer les C–S–H provenant des ciments Portland grâce à leurs 
propriétés mécaniques équivalentes, à l’échelle du micromètre. 

Abstract 

A better understanding of the microstructural features of cement matrices incorporating 
supplementary cementitious materials (SCMs) represents key knowledge for engineering 
more sustainable concrete infrastructures. By fostering the coupling of nanoindentation 
techniques with quantitative energy-dispersive X-ray spectroscopy (NI-QEDS), this work 
aims at disclosing the effects of substituting Portland cement by 30% fly ash or 50% slag 
on hydrous and anhydrous phases. Notably, after one year of hydration, measurements 
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attributed to calcium-(aluminum)-silicate-hydrates, C–(A)–S–H, showed average 

Ca/(Si+Al) ratios < 1.5 for the pastes with SCMs, compared to Ca/(Si+Al) » 1.9 for a 
Portland-cement-only paste. Interestingly, an intermix of C–(A)–S–H and hydrotalcite-
like phases was also found in the slag-containing system. Nevertheless, similar micro-

mechanical properties were found for these different C–(A)–S–H (modulus M » 26–

29 GPa [3770–4205 ksi] and hardness H » 0.8–0.9 GPa [115–130 ksi]), which indicate 
that C–A–S–H formed by fly ash or slag reaction may replace Portland-cement C–S–H 
with equivalent mechanical properties at the micrometer scale. 

Keywords: calcium-aluminum-silicate-hydrates (C–A–S–H); calcium-silicate-hydrates (C–
S–H); fly ash (FA); ground granulated blast-furnace slag (S); microstructure; 
nanoindentation; SEM-EDS; statistical deconvolution; supplementary cementitious 
materials (SCMs). 
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5.2 Introduction 

The partial replacement of ordinary Portland cement (OPC) with supplementary 
cementitious materials (SCMs) is an effective approach for sustainable concrete 
structures, as it simultaneously improves the environmental footprint (e.g. by reducing 
CO2 emissions caused by cement production), while increasing the durability to 
aggressive environments (e.g. by reducing chloride penetration). Currently, the most 
commonly used SCMs are industrial by-products such as silica fume (SF), fly ash (FA), 
and ground granulated blast-furnace slag (S). 

As illustrated by Lothenbach et al. [26] with thermodynamic calculations, the 
composition of hydrates and their relative amounts in SCM-containing cement pastes 
depend on several parameters, such as the SCM composition, dosage, reactivity, and its 
interactions with the hydration of cement. More specifically, the hydration of OPC forms 
calcium-silicate-hydrates (C–S–H) with a Ca/Si atomic ratio between ~1.5 and ~2.0 [21], 
whereas the presence of silica-rich SCMs results in a different C–S–H structure with 
Ca/Si < 1.5 [60,246] and aluminum-rich SCMs favours aluminum intake into calcium-
aluminum-silicate-hydrates (C–A–S–H) [71,72]. In addition to these variations, the 
properties of C–(A)–S–H —a family of calcium-silicate-hydrates which may include 
aluminum or not— also depend on their packing density and morphology distribution in 
the cement paste: i.e., High-Density (HD) Inner reaction Products (IP) with lower 
porosity and higher mechanical properties lie within original boundaries of anhydrous 
grains, whereas Low-Density (LD) fibrillar Outer Products (OP) grow outside these 
boundaries [62,64,75,85]. 

Due to the highly heterogeneous nature of cement pastes, investigating the influence of 
SCMs on mechanical properties of C–(A)–S–H is a complex challenge. Statistical 
nanoindentation technique has recently revealed to be a powerful tool for such 
investigations [74,75]. Previous results obtained with this technique suggested that the 
incorporation of fly ash and slag leads to increased fractions of HD C–S–H, or inner 
products from slag reaction [121,176,247]. The consumption of the Portlandite by the 
pozzolanic reaction of the slag may also result both in a reduced stiffness of the C–S–H 
gel [207,225] and in the absence of the “ultra-high-density (UHD) C–S–H” phase [120], 
which was later recognized to be a nanocomposite of C–S–H and Portlandite (CH) 
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[110,115]. Nevertheless, this “UHD C–S–H” phase was identified in SCM-containing 
ultra-high performance concrete with low water-to-binder ratios and high SF dosages 
[248,249]. 

However, most of the aforementioned studies are based on statistical deconvolution of the 
sole mechanical properties provided by nanoindentation. Coupling nanoindentation (NI) 
with energy-dispersive X-ray spectroscopy analyses (EDS) provides a means to include 
chemical properties as additional classification variables in statistical analysis of 
nanoindentation results, which allows discrimination between phases having similar or 
overlapping mechanical properties [20,177,178,220,250]. The location of each indentation 
can be automatically detected by an image analysis algorithm in order to make the 
analysis procedure less time-consuming and more robust [20]. More recently, 
quantitative EDS (QEDS) with the use of standard samples has been employed to 
enhance the chemical measurements [115,251]. 

NI-QEDS investigations appear the most promising approach to disclose the micro-
mechanical features of complex systems such as cement pastes containing SCMs, in order 
to consider all the phases of the systems (e.g., C–(A)–S–H, CH, aluminoferrite-mono 
phases [AFm], aluminoferrite-tri phases [AFt], hydrotalcite-like phases, anhydrous SCM 
grains, and anhydrous clinker grains). This study applies the NI-QEDS technique to 
compare the micro-chemo-mechanical characteristics of a hydrated OPC paste with 
pastes incorporating 30% fly ash and 50% slag. More specifically, this study aims to 
demonstrate that, although the incorporation of fly ash and slag changes the cement 
paste microstructure and the chemistry of the C–(A)–S–H, the average mechanical 
properties of the C–(A)–S–H may not be significantly affected. Statistical clustering of 
the coupled NI-QEDS measurements from 630 data points per system enables 
quantification of the properties of hydrous and anhydrous phases using chemo-
mechanical representations of the results, along with mappings of the results on the 
probed surfaces. 
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5.3 Research significance 

By coupling cutting-edge techniques, this article enhances the current understanding of 
chemo-mechanical properties of the complex microstructure of cement pastes 
incorporating SCMs, which is paramount for their future optimization with respect to 
locally available products and an efficient industrial exploitation. Furthermore, new 
knowledge on microstructure assemblages incorporating conventional SCMs will benefit 
further investigations on alternative pozzolanic materials, such as calcined clays [252], 
glass powder [253,254], biomass fly ash [255] or rice husk ash [50]. 
 

Oxides 
(wt. %) 

Portland 
Cement Type 

GU 

Fly Ash 
Class F 

Granulated 
Blast-Furnace 

Slag 
SiO2 19.7 46.5 35.4 
Fe2O3 4.4 23.2 10.5 
Al2O3 2.7 16.5 0.4 
CaO 61.3 4.5 42.0 
MgO 2.9 1.0 7.9 
SO3 4.0 0.7 1.8 
Na2O 0.3 0.8 0.2 
K2O 0.9 1.9 0.3 
TiO2 0.2 1.1 0.5 
MnO 0.1 0.0 0.3 
Loss on 
ignition 2.7 2.7 0.3 
Si/Ca (at.) - 9.58 0.78 
(Fe+Al)/Ca 
(at.) - 8.20 0.28 
Mg/Ca (at.) - 0.30 0.26 

Table 5.1. Chemical compositions of raw materials, as measured by X-ray fluorescence. 

5.4 Experimental Investigation 

5.4.1 Materials 

The raw materials used in this study include Canadian general use Portland cement 
(OPC Type GU), Class F fly ash (FA) and ground granulated blast-furnace slag (S). 
Table 5.1 shows the chemical composition of the three cementitious materials. The 
reactivity of slag may be estimated using the oxide composition and the widely-used 
hydraulic modulus HM = (CaO + MgO + Al2O3)/SiO2 [23]. The type of slag used in this 
study has a HM value of 1.7, which meets the minimum value of HM > 1–1.4 imposed in 
some international specifications [23]. 
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5.4.2 Sample preparation 

Cement pastes were prepared with drinking water using a high-shear mixing procedure 
adapted from ASTM C1738. The water-to-binder ratio was fixed to w/b = 0.40, and three 
binder combinations were prepared: the system OPC (100% Portland cement); the system 
30FA (30% fly ash + 70% Portland cement), and the system 50S (50% slag + 50% 
Portland cement). The samples were cast in bar molds of 25 mm x 25 mm x 285 mm (1" x 
1" x 11.2") and kept moist until demolding at 24 hours. After curing for one year in 
limewater, the specimens were sawed into discs of about 15 mm (0.6") diameter by about 
5 mm (0.2") thickness, and the hydration was stopped by immersion in isopropanol. The 
specimens were polished with Anamet perforated polishing cloths installed on a Struers 
automatic polishing machine using diamond oil-based suspensions and the following 

protocol: 10 min with 15 µm (0.6 mil) particles for levelling of the surfaces; 15 min using 

6 µm (0.25 mil) particles; and twice 15 min using 1 µm (0.04 mil) particles. The 
specimens were cleaned between each step in isopropanol for 3 min in an ultrasonic bath. 

5.4.3 Grid nanoindentation  

An Ultra-Nanoindentation Tester (UNHT) commercialized by Anton-Paar was used to 
performing force-controlled indentations on cement pastes. After establishing contact of 
the reference with a force of 0.2 mN (4.5x10-5 lbf) and contact of the indenter with a force 
of 0.05 mN (1.1x10-5 lbf), specimens were loaded at a rate of 30 mN/min (6.7x10-3 lbf/min) 
up to a maximal indentation displacement of hmax = 250 nm (0.01 mil); the force was then 
held for 60 seconds before a rapid unloading at 30 mN/min (6.7x10-3 lbf/min) [20,220,251]. 
The Oliver and Pharr method was used to calculate the indentation modulus M and 
hardness H from the unloading portion of the load-penetration curve [89]. A fused silica 
sample was used to calibrate of the tip area function (15 incremental loads from 0.05 mN 
(1.1x10-5 lbf) to 24 mN (5.4x10-3 lbf), 5 replicates per load).  

To investigate the heterogeneous microstructure of cement pastes having several hydrous 

and anhydrous phases, grids of 630 indentation points per sample spaced by 10 µm (0.4 
mil) were found as a good compromise between representativeness of the region of 
interest (ROI) and the quality of the chemical analyses on this ROI [20,220,251]. Visual 
inspection of each load-penetration curve allowed the removal of abnormal 
measurements associated with surface defects such as pores, cracks or uneven regions. 
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5.4.4 SEM-EDS quantitative analyses and qualitative mapping 

A Hitachi S-3400N scanning electron microscope (SEM) equipped with an Oxford Inca 
Energy 250 energy-dispersive spectrometer (EDS) was used for qualitative chemical 
mapping and quantitative spot analyses on the ROI. The accelerating voltage was set to 

15 kV and a magnification of 400X was used to comprise the ROI (300 µm x 210 µm [11.8 
mils x 8.3 mils]) in a single view. 

The exact location of each indent was determined from optical images of the indentation 
grids using an indent locator script described elsewhere [251]. The indent coordinates 
were precisely translated to the ROI into the SEM and used as input for the EDS 
acquisition software. Spot EDS analyses for duration of 20 s provided quality EDS 
spectra with more than 100 000 counts. Quantitative analyses of the spectra were 
performed using the publicly-available NIST software DTSA-II [236,237]. Mineral 
standards from SPI Supplies and pure clinker phases were selected to be compatible with 
cement paste phases and to minimize the ZAF corrections required when quantifying 
elements of the most important phases, i.e., C–(A)–S–H. The series of standards used to 
cover the main elements include: pure synthetic C2S for Ca and Si, pure synthetic C3A for 
Al, olivine for Mg and Fe, anhydrite for S, orthoclase for K, tugtupite for Na and Cl, and 
sphene for Ti. The validity of the procedure was confirmed with a kaersutite standard 
having a known composition and including most of the elements occurring in cement 
pastes. In addition to spot analyses, high-quality chemical maps were further obtained by 
averaging 60 frames using a map dwell time of 512 seconds. 

5.4.5 Coupled chemo-mechanical statistical clustering 

Following a previous investigation[251], statistical clustering of the NI-QEDS data points 
was performed using a complete set of 7 chemo-mechanical classification variables: the 
nanoindentation modulus and hardness (M and H, in GPa), 4 key atomic chemical ratios 
(Si/Ca, [Fe+Al]/Ca, S/Ca and Mg/Ca, in atomic %) and the sum of oxides (SOX, in 
weight %). Thus, a vector xi = [Mi; Hi; Sii/Cai; (Fei+Ali)/Cai; Si/Cai; Mgi/Cai; SOX] was 
built to describe each i = 1…630 data point of each nanoindentation grid. As previously 
described elsewhere [20,220,251], multivariate Gaussian mixture modelling was then 
employed to assign each data point to one of the j = 1…n chemical phases and to estimate 

the properties of each phase: the vector of mean composition µj, the covariance matrix Sj 
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and the volume fraction pj. The number n of statistically significant phases was 
determined with the use of the Bayesian Information Criterion (BIC) [187]. 

5.5 Experimental results and discussion 

For each system under investigation, the clustering results are interpreted using two-
dimensional chemo-mechanical representations to visualize the clusters' distributions, 
average properties, and predominant phases. 

5.5.1 Distinction between hydrous and anhydrous phases with the SOX 

The left column in Fig. 5.1 compares the three systems in the axes of the Si/Ca ratio vs. 
the sum of oxides (SOX). This representation allows the distinction between points 

associated with anhydrous materials having SOX » 1, hydrates having SOX » 0.55–0.80, 
and anhydrous-hydrous mixtures with SOX values in-between. Furthermore, in the 
different representations of the chemo-mechanical dataset (e.g., Fig. 5.1), the crosses —
also named poles— indicate the typical composition of the clinker phases [21], the typical 
composition of C–S–H (water-saturated or not) [21], the theoretical composition of the 
other hydrates based on stoichiometry, and the average composition of the fly ash and 
the slag measured by X-ray fluorescence (XRF, see Table 5.1). 

Fig. 5.1 allows the association of the color-coded clusters with their most predominant 
phase(s): anhydrous clinker ( ) such as cluster #6 in Fig. 5.1a; C–(A)–S–H ( ) for 
clusters #1, C–(A)–S–H + Al-rich hydrates ( ) such as cluster #2 in Fig. 5.1a; C–(A)–S–
H + Portlandite ( ) such as cluster #3 in Fig. 5.1a; fly ash ( ) for cluster #5 in Fig. 5.1c; 
anhydrous slag ( ) for cluster #6 in Fig. 5.1e; hydrated slag ( ) for cluster #2 in Fig. 5.1e; 
and the mixtures of different phases ( ). Furthermore, the properties of the phases 
agree with the theoretical values, e.g., the cluster  extends toward the Portlandite pole 
with Si/Ca = 0 and SOX = 0.76, and the cluster extends toward the AFt and AFm poles 

with Si/Ca = 0 and SOX » 0.54–0.65.  

In addition, the comparison of the systems in Fig. 5.1 indicates that cluster #1 exhibits a 
higher Si/Ca ratio (lower Ca/Si) for systems incorporating SCMs, as well as a slightly 
increased SOX value for system 30FA. This could be associated with lower water content 
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of the C–(A)–S–H or to the influence of neighbouring FA particles on the measurements. 
Moreover, the new type of hydrate observed only in the 50S systems exhibits a Si/Ca 

ratio higher than those of C–(A)–S–H. 

5.5.2 Chemical signature of the main phases for each system 

Further interpretation of the clusters identified in the previous section may be achieved 
using additional chemical representations of the results, such as the (Fe+Al)/Ca vs. 
Si/Ca representation shown in the right column in Fig. 5.1. Regarding the anhydrous 
materials, more points toward the aluminate-and-ferrite poles are observed for the OPC 
system, which was expected due to the higher cement content of this system. 
Furthermore, the insert in Fig. 5.1d shows the low calcium content of fly ash and its 
variable composition, whereas the composition of slag particles appears much more 
uniform in Fig. 5.1f. 

In addition, the translation of cluster #1 in the (Fe+Al)/Ca and Si/Ca axes for systems 
incorporating SCMs (Fig. 5.1d and f) illustrates the increased relative amounts of Si and 
Al incorporated into the C–(A)–S–H structure. Also, the group of points extending toward 
the pole of AFm phases is much better defined in these systems, which suggests that Al 
ions provided by the SCMs not only incorporate into the C–(A)–S–H structure, but also 
into additional AFm (e.g. carboaluminates [AFmCO3] or monosulfoaluminates [AFmSO4]). 
A better understanding of the cluster attributed to the hydrated slag (cluster #2 in 
Fig. 5.1f) is obtained with a representation using the Mg/Ca ratio, as shown in Fig. 5.2a. 
This cluster #2 may be associated with a mixture of C–A–S–H with an hydrotalcite-like 
phase often observed in OPC-slag systems (pure hydrotalcite reads 
[Mg6Al2(OH)16]CO3•4H2O) [26,119,256,257]. As shown in Fig. 5.2b by Taylor [257], the 
intermix of these phases occurs at the sub-micrometer scale and, therefore, the two 
phases cannot be separated in the current work as the interaction volume of the EDS 
analyses is much larger than the hydrotalcite-like laths. Nevertheless, Mg-rich hydrates 
are likely to occur inside the initial boundaries of slag particles due to the low mobility of 
magnesium. Thus, magnesium represents a unique chemical tracer to distinguish inner 
and outer reaction products from slag. 
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Fig. 5.1. Left column: Si/Ca vs. SOX representation of the clusters data points for 
systems (a) OPC, (c) 30FA and (e) 50S. Right column: representation with key chemical 
ratios (Fe+Al)/Ca vs. Si/Ca for systems (b) OPC, (d) 30FA with extended axes, and (f) 50S. 
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Fig. 5.2. (a) Mg/Ca vs. Si/Ca representation of the clustered data points for system 50S 
and (b) TEM micrograph of a region of a 50% slag cement paste showing the intermix of 
fine C–S–H structures and laths of an hydrotalcite-like phase, micrograph by Taylor et 
al. [257]. 

5.5.3 Visual representation with SEM-EDS composite mappings 

In addition to quantitative spot analyses, the ROI of each system was chemically 
mapped, the main elements were associated to colors (e.g. Fig. 5.3) and the colored 
mappings were then used as layers of a composite chemical mapping (e.g. Fig. 5.4b). As 
illustrated in Fig. 5.3 for the system 30FA, the four selected mappings represent calcium 
in blue, silicon in red, aluminum in green, and iron in grey. The grid of white circles on 
each mapping represents the location of both the nanoindentation points and the 
quantitative chemical spot analyses. 

Fig. 5.3 also illustrates the variable composition of the spherical FA particles, with a low 
calcium content for all particles (black regions in Fig. 5.3a) and variable relative amounts 
of the 3 other elements (clearer regions represent higher amounts of the elements 
mapped in Fig. 5.3b-d). 

Fig. 5.4a presents the composite mapping for the ROI for system OPC, along with the 
identification of the phases based on their composition: anhydrous calcium silicates (i.e., 
alite and belite) appear as bluish-purple and purple grains, anhydrous aluminate and 
ferrite grains rich in Al and Fe appear as bright cyan, Ca-rich Portlandite appears as 
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blue regions, Al-rich hydrates (e.g., AFm phases or AFt) appear as greyish green, and the 
dark-purple matrix of C–(A)–S–H embeds the other phases. The composite map also 
includes the grid of nanoindentation points color-coded based on the chemo-mechanical 
clustering, as described in the previous sections. 

Fig. 5.4b illustrates the microstructure of system 30FA, which includes the same phases 
as the OPC system with the additional presence of rounded FA particles having different 
Al, Si and Fe contents. Fig. 5.4b also illustrates the lower amounts of Portlandite (in 
blue) and the higher amounts of Al-rich hydrates (dark green) for system 30FA in 
comparison to system OPC. 

 

  

Fig. 5.3. Chemical mappings of the region of interest for system 30FA, with respect to (a) 
calcium, (b) silicon, (c) aluminum and (d) iron. 
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Fig. 5.4. Composite chemical mappings of the ROI for systems (a) OPC and (b) 30FA. 

Fig. 5.5a presents the ROI for system 50S, which includes anhydrous slag particles in 
grey and hydrated slag regions in brownish green. Initial boundaries of slag particles 
before hydration may also be visually assessed with the magnesium mapping in 
Fig. 5.5b, due to the low mobility of the magnesium ions in the cement paste [26]. Based 
on image analysis of these two mappings, a first order estimation suggests that the 
amount of reacted slag reached ~70% after one year of hydration (i.e., the anhydrous slag 
particles in Fig. 5.5a represent ~30% of the initial slag particles shown in grey in 
Fig. 5.5b). This result is in general agreement with those of Kocaba et al. [258] obtained 
using several methods to quantify the degree of hydration of slag in a cementitious 
matrix over time.  

  

Fig. 5.5. (a) Composite chemical mapping of the region of interest for system 50S and (b) 
mapping of magnesium for the same ROI. 
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5.5.4 Influence of the SCMs on mechanical properties of the phases 

As aforementioned, even by coupling the latest nanoindentation techniques with 
quantitative SEM-EDS techniques, it is not possible to characterize the volume of pure 
hydrates due to their sub-micrometer heterogeneity. However, it is possible to identify 
the effects of SCMs on the chemistry and on the mechanical properties of the 
predominant phase(s). Fig. 5.6 compares these mechanical properties (indentation 
modulus M and indentation hardness H) for the three investigated systems. The poles 
identified by crosses in Fig. 5.6 represent generally accepted micromechanical values for 
‘pure’ phases [20,110,128,251]. Anhydrous materials exhibit elevated mechanical 
properties, with clinker particles having the highest M and H values. Mechanical 
properties of anhydrous fly ash, which predominates in cluster #5 of Fig. 5.6b, also agree 

with literature values of M » 50–90 GPa (7250–13050 ksi) and H » 2–8 GPa (300–1150 
ksi) obtained for vitreous fly ash particles [249]. 

Cluster #1 with high affinity to C–(A)–S–H generally lies in between average literature 
values for low-density (LD) C–S–H and high-density (HD) C–S–H [20], with some data 
points above the HD C–S–H pole. As shown in Fig. 5.6c, the clustering for system 50S 
differs due to the presence of magnesium which allowed distinction between a slag inner 
reaction product (cluster #2 with predominance of C–(A)–S–H and hydratalcite-like 
phases) having slightly superior mechanical properties and an outer product C–(A)–S–H 
attributed to cluster #1. In addition, the intermix of C–(A)–S–H with Al-rich hydrates 
and Portlandite ( and , respectively), extend toward values previously associated with 
mixtures of C–S–H and nanocrystalline CH [110,115] (also known as the “ultra-high 
density (UHD) phase” [122]). Notably, these results also agree with other studies 
reporting a modulus of ~40–45 GPa (5800–6525 ksi) for ‘pure’ Portlandite and AFm 
phases [19,137]. Finally, clusters attributed to mixtures of phases ( ) appear to 
generally exhibits properties in between hydrous and anhydrous materials. 
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Fig. 5.6. M vs. H representation of the clustered data points for systems (a) OPC, (b) 
30FA, and (c) 50S. (Conversion factor: 1GPa = 145 ksi) 

5.5.5 Properties and volume fractions of main intermixes/clusters 

Table 5.2 presents average properties and standard deviations for all the clusters 

presented in the previous sections, along with their respective volume fractions p. The 
numerical results are grouped based on the predominant phase(s) attributed to each 
cluster. The cluster #1 was associated to C–(A)–S–H —a family of calcium-silicate-
hydrates which may include aluminum or not— and it exhibits similar average values of 
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M » 26–29 GPa (3770–4205 ksi) and H » 0.8–0.9 GPa (115–130 ksi) for the three systems. 
These values for the C–(A)–S–H lie in between the common literature values for LD C–

S–H (M » 21.4 GPa [3100 ksi] and H » 0.7 [100 ksi]) and HD C–S–H (M » 31.4 GPa [4550 

ksi] and H » 1.2 GPa [175 ksi]) [20]. Although the values for cluster #1 are slightly lower 
for the system with slag in comparison to the other two systems, this is somehow 
compensated with cluster 50S#2 attributed to the hydrated slag (i.e., the inner product 
composed of C–(A)–S–H intermixed with an hydrotalcite-like phase). Thus, a combination 
of clusters 50S#1 and 50S#2 may likely provide average mechanical values similar to 
cluster #1 for systems OPC and 30FA (which include inner and outer C–(A)–S–H). 
 

Predominant 
Phase(s) 

System& 
cluster# 

M  
(GPa) 

H  
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/Ca 
(at.) 

S/Ca 
(at.) 

Mg/Ca  
(at.) 

SOX  
(wt.) 

p 
(vol%) 

C–(A)–S–H OPC#1 28.1±3.8 0.85±0.17 0.47±0.04 0.06±0.02 0.05±0.03 0.04±0.02 0.69±0.03 35 
 30FA#1 28.6±4.2 0.87±0.19 0.57±0.07 0.15±0.03 0.06±0.03 0.04±0.02 0.72±0.03 38 
 50S#1 26.2±2.6 0.78±0.13 0.60±0.04 0.11±0.02 0.04±0.01 0.06±0.03 0.69±0.02 32 
Hydrated Slag 50S#2 29.5±3.8 0.85±0.16 0.67±0.05 0.23±0.09 0.03±0.01 0.36±0.20 0.68±0.04 18 
C–(A)–S–H+Al-rich OPC#2 32.5±7.3 0.99±0.31 0.26±0.10 0.15±0.09 0.11±0.09 0.04±0.03 0.68±0.04 16 
 30FA#3 32.5±5.3 0.99±0.26 0.32±0.17 0.34±0.11 0.08±0.07 0.09±0.07 0.66±0.06 13 
 50S#3 29.1±4.2 0.87±0.20 0.41±0.15 0.25±0.10 0.05±0.02 0.08±0.06 0.66±0.03 19 
C–(A)–S–H+CH OPC#3 32.9±6.1 1.10±0.35 0.27±0.13 0.03±0.02 0.03±0.02 0.01±0.01 0.71±0.04 27 
 30FA#2 30.6±5.9 0.93±0.22 0.43±0.18 0.10±0.03 0.05±0.02 0.01±0.01 0.74±0.02 22 
 50S#4 38.5±7.1 1.32±0.43 0.30±0.19 0.06±0.03 0.02±0.01 0.05±0.04 0.73±0.03 13 
Mixtures OPC#4 36.2±9.1 1.27±0.47 0.38±0.08 0.22±0.13 0.06±0.03 0.09±0.06 0.70±0.05 14 
 30FA#4 37.1±10.1 1.22±0.55 0.50±0.20 0.30±0.27 0.04±0.02 0.03±0.02 0.74±0.07 19 
 50S#5 41.8±12.3 1.56±0.92 0.40±0.16 0.28±0.17 0.08±0.08 0.19±0.15 0.75±0.07 7 
Alum.+Ferrite Mix OPC#5 85.1±38.9 4.82±3.24 0.21±0.08 0.51±0.17 0.05±0.04 0.31±0.32 0.84±0.11 4 
Clinker Mix OPC#6 103±25.1 7.01±3.15 0.41±0.08 0.04±0.02 0.01±0.00 0.02±0.01 0.97±0.05 3 
 30FA#6 101±17.5 7.69±2.48 0.32±0.14 0.54±1.24 0.01±0.02 0.06±0.06 0.94±0.09 3 
 50S#7 88.6±34.5 5.77±3.61 0.44±0.08 0.05±0.03 0.01±0.01 0.04±0.05 0.92±0.07 3 
Anhydrous Fly Ash 30FA#5 61.9±22.0 5.09±2.96 10.8±15.8 6.00±5.68 0.04±0.05 0.28±0.19 0.95±0.06 5 
Anhydrous Slag 50S#6 74.6±19.6 5.75±2.68 0.77±0.07 0.26±0.03 0.03±0.00 0.28±0.05 0.96±0.09 7 

Table 5.2. NI-QEDS clustered numerical results for the three investigated systems, 
ordered by the predominant phases attributed to the clusters. For each cluster j, the 
average value µj-i of each variable i is presented with its standard deviation ÖSj-ii, and the 
volume fraction pj. (Conversion factor: 1GPa = 145 ksi) 

Calculation of the Ca/(Si+Al) ratios for the clusters associated to C–(A)–S–H indicates 
significant difference in the composition for the three systems: Ca/(Si+Al) = 1.91 for 
cluster OPC#1, compared to 1.40 for 30FA#1 and 1.43 for system 50S#1. These ratios are 
in general agreement with those presented in literature for cement only and cement-slag 
systems [119,225,240]. 
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In addition, clusters associated with mixtures between C–(A)–S–H and Al-rich hydrates 
or Portlandite exhibit average mechanical properties in the same range as those 
generally reported for HD C–S–H. The overlapping mechanical properties for different 
types of hydrates in cement pastes thus emphasizes the importance of using chemical 
variables in the clustering procedures. 

Finally, the volume fractions p of data points associated to each cluster provide trends on 
variations of the relative amount of each phase. As expected, the fraction of the cluster 
including Portlandite decreases with the incorporation of both SCMs, whereas the 
hydration of slag provides aluminum ions which form increased amounts of Al-rich 
hydrates (e.g. carboaluminates or monosulfoaluminates). 

5.6 Further research 

In future work, the present investigation will be extended to include the micro-creep 
behaviour of SCM-containing matrices as a convenient means to study the basic creep of 
different types of C–(A)–S–H [118]. Further works is also needed to link the 
microstructure properties with the macroscopic properties of systems with SCMs, which 
will be key for further engineering of such composite systems [259,260]. Also, the 
proposed work needs to cover additional alternative means of producing C–(A)–S–H 
binding phases, such as the incorporation of glass powder or calcined clays in cement 
matrices. 

5.7 Conclusions 

The results obtained in this study, by nanoindentation coupled with quantitative energy 
dispersive spectroscopy, showed the influence of the partial replacement of Portland 
cement by 30% fly ash or 50% slag on the microstructure of hardened cement pastes. In 
addition to the presence of additional types of hard anhydrous inclusions, the binding 
phases were modified with the incorporation of supplementary cementitious materials: 
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1. For the Portland-cement-only system, the data points attributed to C–(A)–S–H 
reached average values of Ca/(Si+Al) = 1.92, M = 28.1 ± 3.8 GPa (4100 ± 550 ksi) 
and H = 0.85 ± 0.17 GPa (125 ± 25 ksi).  

2. For the system incorporating 30% Class F fly ash, the cluster attributed to C–(A)–
S–H exhibited a lower Ca/(Si+Al) = 1.40 and a slightly higher sum of oxides, but 
similar mechanical properties to that of the OPC system. This system also 
included intermix of C–(A)–S–H+AFm-AFt with chemical properties extending 
toward those of pure AFm phases. 

3. For the system incorporating 50% slag, C–(A)–S–H was found to provide two 
predominant microstructure phases: (i) outer products with average values of 
Ca/(Si+Al) = 1.43, M = 26.1 ± 2.7 GPa (3800 ± 400 ksi) and H = 0.76 ± 0.12 GPa 
(110 ± 15 ksi); (ii) inner slag reaction products, i.e., an intermix of C–(A)–S–H and 
hydrotalcite-like phases, with average values of Ca/(Si+Al) = 1.18, M = 29.2 
± 3.7 GPa (4250 ± 100 ksi) and H = 0.85 ± 0.16 GPa (125 ± 25 ksi). 

This study thus concludes that Portland cement may be replaced by 30% fly ash or 50% 
slag without reducing significantly the micro-mechanical properties of the C–(A)–S–H, 
while the chemical composition is notably modified leading to reduced Ca/(Si+Al) and 
possible intermix with hydrotalcite-like phases. 
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Contribution to the thesis 

Following the third paper, this fourth paper employs the statistical analysis approach 
developed in the NI-QEDS method to investigate an LC3 paste, an emergent type of 
ternary binder in which about half of the Portland cement clinker is replaced by a 
combination of limestone and calcined clay. This short conference paper represents a first 
exploration of this type of material with the NI-QEDS method, and the starting point for 
an international collaboration which will continue with a journal version of the article 
possibly including in-depth analyses of the evolution of the same system over the course 
of its hydration. This paper contributes to extending the horizons of the thesis with the 
investigation of a promising exotic material, which is expected to be increasingly 
employed in the future. 

Titre en français 

Caractérisation micro-chimico-mécanique d’une pâte de ciment au calcaire et à l’argile 
calcinée par nanoindentation statistique et MEB-EDS quantitatif 

Résumé 

Afin de répondre aux préoccupations de développement durable associées à la production 
du clinker de ciment Portland, le mélange ternaire de calcaire, argile calcinée et ciment 
(qui a été nommé LC3) représente une solution efficace récemment démontrée. Ces 
travaux visent à contribuer au développement de ce matériau prometteur en appliquant 
les techniques les plus récentes pour caractériser les propriétés chimico-mécaniques de la 
microstructure hétérogène complexe d’une pâte LC3, en combinant des analyses 
statistiques de nanoindentation et de MEB-EDS quantitatif (NI-QEDS). Les résultats ont 
démontré que les propriétés mécaniques du LC3 proviennent d’un assemblage 
microstructural complexe de C–A–S–H, d’hydrates riches en Al et de grains anhydres. 
Ainsi, la microstructure du LC3 est composée de larges grains anhydres (clinker et argile 
calcinée) intégrés dans une pâte cimentaire d’hydrates incorporant de fins grains 
anhydres d’argile calcinée, de calcaire et de quartz. De plus, la réaction combinée de 
l’argile calcinée, du calcaire et de la Portlandite a formé des C–A–S–H et d’autres 
hydrates riches en Al (incluant vraisemblablement des carboaluminates). En particulier, 
ces derniers ont démontré des propriétés mécaniques supérieures à celles des C–A–S–H. 
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Finalement, ce travail fournit une connaissance nouvelle pour une meilleure 
compréhension de la microstructure complexe des LC3 qui pourra contribuer à des 
simulations avancées et à l’optimisation des formulations. 

Abstract 

To address the sustainability concerns associated with Portland cement clinker 
production, the ternary blend of limestone, calcined clay and cement (which was named 
LC3) has recently been demonstrated to be an efficient solution. This work aims to 
contribute to the development of this promising material by applying latest techniques to 
characterize the chemo-mechanical properties of the complex heterogeneous 
microstructure of an LC3 paste by combining statistical nanoindentation and 
quantitative SEM-EDS techniques (NI-QEDS). The results showed that the mechanical 
properties of LC3 come from a complex microstructure assemblage of C–A–S–H, Al-rich 
hydrates and anhydrous grains. Thus, the LC3 microstructure is composed by large 
anhydrous grains (clinker and calcined clay) embedded in a cementitious paste made of 
hydrates incorporating finely graded grains of anhydrous calcined clay, limestone and 
quartz. Moreover, the partial reaction of the calcined clay, limestone and Portlandite 
formed C–A–S–H and other Al-rich hydrates (likely including carboaluminates). Notably, 
the latter exhibited higher mechanical properties than those of C–A–S–H. Finally, the 
present work provides new knowledge for better understanding the complex LC3 
microstructure towards advanced modelling and mix design optimization. 

Keywords: Limestone Calcinated Clay Cement, Microstructure, Nanoindentation, SEM, 
quantitative EDS, Hardness, Modulus. 
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6.2 Background: LC3 as a sustainable alternative to OPC 

In the pursuit of sustainable construction materials with low environmental impact for 
both industrialized and developing countries, the limestone-calcined-clay cements (LC3) 
emerge as a promising alternative to conventional Ordinary Portland Cement (OPC). 
Notably, the synergetic effects between Portland cement, finely ground limestone and 
calcined clays allow the reduction of the clinker content by up to 50% without impairing 
the 28-day strengths compared to OPC reference mixtures [40,261]. As described in 
previous studies [40,262–264], limestone particles not only act as a filler, but they can 
react with the alumina provided by calcined clays in the presence of calcium hydroxide to 
form hemi- and mono-carboaluminates [263,265,266], which refine the porosity of the 
cement paste and thus improve its mechanical properties. In the past years, the LC3 
technology has been implemented at the industrial scale in different countries 
[261,267,268] following experimental works covering complementary aspects of the 
technology, such as the evaluation of the reactivity of calcined kaolinitic clays [269], or 
the thermodynamic modelling of the hydration of LC3 mixtures [40]. Nevertheless, the 
complex LC3 microstructure is not completely understood and the development of the LC3 
technology would benefit from a better understanding of key microstructure parameters.  

6.3 Aim: Understanding the mechanical properties of an LC3 
microstructure 

This study aims to investigate the micromechanical properties of a promising LC3 cement 
paste manufactured using locally available Indian OPC, limestone and calcined clay. The 
use of a “state-of-the-art” technique that couples statistical nanoindentation and 
quantitative energy-dispersive spectroscopy (SNI-QEDS) provided original insights on 
the complex assemblage of C–A–S–H, Al-rich hydrates and well-graded anhydrous grains 
which composes the studied LC3 system. Notably, the investigated microvolumes 
including both C–A–S–H and other Al-rich hydrates showed higher mechanical 
properties than those of the C–A–S–H itself, which suggests that partially hydrated 
calcined clay and AFm phases (likely including carboaluminates) contribute to increasing 
the paste’s properties. 
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6.4 Method: SNI-QEDS on an LC3 paste 

The experiments were carried on an LC3 cement paste produced with locally available 
Indian materials: 55% belite-rich OPC, 30% calcined clay and 15% limestone. The paste 
was mixed at a water-to-binder ratio of 0.40 and cured for 28 days before stopping the 
hydration by immersion of ~2 mm thick specimens in isopropanol. The specimens were 
then levelled with silicon carbide sandpaper and polished using a lapping wheel with 

6  µm, 1 µm and 0.25 µm diamond suspensions sprayed on perforated polishing cloths. 
Ultrasonic cleaning in isopropanol was performed between each step. 

As described elsewhere [251], the SNI-QEDS method was employed to statistically 
investigate the chemo-mechanical properties of the different phases of the hardened LC3 

paste. First, a grid of 30 x 24 nanoindentation points spaced by 10 µm was carried out 
using a trapezoidal loading with a sufficient holding period to avoid delayed plasticity 
effects. For each single measurement, the indentation modulus (M) and the indentation 
hardness (H) were estimated using the Oliver and Pharr method. Then, the location of 
each probed indentation volume was automatically detected using a Matlab algorithm, 
the coordinates of the indents were translated into the scanning electron microscope 
(SEM) and then used as inputs for measurement of the chemical composition at each 
data point using SEM-EDS quantitative analyses with standards. Furthermore, chemical 
mappings were performed over the nanoindentation grid. Finally, a statistical 
deconvolution using the maximum likelihood approach and 5 classification variables (M, 

H, Si/Ca, [Al+Fe]/Ca, and sum of oxides SOX) was employed to identify the chemical 
composition and the micromechanical properties of clusters representing the main phases 
composing the LC3 microstructure.  

6.5 Results: Visual representations of the clustered chemo-
mechanical phases 

Fig. 6.1 presents a chemical composite mapping of the investigated Region Of Interest 
(ROI) on the surface of the LC3 paste, which consists of the multilayer combination of four 
chemical mappings (Si in red, Ca in blue, Al in green and Fe in grey). The main phases 
occurring in the microstructure may be visually identified with colour contrasts: large 
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anhydrous clinker grains (i.e., belite nests) and calcined clay particles are embedded in a 
complex matrix incorporating both hydrates and finely graded particles of limestone, 
calcined clay and quartz (occurring as impurity in the raw materials). The grid of 
nanoindentation datapoints is also displayed on Fig. 6.1 with markers corresponding to 
the clusters obtained from the deconvolution of the coupled chemo-mechanical dataset, as 
described in Fig. 6.2.  

 

Fig. 6.1. Chemical composite mapping over the indentation points showing the different 
anhydrous and hydrous phases along with the clustered data points (see the legend in 
Fig. 6.2). The composite mapping consists of a multilayer combination of four elemental 
mappings (Si in red, Ca in blue, Al in green and Fe in grey). 

As shown in Fig. 6.2, the SNI-QEDS dataset was described by a combination of 10 
clusters, each having preferential (or characteristic) chemo-mechanical properties. Due to 
the relatively small size of the chemical phases and their possible intermix (at a scale 

smaller than the probed volume of EDS and nanoindentation, 1–2 µm), those clusters 
generally include one or two predominant phases sometimes mixed with minor contents 
of other phases. Fig. 6.2a, b and c present three chemical representations of the results 
with crosses indicating the theoretical (or typical) composition of the main pure phases 

[21], which allowed identification of the clusters. The clusters extending towards SOX » 1 
represent anhydrous materials (possibly mixed with hydrates): siliceous clinker phases    
( ), aluminous clinker phases ( ), calcined clay dense inclusions ( ) and quartz grains    

Aluminate
+ Ferrite

Belite

Quartz

Limestone

AFm 
phases

C-A-S-H

Calcined 
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( ). Interestingly, the results suggest a variable concentration of calcium in 
microvolumes associated with calcined clay, although the raw material contains only 
traces of calcium: this suggests that the clay particles contains both partially hydrated 
regions ( ) and denser non-reacted clay grains ( ). The range SOX ≈ 0.50–0.80 
represents the hydrates, with the central cluster ( ) approaching the chemical ratios for 
C–A–S–H and other clusters representing mixtures of hydrates extending towards the 
poles of AFm phases ( ), limestone ( ), or calcined clay ( , possibly with strätlingite). 
Notably, the AFm-containing cluster ( ) represents a significant proportion of the 
hydrates and its relatively low S/Ca values compared to the monosulfoaluminate pole 
(AFmSO4) suggests that the AFm phases include carboaluminates (AFmCO3). Furthermore, 
ettringite and Portlandite were not observed.  

Fig. 6.2d shows the mechanical properties associated with the previously identified 
clusters for both hydrates and anhydrous grains. The theoretical values are marked with 
crosses, based on a previous literature review [251]. As expected, the clinker clusters (  
and ) extend towards the highest theoretical values. The dense anhydrous calcined clay 

cluster ( ) also reach values up to M » 70 GPa and H » 6 GPa, whereas the partially 
hydrated calcined clay and the limestone containing clusters (  and , respectively) 

exhibits values up to M » 50–60 GPa and H » 2–3 GPa. Interestingly, the mixtures of Al-
rich hydrates and C–A–S–H (  and ) exhibit higher mechanical properties than the 
cluster associated to C–A–S–H ( ), which suggests a reinforcing effect of these phases 
into the binding matrix of C–A–S–H. Thus, the chemo-mechanical clusters (Fig. 6.2) and 
their spatial mapping (Fig. 6.1) indicates that the calcined clay and the limestone 
contribute to strength both into products of the AFm family and with residual anhydrous 
particles, similarly as in the case of high volume natural pozzolan concretes [220]. 
Further disclosing the microstructure signature of LC3 will allow advanced modelling 
and optimization of the microstructure features which govern the material-to-structure 
optimization.  
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Fig. 6.2. Representation of the statistical clustering results in the axes: (a) (Fe+Al)/Ca vs. 
Si/Ca, (b) SOX vs. Si/Ca, (c) S/Ca vs. Si/Ca, and (d) M vs. H. The contour lines represent 
the 95% confidence interval for each cluster. 

6.6 Conclusion: Macro-scale strengths emerge from a complex 
microstructure 

Differently from OPC pastes where C–S–H is the main phase responsible for the 
strength, LC3 exhibits a complex microstructure assemblage of C–A–S–H, Al-rich 
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hydrates, and anhydrous grains with a wide particle size distribution. Based on a first 
application of the SNI-QEDS technique, which represents a state-of-the-art chemo-
mechanical analysis method for a cement-based microstructure, the following 
preliminary conclusions can be drafted:  

1. The chemical microstructure features of LC3 has been successfully mapped with 
clusters having preferential chemo-mechanical properties, likely composed by one 
or more chemical phases; 

2. The regions in-between the large dense anhydrous grains (clinker and calcined 
clay) are filled with hydrates embedding anhydrous or partially hydrated finely 
graded grains of calcined clay, limestone and quartz; 

3. The reaction of the calcined clay provided extra aluminum and silicon which 
consumed the Portlandite to form C–A–S–H and other Al-rich hydrates (such as 
carboaluminates); 

4. The Al-rich hydrates represent a significant proportion of the hydrates which 
exhibits mechanical properties higher than those of the C–A–S–H. 

This first SNI-QEDS analysis of an LC3 paste illustrated the complexity of its 
microstructure and suggested a reinforcing role of the AFm phases in the C–A–S–H 
matrix. Further investigations will focus on the extent of limestone reaction and its effect 
on the chemo-mechanical properties of the phases.  
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Contribution to the thesis 

This fifth and last paper completes the thesis with the most important results, combining 
the knowledge gained in the whole project with a complete statistic and deterministic NI-
QEDS comparison of typical binary cement pastes incorporating alternative SCMs 
(metakaolin and glass powder), conventional SCMs (fly ash and slag), or no SCMs 
(Portland cement only). The deterministic approach enabled the determination of chemo-
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mechanical properties of the “pure” phases occurring in real blended-cement pastes, 
evincing similarities between systems (e.g. the mechanical properties of the “pure” 
phases, including carboaluminates and the different types of C–(A)–S–H) and 
particularities for each system (e.g., the mechanical properties of the anhydrous SCMs, 
or the Na uptake into C–(A)–S–H for the system with glass powder). Furthermore, the 
statistical analyses allowed the identification of specific features in the different 
microstructures, such as the use of Mg as a chemical tracer for inner product C–(A)–S–H 
(formed both by alite and slag hydration) or the presence of an alkali-sulfate-rich phase 
in the system with glass powder. Finally, the results also supported the observations 
made in the previous papers, notably that the mechanical properties of blended cement 
pastes emerge from a complex microstructure of highly intermixed anhydrous and 
hydrous phases bound together with the C–(A)–S–H (which nevertheless has the lowest 
mechanical properties in terms of elastic modulus, hardness and creep modulus). 

Titre en français 

Dévoilement des propriétés micro-chimico-mécaniques des C–(A)–S–H et autres phases 
dans des pâtes de ciments mélangés typiques 

Résumé 

L’ingénierie de bétons à base de ciments mélangés dans un contexte de développement 
durable requiert une meilleure compréhension des liens entre les effets chimiques et 
mécaniques des ajouts cimentaires (ACs) sur la microstructure des pâtes de ciment, 
notamment au niveau des (alumino)-silicates de calcium hydratés C–(A)–S–H. Ce travail 
applique la dernière méthode de couplage de la nanoindentation et de la spectroscopie 
quantitative aux rayons X à dispersion d'énergie (NI-QEDS) pour révéler les propriétés 
chimico-mécaniques des phases microstructurales de systèmes incorporant des dosages 
typiques de cendres volantes, laitier, métakaolin ou poudre de verre. Même si les ACs ont 
influencé significativement les C–(A)–S–H au niveau des concentrations de Ca, Al, Si et 
Na, leurs propriétés mécaniques moyennes sont demeurées dans les intervalles limités de 

M » 25–27 GPa, H » 0.7–0.8 GPa et C » 180–230 GPa. Les ACs ont aussi modifié 
l’arrangement des phases anhydres et hydratées incorporées dans la matrice de C–(A)–
S–H, lesquelles ont aussi été caractérisées (ex. Portlandite, AFm tel que les 
carboaluminates, ou une phase de type hydrotalcite). Finalement, l’ingénierie des 
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propriétés des matrices de ciments mélangés nécessite le façonnage à la fois de la matrice 
d’hydrates mélangés et des inclusions anhydres rigides. 

Abstract 

Engineering sustainable blended-cement concrete urges improving the link between 
chemical and mechanical effects of supplementary cementitious materials (SCMs) on the 
cement-paste microstructure, notably concerning the calcium-(aluminum)-silicate-
hydrate, C–(A)–S–H. This work applied coupled NanoIndentation and Quantitative 
Energy Dispersion Spectroscopy (NI-QEDS) to disclose chemo-mechanical properties of 
microstructure phases in systems incorporating typical dosages of fly ash, slag, 
metakaolin or glass powder. Although SCMs influenced significantly C–(A)–S–H phases 
regarding Ca, Al, Si, and Na contents, their mean mechanical properties varied within 

the limited ranges M » 25–27 GPa, H » 0.7–0.8 GPa and C » 180–230 GPa. SCMs also 
changed the arrangement of anhydrous phases and minor hydrates embedded in the C–
(A)–S–H matrix, which were also characterized (e.g., Portlandite, AFm such as 
carboaluminates, or an hydrotalcite-like phase). Finally, engineering blended-cement-
matrix properties requires tailoring both the intermixed hydrates and the rigid 
unreacted SCM inclusions.  

Keywords: Pozzolan, Microstructure, Calcium-silicate-hydrate (C–S–H), EDX, 
Nanoindentation 
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7.2 Introduction 

Cement pastes incorporating conventional SCMs (silica fume, fly ash and slag) have been 
widely investigated by different experimental methods (e.g., X-ray diffraction, 
thermogravimetric analyses, scanning-electron microscopy, calorimetry, mercury 
intrusion porosimetry, pore solution characterization, etc.) and thermodynamics 
calculations, assessing the contents of the hydrous and anhydrous phases, the kinetics of 
the reaction processes, and the effects of SCMs on porosity and on the liquid phase, etc. 
[21,23,26,270]. As an example, thermodynamics calculations showed that the expected 
phases in mature hydrated pastes with conventional SCMs should include not only 
anhydrous SCMs and C–(A)–S–H (i.e., calcium-silicate-hydrate incorporating aluminum 
or not), but also significant amounts of ettringite, monocarboaluminate, and possibly 
hydrotalcite-like phases (with Portlandite if not completely consumed) [26,271]. 

In addition to the broadly used conventional SCMs, alternative SCMs have been 
developed such as metakaolin (MK) and glass powder (GP). On the one hand, MK 
produced by controlled calcination of kaolinite clay represents a highly reactive 
aluminum-rich cementitious material with positive influences on strength, shrinkage and 
durability of cement pastes, notably with respect to the resistance to the alkali-silica 
reaction and aggressive solutions, as well as with the immobilization of hazardous wastes 
[41,272–274]. On the other hand, while GP produced by micronization of post-
consumption recycled glass represents an added-value product for low-grade mixed colour 
glass bottle fragments (i.e., soda-lime glass) [4,8–18], the pozzolanic reactivity of finely 
ground GP with a fineness above about 30 m2/kg densifies the cement paste and 
decreases its pore connectivity, resulting in significant reduction of chloride penetrability 
[8–10] and higher resistance to the alkali-silica reaction [4,11,12]. 

As for micromechanical properties, blended-cement pastes incorporating conventional 
SCMs have been investigated by means of statistical nanoindentation 
[120,121,176,179,207,221,224,225,247–249,275] with an emphasis on the properties of 
low-density and high-density calcium-silicate-hydrates (LD and HD C–S–H), Portlandite 
(CH) and anhydrous phases. These published results generally showed that the 
incorporation of ~10% silica fume, ~30% fly ash or ~50% slag would not significantly 
affect the mechanical properties of the LD and HD C–S–H phases themselves, although 
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the relative fraction of the latter would generally be increased [120,221,224,247,275]. 
Another study presented contrasting results showing C–S–H phases with lower 
mechanical properties in systems with 50% slag compared to reference cement-only 
systems [225]. Interestingly, the presence of other hydrated phases (e.g. 
monocarboaluminates or hydrotalcite-like phases) was not considered in the 
micromechanical analysis until the development of an more accurate technique coupling 
nanoindentation and quantitative energy-dispersive spectroscopy (NI-QEDS) [276]. This 
work showed that similar mechanical properties of the C–(A)–S–H could be obtained in a 
Portland-cement-only system and in systems with cement substitutions by 30% fly ash or 
50% slag, although the latter system would also include a slag inner product having 
higher mechanical properties and embedding a hydrotalcite-like phase [276]. 

As for the chemo-mechanical properties of the C–(A)–S–H, atomistic modelling [66,129] 
and experimental investigations on pure phases [77] suggested an increased stiffness and 
hardness for the C–S–H unit block (of size around 5 nm [55]) with the decrease of the 
Ca/Si ratio (and/or the increase of the silicate chain length), whereas the electrostatic 
effects of the Ca and Si ions at a greater scale in the gel pores may have more complex 
consequences [202] perhaps supporting opposite observations [67,220]. Moreover, 
aluminum incorporation in specific sites of the C–A–S–H may provide partial healing 
effects possibly leading to increased strength and durability, as shown by atomistic 
simulations [277]. Nevertheless, the link between the chemical structure of the C–(A)–S–
H and its mechanical properties have been difficult to investigate in real cement systems 
using nanoindentation techniques due to the variability and complexity of the intermixed 
phases in the cement paste at the micrometer scale [111,112,115,178,229,230,251].  

By applying the latest technique coupling NanoIndentation and Quantitative Energy 
Dispersion Spectroscopy (NI-QEDS) with both statistical and deterministic approaches, 
the objective of this work is to shed light on the effect of SCMs on the chemo-mechanical 
properties of the microstructure phases and their arrangement in actual cement pastes. 
More specifically, the investigation aims at demonstrating that the effects of SCMs in 
conventional applications are greater on the overall arrangement of the different 
microstructure phases than they are on the mechanical properties of the C–(A)–S–H 
phases. The characterization of hydrous and anhydrous phases in binary blended-cement 
pastes incorporating SCMs in typical dosages (i.e., 30% fly ash, 50% slag, 12% 
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metakaolin, or 20% glass powder) showed that C–(A)–S–H with different chemistry may 
have relatively similar mechanical properties, while the type, properties and 
morphological distribution of the other phases change significantly (e.g., hard unreacted 
SCM inclusions, AFm types, presence of an hydrotalcite-like phase, etc.). 

7.3 Materials and methods 

7.3.1 Cementitious materials and specimen preparation 

The cement pastes investigated in this study were produced using cementitious materials 
commercially available in Canada. Table 4.2 regroup the physico-chemical properties of 
these materials, as measured using an Axios Advanced X-ray fluorescence spectrometer 
by PANalytical, a Mastersizer 2000 laser granulometer by Malvern, a Multi Pycnometer 
by Quantachrome and a Slimatic Blaine fineness measuring device by Intechlab.  
 

 

Property 
Portland 
Cement 

(Type GU) 

Fly Ash 
Class F  

(FA) 

Granulated 
Blast-Furnace 

Slag (S) 

Metakaolin 
(MK) 

Glass 
Powder 

(GP) 
SiO2 (wt. %) 19.7 46.5 35.4 61.1 71.5 
Al2O3 (wt. %) 4.4 23.2 10.5 28.8 1.9 
Fe2O3 (wt. %) 2.7 16.5 0.4 1.2 0.3 
CaO (wt. %) 61.3 4.5 42.0 3.5 10.6 
MgO (wt. %) 2.9 1.0 7.9 0.5 0.8 
SO3 (wt. %) 4.0 0.7 1.8 0.2 0.1 
Na2O (wt. %) 0.3 0.8 0.2 0.1 12.8 
K2O (wt. %) 0.9 1.9 0.3 1.7 0.6 
TiO2 (wt. %) 0.2 1.1 0.5 0.6 0.1 
Loss on ignition (wt. %) 2.7 2.7 0.3 1.8 1.0 
Si/Ca (at.) - 9.58 0.78 16.2 6.27 
(Fe+Al)/Ca (at.) - 8.20 0.28 9.22 0.21 
Mg/Ca (at.) - 0.30 0.26 0.21 0.11 
D10 (mm) 3.8 1.9 1.6 1.5 6.0 
D50 (mm) 15.3 12.9 10.3 6.5 13.1 
D90 (mm) 49.3 57.5 32.3 25.1 28.3 
Density (g/cm³) 3.11 2.54 2.89 2.58 2.52 
Blaine Fineness (m2/kg) 445 382 607 1763 615 

Table 7.1. Chemical and physical properties of the raw materials employed in this study, 
as measured by X-ray fluorescence, laser granulometry, pycnometry and Blaine tests. 

Five binary blended-cement pastes were prepared by partial substitution of Portland 
cement with SCMs at dosages generally considered to provide good results: the system 
OPC with 100% Portland cement, the system 30FA with 30% fly ash (and 70% Portland 
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cement), the system 50S with 50% slag, the system 12MK with 12% metakaolin, and the 
system 20GP with 20% glass powder. A fixed water-to-binder ratio of 0.40 was employed 
for all systems, which were mixed using a high-shear mixer and cast in bar moulds of 
25 mm x 25 mm x 285 mm. After demoulding at 24 h, the samples were cured for one 

year in lime water at 23 °C. 

For each system, a specimen of about 15 mm diameter by about 3 mm thickness was cut 
using a slow speed saw and mounted on a metallic disk for polishing. The relatively high 
density of the cement matrices allowed high-quality polishing without prior embedding in 
epoxy (which was preferred to avoid interference of the epoxy when measuring the 
mechanical properties). A Struers automatic polishing machine was employed with 

Anamet perforated cloths. The specimens were first levelled using a 15 µm diamond 

compound, before 10-15 mins of polishing with a 6 µm oil-based diamond suspension 

followed by two rounds of 10-15 mins of fine polishing with a 1 µm oil-based diamond 
suspension. An isopropanol cleaning of 3 min in an ultrasonic bath was performed 
between each step to ensure removal of grinding media and debris from the polishing. 
This method was found adequate to provide high-quality surfaces for NI-QEDS analyses, 
as performed in previous studies [220,251,276]. 

7.3.2 Nanoindentation measurements 

Shortly after polishing, the samples kept under slight vacuum were tested by 
nanoindentation using an Ultra-Nanoindentation Tester (UNHT) commercialized by 
Anton-Paar. Following a protocol described in detail elsewhere [251], force-controlled 
trapezoidal loadings were performed with a loading rate of 30 mN/min up to a 
penetration depth of hmax = 250 nm where the force was maintained for 60 s before an 
unloading phase at 30 mN/min. The indentation Modulus (M), the indentation Hardness 
(H) and the contact Creep modulus (C) were calculated from the load-penetration curves 
using previous definitions of the parameters, the Oliver and Pharr method and a 
calibration of the tip on a standardized fused silica sample [86–89,110,117,122,226,251].  

For each system, a grid of 30 x 21 indentation points spaced by 10 µm was performed to 
investigate a Region Of Interest (ROI) representative of the heterogeneous 
microstructure. Abnormal load-penetration curves related to surface defects such as 
pores, cracks or uneven regions were removed following visual inspection. The exact 
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location of each indent on the surface was identified from 50X stitched optical 
micrographs of the ROI, using an indent locator script previously developed [251]. 

7.3.3 SEM-EDS quantitative measurements and qualitative mapping 

After nanoindentation measurements, the specimens were stored in isopropanol for 
several weeks to remove the free water (and to avoid further hydration or carbonation) 
before the analyses in the Scanning Electron Microscope (SEM). To avoid charging 
during high-vacuum SEM analyses, the samples were then coated with about 15 nm of 
carbon (after 24 hours of vacuum drying). A Hitachi S-3400N SEM equipped with an 
Oxford Inca Energy 250 Energy-Dispersive Spectrometer (EDS) was employed with a 

magnification of 400X to analyze the whole 300 µm x 210 µm ROI in a single view.  

The chemistry of the same micro-volumes as those investigated by nanoindentation was 
then determined, using the indent locations found with the indent locator script as input 
for the EDS software and an accelerating voltage of 15 kV to probe similar interaction 
volumes [251]. Quantitative spot EDS analyses with standards were performed using 20 
s dwell time to obtain high-quality EDS spectra, which were interpreted using the 
publicly available NIST DTSA-II software [236,237]. The quantification process was 
calibrated using compatible standards selected to limit corrections when investigating 
the C–S–H phase [251]: pure synthetic C2S for Ca and Si, pure synthetic C3A for Al, 
olivine for Mg and Fe, anhydrite for S, orthoclase for K, tugtupite for Na and Cl, and 
sphene for Ti. Moreover, the Duane-Hunt limit was employed to identify and exclude 
invalid measurements due to local charging and surface irregularities. Finally, high 
quality qualitative chemical mappings of the ROI were acquired with a map dwell time of 
512 seconds and by averaging 60 frames.  

7.3.4 Statistical clustering and deterministic analyses 

As developed in [251], each coupled NI-QEDS dataset was investigated with a statistical 
approach to obtain a global understanding of the system and to identify the specific 
particularities, as well as with a deterministic approach to investigate the chemo-
mechanical properties of the “pure” phases.  

In the statistical analyses, a chemo-mechanical dataset was built for each system, which 
included 7 classification variables to describe each i=1...N data point with a vector xi 
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= [Mi; Hi; Sii/Cai; (Fei+Ali)/Cai; Si/Cai; Mgi/Cai; SOXi]). Using finite mixture modelling 
and considering a multivariate normal distribution [20,102,103,220,251] including j=1...n 
chemo-mechanically distinct phases, the properties of each phase (a vector of mean 
composition µj, a covariance matrix Σj and an associated surface fraction πj) were 
estimated according to the Maximum Likelihood (ML) function, via the Expectation 
Maximization (EM) algorithm [188], using Matlab®. The optimum model for each value 
of n (out of 500 randomly seeded replicates) and the optimum number n of statistically 
significant phases were then determined with the help of the Bayesian information 
criterion (BIC) [187]. Finally, the Bayes rule of allocation was employed to cluster the N 
experimental observations into the n phases. 

In the deterministic analyses, the theoretical chemical composition ck of each “pure” 
phase k=1…p was obtained from stoichiometry or from typically reported values (and will 
be referred to as the pole of each “pure” phase). Average properties of each “pure” phase 
were then calculated from the data points having chemical ratios inside a limited 
selection range around the theoretical pole values, for a given set of chemical variables 
(e.g. ck = [Sik/Cak; (Fek+Ajk)/Cak; Sk/Cak, Mgk/Cak, SOXk]). The approach has been 
previously employed for an OPC paste [251], but the method had to be modified to 
address two problems occurring in blended-cement pastes: (1) the composition of the C–
(A)–S–H is unknown and variable, (2) some anhydrous SCMs contain very little amounts 
of Ca resulting in very high chemical ratios (Ca being the denominator of the ratios 
generally employed in NI-QEDS). In this work, a selection range of ±0.05 was thus 
imposed on the variables for each “pure” phase investigated (except otherwise specified) 
and the selected data points were analyzed to remove outliers with unexpected 
properties. Furthermore, the poles of some phases with chemistry specific to each system 
(e.g., C–(A)–S–H, hydrated slag or anhydrous SCMs) were defined from the experimental 
results, as further described in 7.4.2.2. 
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7.4 Results and discussion 

7.4.1 Similar macroscale strength from very different microstructures 

The considered binary systems incorporate typically employed amounts of different types 
of SCMs and exhibited similar macroscale compressive strengths measured on paste 
cubes at 90 days. More specifically, the strength reached 81 ± 4 MPa for systems OPC, 
50S and 20GP, compared to 84 ± 5 MPa and 87 ± 4 MPa for systems 12MK and 30FA, 
respectively. Although different mechanisms have been proposed, the microstructure 
reasons why Portland cement can be replaced by SCMs without loss of strength are not 
yet fully understood. 

Fig. 7.1 presents the composite chemical mapping of the microstructure for each system, 
as obtained by the superposition of colors associated to the main elements (Si in red, Ca 
in blue, Al in green and Fe in grey) within the Region Of Interest (ROI). The complex 
heterogeneity of the microstructure arrangement of phases in the investigated blended-
cement pastes is striking. 

The main phases of cement pastes may be identified on these mappings based on their 
colour-coded chemical signature: anhydrous silicates (i.e., alite and belite) appear as 
bluish-purple and purple grains, anhydrous aluminate and ferrite grains appear as 
bright cyan, Portlandite appears as blue regions, Al-rich hydrates (e.g., AFm and AFt 
phases) appear as greyish green, and the dark-purple C–(A)–S–H matrix embeds the 
other phases. Furthermore, systems incorporating SCMs exhibit additional anhydrous 
particles which colour depends on composition (see Table 4.2): different types of fly ash 
particles incorporating variable amounts of Si, Al and Fe appear as bright red, bright 
green and bright grey; the uniform slag particles appear grey as they incorporate 
relatively high amounts of Ca, Si and Al; the few remaining anhydrous metakaolin 
particles are mostly composed of Si-Rich red particles, with little amount of Si-Al-rich 
orange particles and Al-Rich green particles; the anhydrous glass powder grains appear 
as dark red due to their high Si content with ~10% Ca. In addition, systems 50S and 
20GP each incorporate an additional type of hydrate appearing as dark-green and 
including other elements than those shown with the composite mapping (Mg in system 
50S, K and S in system 20GP, as further described in 7.4.3.5 and 7.4.4.2). 
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Fig. 7.1. Composite chemical mappings for systems (a) OPC, (b) 30FA, (c) 50S, (d) 12MK 
and (e) 20GP. The mappings represent multilayer combinations of four elemental 
mappings for each system (Si in red, Ca in blue, Al in green and Fe in grey), which 
enables the distinction between main phases of the blended-cement pastes. The light grey 
markers represent the grid of microvolumes, which were chemo-mechanically 
investigated. 
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7.4.2 Chemo-mechanical characterization by NI-QEDS 

The contribution to the mechanical properties of each phase composing blended-cement 
pastes was investigated using automated coupling of NanoIndentation and Quantitative 
Energy-Dispersive Spectroscopy (NI-QEDS). The micro-chemo-mechanical measurements 
were performed on the grids shown by markers in Fig. 7.1 and investigated using two 
complementary approaches: (i) the statistical analyses for identifying the most 
representative chemo-mechanically distinguishable phases; and (ii) the deterministic 
analyses for attempting to disclose the properties of the “pure” phases. 

7.4.2.1 Statistically relevant microstructure phases 

The statistical analyses presented in this work mainly focus on systems 12MK and 20GP, 
as the statistical analyses of systems OPC, 30FA and 50S may be found in previous 
publications [251,276]. Fig. 7.2 thus presents different chemical and mechanical 
representations of the clustered data points for systems 12MK and 20GP. The poles of 
“pure” phases (i.e., the crosses in Fig. 7.2) are defined in this work based on: typical 
industrial compositions from literature for the clinker phases [21]; compositions based on 
stoichiometry for the C–S–H [21], and the C–A–S–H [40] and for the other hydrates [21]; 
and average compositions measured by X-ray fluorescence for anhydrous MK and GP (see 

Table 4.2). Note that although there is a wide range of possible variations in 
compositions and saturation states, the selected C–(A)–S–H poles include C–S–H phases 
with Ca/Si = 1.7 in two saturation states (fully saturated and dried at 11% RH), along 
with a C–A–S–H composition obtained experimentally in a system with 30% MK and 
15% limestone [40]. Considering these reference poles, predominant phase(s) were 
attributed to each statistically determined cluster, as described with their colour 
markers: C–(A)–S–H phases ( ), mixtures of C–(A)–S–H and Al-rich hydrates ( ); 
mixtures of C–(A)–S–H and Portlandite ( ); mixtures of hydrates with anhydrous 
aluminous clinker ( ), siliceous clinker ( ), metakaolin ( ) and glass powder ( ); and 
other mixtures ( ). 

The comparison in Fig. 7.2 enables visual identification of differences between systems 
12MK and 20GP, which will be further investigated. Firstly, the C–A–S–H ( ) of system 
12MK exhibit higher amounts of Al and lower Si/Ca ratio (as further analyzed in 
7.4.3.1). Secondly, the separation of the C–(A)–S–H in two clusters for system 20GP ( ) 
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represents a means to distinguish two types of C–(A)–S–H in a single system (see 
7.4.3.4). Thirdly, the Al-rich mixture ( ) extends towards the AFmCO3 pole in system 
12MK (see 7.4.4.3), whereas it is less clearly defined for system 20GP (see 0). Fourthly, 
the cluster of GP mixtures ( ) extends towards the pole of “pure” GP and show elevated 
mechanical properties, whereas the cluster of MK mixtures ( ) contains only a few points 
with variable properties (as discussed in 7.4.5). 

 

Fig. 7.2. Results of the statistical clustering for systems 15MK (first row) and 20GP 
(second row) in the representations of (Fe+Al)/Ca vs. Si/Ca (left column), Si/Ca vs. SOX 
(middle column), and M vs. H (right column).  

7.4.2.2 Properties of the “pure” phases by deterministic analyses 

The deterministic approach allows estimating properties of “pure” phases by selecting the 
data points with chemical properties located inside a selected range around the poles of 
“pure” phases. While the poles were found from open literature for most phases, the pole 
of “pure” C–(A)–S–H was determined iteratively for each system. As illustrated with 
system 12MK in Fig. 7.3a, intersection lines were first traced in the (Al+Fe)/Ca vs. Si/Ca 
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representation from the mixture clusters of C–(A)–S–H with other phases (e.g., CH + C–
(A)–S–H in cluster #4), which enabled the estimation of a “pure” C–(A)–S–H composition. 
This estimated composition was further refined using the two-dimensional histogram of 
Fig. 7.3b and by defining the composition of the “pure” C–(A)–S–H as that most likely to 
occur. This two-step process was further repeated using the Si/Ca vs. SOX representation 
of the clustered results. Finally, to account for the coexistence of C–(A)–S–H with 
different Ca/Si ratios in the same systems, the selection range was set to ±0.05 for the 
Si/Ca variable, ±0.025 for the (Al+Fe)/Ca and SOX variables, and the other variables 
remained unconstrained. Note that this definition of “pure” C–(A)–S–H differs from that 
previously employed in [251], and thus, it is not expected to provide a characterization of 
a “pure” inner product C–S–H (as obtained with the OPC paste in [251]). A similar 
approach was employed to define average properties of the “pure” hydrated slag. Finally, 
the selection parameters for data points representing “pure” SCMs were iteratively 
adjusted to account for their composition possibly varying from the average chemistry 
determined by XRF (see Table 4.2), e.g., “pure” FA having widely variable chemistry was 
defined based on the mechanical properties of the “purest” points of the FA mixture 
cluster from statistical analyses (see [276]).  

 

Fig. 7.3. Schematic representation of the determination of the C–(A)–S–H pole 
composition illustrated with system 12MK for the axes (Fe+Al)/Ca vs. Si/Ca, showing (a) 
the intersection of mixture clusters of C–(A)–S–H with other phases, (b) the two-
dimensional histogram with the highest occurrence of data points at the intersection of 
mixture clusters, and (c) the selected points around the poles of “pure” phases for the 
deterministic analyses. 

Table 7.2 summarizes the results of the deterministic analyses performed on the five 
cementitious systems investigated in this study. For sake of comparison, Table 7.2 also 
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includes reference values for each phase based on literature values for mechanical 
properties and on the previously defined poles for the chemical properties.  

Phase System M  
(GPa) 

H  
(GPa) 

C 
(GPa) 

Si/Ca  
(at.) 

(Fe+Al)/C
a (at.) 

S/Ca 
(at.) 

Mg/Ca  
(at.) 

SOX  
(wt.) 

n 
[ref.] 

Alite OPC 123±16 9.9±0.6 9961±2863 0.35±0.01 0.02±0.01 0.00±0.00 0.03±0.00 1.01±0.01 9 
  30FA 117±10 10.1±0.6 7197±1868 0.34±0.01 0.03±0.01 0.00±0.00 0.03±0.00 1.01±0.01 5 
  50S 120±16 10.4±0.9 11053±901 0.34±0.01 0.02±0.00 0.00±0.00 0.03±0.00 0.98±0.01 6 
  12MK 111±9 9.7±1.3 8346±2198 0.34±0.01 0.02±0.01 0.00±0.00 0.03±0.00 1.00±0.02 4 
  20GP 118±5 10.0±0.1 11754±1207 0.33±0.00 0.03±0.01 0.00±0.00 0.02±0.00 0.99±0.00 2 
  Literature 125±7 9.2±0.5 N/A 0.33 0.02 0 0.02 1 [128] 
Belite 30FA 86±18 6.1±2.1 3605±1531 0.49±0.00 0.06±0.03 0.00±0.00 0.03±0.02 0.98±0.02 2 
  50S 115±22 4.4±0.9 1785±798 0.50±0.00 0.04±0.00 0.01±0.00 0.02±0.00 0.97±0.02 2 
  12MK 105±16 6.0±1.8 2987±1269 0.47±0.01 0.05±0.01 0.01±0.01 0.02±0.00 0.99±0.01 11 
  20GP 95±9 4.5±1.3 2278±1474 0.50±0.01 0.03±0.01 0.01±0.00 0.02±0.00 0.98±0.02 13 
  Literature 127±10 8.8±1.0 N/A 0.46 0.05 0.01 0.01 1 [128] 
Ferrite 12MK 124 11.4 14553 0.09 0.74 0.00 0.11 1.01 1 
  Literature 125±25 9.5±1.4 N/A 0.07 0.82 0 0.09 1 [128] 
FA  30FA 76±10 7.4±0.6 4602±1314 16.6±20.1 7.84±5.46 0.02±0.02 0.33±0.12 0.99±0.02   
  Literature 72-84 N/A N/A 9.58 8.20 0.17 0.30 1 [108,131] 
S 50S 91±7 7.8±0.6 6152±1570 0.81±0.02 0.26±0.01 0.03±0.00 0.26±0.02 1.02±0.01 18 
  Literature 72-93 ~5 N/A 0.78 0.28 0.05 0.26 1 [224,225] 
GP 20GP 69±4 6.6±0.1 3762±773 6.28±0.23 0.17±0.02 0.01±0.01 0.05±0.04 1.00±0.02 6 
  Literature 69-74 6-6.5 N/A 6.27 0.21 0.01 0.11 1 [88,133] 
C–(A)–S–H OPC 27.3±2.7 0.82±0.11 183±29 0.50±0.02 0.05±0.01 0.04±0.02 0.03±0.02 0.69±0.01 59 
  30FA 27.2±2.9 0.81±0.15 229±34 0.60±0.03 0.14±0.01 0.05±0.01 0.03±0.03 0.72±0.01 55 
  50S 26.1±2.4 0.77±0.12 199±34 0.61±0.02 0.11±0.01 0.03±0.01 0.06±0.03 0.69±0.01 86 
  12MK 25.3±2.4 0.74±0.10 208±30 0.54±0.03 0.13±0.01 0.06±0.02 0.03±0.02 0.65±0.01 43 
  20GP 25.3±1.9 0.76±0.10 191±28 0.62±0.02 0.07±0.01 0.04±0.01 0.03±0.02 0.66±0.01 75 
  Lit. (LD) ~22.0 ~0.7 112 0.59 0 0 0 0.68-0.80 [110,251] 
  Lit. (HD) ~32.0 ~1.1 182 0.59 0 0 0 0.68-0.80 [110,251] 
S Hydrate 50S 32.6±4.1 0.95±0.17 234±41 0.72±0.02 0.36±0.02 0.03±0.01 0.65±0.06 0.69±0.04 13 
  Literature N/A N/A N/A N/A N/A N/A N/A N/A  N/A 
CH OPC 45.9±5.5 1.77±0.30 640±158 0.04±0.01 0.01±0.00 0.01±0.00 0.00±0.00 0.74±0.02 6 
  50S 40.2 1.66 639 0.03 0.01 0.00 0.01 0.73 1 
  12MK 39.2±0.3 1.76±0.39 828±192 0.02±0.01 0.01±0.00 0.01±0.00 0.00±0.00 0.73±0.00 2 
  Literature ~44.6 ~1.35 N/A 0 0 0 0 0.76 [19,101,1

37,227]  
AFmCO3 30FA 41.1±3.8 1.51±0.14 500±51 0.02±0.01 0.50±0.01 0.03±0.01 0.01±0.01 0.58±0.01 3 
  50S 36.4 1.48 427 0.04 0.47 0.01 0.01 0.59 1 
  12MK 44.2±4.6 1.69±0.27 498±112 0.02±0.01 0.48±0.00 0.02±0.01 0.03±0.01 0.58±0.01 5 
  Literature ~44.6 N/A N/A 0 0.5 0 0 0.57  [137] 

Table 7.2. Properties of the main phases determined with the deterministic approach for 
the five investigated systems. For each phase j, the average value µji of each variable i is 
presented with its standard deviation sji, and the number n of data points. The literature 
mechanical values are also presented based on the referenced works, and the literature 
chemical values are those previously defined for the poles. 

The mechanical properties of all data points deterministically selected are further 
illustrated in Fig. 7.4. If “pure” alite, belite and C–(A)–S–H were identified in most 
systems, other “pure” phases were identified in at least one system, except for “pure” 
ettringite, monosulfoaluminate and MK which were not found in this study. 
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Fig. 7.4. (a) M vs. H and (b) C vs. H representations of all the data points 
deterministically selected in the 5 investigated systems for each “pure” phase. 

The average mechanical properties of all “pure” alite points reach M = 120 ± 14 GPa, H = 
10.0 ± 0.8 GPa, and C = 9300 ± 2600 GPa, which is in very good agreement with the 
literature values of MAlite = 125 ± 7 GPa and HAlite = 9.2 ± 0.5 GPa [128]. The ferrite 
properties are slightly higher than those of alite, but in the expected range. However, the 
“pure” belite average properties of M = 100 ± 15 GPa, H = 5.3 ± 1.6 GPa, and C = 2700 
± 1400 GPa are significantly lower than the expected MBelite = 127 ± 10 GPa and HBelite = 
8.8 ± 1.0 GPa [128]. This was explained by the partial hydration of the belite crystals 
over their whole volume after one year of hydration [251]. Contrary to the alite crystals 
which gradually hydrate from the exterior leaving anhydrous cores, the lamellae 
structure of the belite crystals is believed to allow partial hydration inside the grains. 
This explanation was also supported by a lower sum of oxides (SOX) measured for the 
“pure” belite, which indicates that it is not completely anhydrous and/or without porosity. 

In addition, the “pure” anhydrous SCMs exhibit high mechanical properties in the ranges 

M » 60–100 GPa, H » 6.5–8.5 GPa, and C » 3000–8000 GPa. These SCMs grains 
represent inclusions which are harder than the belite grains and thus contribute in 
increasing the composite mechanical properties of the microstructure [220]. The 
anhydrous slag shows the highest H, M and C, followed by the fly ash and the glass 
powder. Notably, the properties measured for these “pure” anhydrous SCMs agree very 
well with the reference values from literature [88,108,131,133,224,225]. 
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Regarding the hydrates, the “pure” C–(A)–S–H phases exhibit relatively limited variation 
in mechanical properties from one system to the other, although the chemistry of those 

C–(A)–S–H may be significantly different. Average values M » 25-27 GPa and H » 0.7-
0.8 GPa lie in between the commonly reported values for the LD C–S–H and HD C–S–H 

phases, whereas average creep moduli C » 180-230 GPa are slightly higher than those 
reported for HD C–S–H. 

The “pure” Portlandite (CH) and monocarboaluminate (AFmCO3) phases were also probed 
in the investigated cement pastes, and their combined average properties reach M = 43 
± 5 GPa, H = 1.7 ± 0.3 GPa and C = 585 ± 175 GPa. The measured indentation modulus 
for CH agrees with previous experimental work [19,20,101,137,227], and the results for 
AFmCO3 validate the assumption of previous modelling work employing the same M 
values for CH and AFmCO3 [137]. The results also show slightly higher H and C values for 
CH than AFmCO3. 

7.4.3 From a C–S–H in OPC system to different C–(A)–S–H in SCM systems  

Considered as the main binder of Portland cement systems, the C–S–H phase consists of 
a very complex porous phase with a variable composition depending on the elements 
locally available during its formation. By incorporating reactive SCMs into cement 
matrices, the chemistry of the hydration is modified and different C–(A)–S–H with 
varying contents of Ca, Si, Al, S, Na and Mg are formed. In the following, the different 
types of C–(A)–S–H observed in this study are compared in terms of mechanical 
properties and incorporation of guest atoms. 

7.4.3.1 Incorporation of aluminum and sulfur in C–(A)–S–H 

Fig. 7.5 compares the chemistry of C–(A)–S–H phases for the 5 investigated systems, as 
defined using both the deterministic approach (data points and solid contour lines 
representing 95% confidence intervals) and the statistical clustering (dashed contour 
lines representing 95% confidence intervals for the points of clusters #1). More 
specifically, the chemistry is compared in terms of Al and S contents as a function of the 
ratios typically employed (e.g., [240,251]) to describe the C–A–S–H phases: Ca/Si, 
Ca/(Si+Al) and Ca*/(Si+Al), where Ca*=Ca-S. The deterministic numerical values 
obtained for these additional chemical ratios for each system are presented in Table 7.3. 
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Fig. 7.5. Comparison of Al and S uptake for the deterministic C–(A)–S–H data points, as 
presented in the chemical representations Al/(Si+Al) vs. (a) Ca/Si, (b) Ca/(Si+Al) and (c) 
Ca*/(Si+Al) where Ca*=Ca-S, as well as in the representations of S/(Si+Al) vs. (d) 
Ca*/(Si+Al) and (e) Al/(Si+Al). Solid contour lines represent the 95% confidence interval 
for the deterministic points, whereas dashed lines represent the 95% confidence interval 
for the cluster #1 for each system. 

  

System Ca/Si Ca/(Si+Al) Ca*/(Si+Al) Al/(Si+Al) S/(Si+Al) Na/(Si+Al) Mg/(Si+Al) 
OPC 2.00±0.10 1.85±0.08 1.77±0.07 0.08±0.02 0.08±0.03 0.04±0.02 0.06±0.04 
30FA 1.68±0.07 1.40±0.05 1.34±0.05 0.16±0.01 0.07±0.02 0.04±0.02 0.04±0.03 
50S 1.65±0.06 1.42±0.06 1.37±0.05 0.14±0.02 0.05±0.01 0.06±0.05 0.08±0.04 
12MK 1.84±0.09 1.51±0.06 1.42±0.05 0.18±0.02 0.09±0.03 0.05±0.02 0.04±0.04 
20GP 1.61±0.06 1.47±0.06 1.41±0.05 0.09±0.01 0.06±0.02 0.21±0.07 0.04±0.04 

Table 7.3. Additional average chemical ratios for the deterministically selected C–(A)–S–
H data points for each (the average value for each ratio is presented with its standard 
deviation). 

As shown in Fig. 7.5a, the data points associated to “pure” C–(A)–S–H phases range 
between Ca/Si ratios of 1.5 and 2.1. The description of the C–(A)–S–H with the Ca/Si 
ratio in Fig. 7.5a results in higher values and wider distributions than the use of 
Ca/(Si+Al) in Fig. 7.5b. Moreover, the points with the highest Ca/Si content for each 
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system are also those with highest Al/(Si+Al) values, an expected trend as reviewed by 
Richardson [278]. Notably, Ca/(Si+Al) for each system remains relatively constant with 
different Al/(Si+Al) values. Furthermore, the relative substitution of Si by Al (i.e., the 
Al/(Si+Al) ratio) reaches ~5–10% for systems OPC and 20GP, whereas it raises to ~10–
20% for the other systems incorporating Al-rich SCMs. More specifically, the higher Al 
content observed for system 12MK was rather expected, as MK is known to release 
significant amount of Al to the solution during hydration. In general, the levels of 
aluminum uptake by the C–A–S–H phases detected in this study are in agreement with 
literature values [72,192,279–281] (although the intermix of C–A–S–H with other Al-rich 
hydrates at a scale smaller than the investigated volume cannot be excluded [21]). 

An additional descriptor of the C–A–S–H previously employed by Rossen [240,281] is the 
Ca*/(Si+Al) ratio where Ca*=Ca-S is the “corrected” calcium content, assuming that 
each sulfate anion is co-adsorbed with a calcium ion on the negatively charged surfaces of 
the C–A–S–H. For each system, a proportional increase of S/(Si+Al) and Ca/(Si+Al) is 
observed in Fig. 7.5d compared to a relatively constant Ca*/(Si+Al) for different 
S/(Si+Al) in Fig. 7.5e, which supports the co-adsorption hypothesis. Remarkably, the C–
(A)–S–H shown in Fig. 7.5ce for the 4 systems with SCMs exhibit similar average values 
of Ca*/(Si+Al) = 1.34–1.42 which clearly differs from the system OPC value of 
Ca*/(Si+Al) = 1.77.  

Finally, Fig. 7.5f illustrates that, for each system, the data points attributed to C–(A)–S–
H with higher Al contents are also those with higher S contents. This suggests an 
increased adsorption of sulfates to the C–A–S–H with higher aluminum contents (and/or 
that the C–A–S–H may be intermixed with AFmSO4 or AFt at the submicron scale). 
Nevertheless, the comparison of the different systems in Fig. 7.5def suggests that the 
amount of sulfates adsorbed to the C–(A)–S–H does not depend on its chemistry, but 
rather on the dosage of SCM: the system 50S with 50% cement replacement has lower S 
contents, followed by systems 20GP and 30FA, and systems 12MK and OPC with higher 
cement contents have higher S contents. This trend agrees with previous results showing 
that higher concentrations of S in the pore solution would lead to increased uptake of S 
in the C–(A)–S–H [279]. 
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7.4.3.2 Linking chemistry and mechanical properties of the C–(A)–S–H  

Fig. 7.6 compares the mechanical properties of the C–(A)–S–H in the 5 investigated 
systems as a function of different chemical ratios. For all the systems, the 

deterministically selected data points stand in the ranges M » 22 – 32 GPa, H » 0.6 –

 1.0 GPa, and C » 145 – 275 GPa. Interestingly, the differences in mechanical properties 
between systems is much smaller than the dispersion of points in each single system. 
Nevertheless, the upper bounds are slightly lower for system 20GP and slightly higher 
for systems 30FA and OPC.  

The different representations in Fig. 7.6 enable the inference of these small variations of 
mechanical properties to chemical particularities of the C–(A)–S–H. Firstly, the 
variations of H, M and C appear not to depend on Ca/Si, as illustrated by Fig. 7.6abc. 
Secondly, the comparisons with respect to Al/(Si + Al) in Fig. 7.6def reveal subtle 
correlations of slightly reducing H and M with increasing Al content and the opposite for 

C. If each correlation is not strong in itself, opposite effects on the different properties 
suggest that the creep of the C–(A)–S–H is relatively lower for increased Al contents, i.e., 
the C modulus is higher for increased Al/(Si + Al). Thirdly, a slightly reducing M 
modulus may be observed with increasing S content in Fig. 7.6ghi, whereas no trend was 
observed for H and C as a function of S. Fourthly, H and M appear to be correlated with 
the SOX values, as shown in Fig. 7.6jkl. For each investigated data point, the SOX sums 
the mass of the oxides for the measured elements, excluding water and sub-micron 
porosity. Higher SOX values thus indicate denser C–(A)–S–H with less water and/or 
porosity, which would explain the higher H and M values obtained. Nevertheless, the 
contact creep modulus C does not follow the same trend and appears to be more 
influenced by the Al content than the SOX value. Uptake of Al increases the mean value 
of the contact creep modulus C up to about 25% compared to the reference OPC system. 
This may suggest that aluminum uptake within the C–S–H structure reduces the sliding 
between the C–S–H layers, which is the origin of the long-term creep [117,226,259]. This 
effect seems a promising trend that will be further investigated in the future.  
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Fig. 7.6. Mechanical properties M, H and C for the deterministic C–(A)–S–H data points 
as a function of the key chemical ratios Ca/Si, Al/(Si+Al), S/(Si+Al), and SOX. Solid 
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contour lines represent the 95% confidence interval for the deterministic points, whereas 
dashed lines represent the 95% confidence interval for the cluster #1 for each system. 

Moreover, the system 30FA exhibits both a high SOX value and a high Al content that 
seem to be linked to its high H, M and C values. A possible explanation for the occurrence 
of these properties in system 30FA would be the presence of submicron anhydrous FA 
particles embedded in the C–A–S–H matrix. As shown in Table 4.2, the fly ash contains 

10% of particles smaller than 1.9 µm, which may remain incompletely hydrated and 
embedded in the hydrated paste as shown in Fig. 7.1b and further described in 7.4.5. 

In addition, the slightly higher H and M values observed for system OPC could possibly 
be explained by its higher Ca/(Si+Al) ratio compared to systems with SCMs. As 
demonstrated previously [115], the C–S–H formed in Portland-cement-only systems 
incorporates nano-crystals of Portlandite in its microstructure contributing to increased 
M and H. The reduction of this “reinforcing effect” of Portlandite may explain the lower of 
H and M observed with decreasing Ca/(Si+Al), as previously suggested [220]. 
Interestingly, the results of the current study also indicate that the creep does not follow 
this trend. 

7.4.3.3 Effects of sodium incorporation in a “C–N–A–S–H” phase 

If SCMs generally provide Si and/or Al atoms which are included in C–(A)–S–H 
structures, the glass powder additionally provides sodium atoms during the hydration 
process. Fig. 7.7a compares the C–(A)–S–H for the different systems with respect to the 
Na content and illustrates the uniqueness of system 20GP. As shown with investigations 
on synthetic C–(A)–S–H systems [192,282], the alkalis likely replace the calcium ions in 
the interlayers or on the surface of the C–(A)–S–H structures and thus, higher alkali 
uptake occurs with lower Ca and higher Na and K concentrations in the system. 
Moreover, the Na uptake shown in Fig. 7.7a agrees with the ranges observed in synthetic 
C–A–S–H formed in presence of high concentrations of both Na and K [282–284]. 
Interestingly, Fig. 7.7b further suggests that although GP includes relatively low K 

contents (see Table 4.2), the increased Na content in the solution also led to a greater 
binding of the K ions (as in [282]). Overall, although non-negligible amounts of both Na 
and K incorporate into C–(A)–S–H in real cements pastes (see Fig. 7.7ab), the much 
higher Na content for system 20GP justifies the use of the “C–N–A–S–H” acronym to 
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describe this particularity. Finally, the ratio Na/(Si+Al) does not seem to affect the 
mechanical properties (M, H and C) as illustrated for M in Fig. 7.7c. Previous work by 
Mendoza et al. [285] investigated alite pastes hydrated in presence of alkalis using 
statistical nanoindentation and inferred an increase of “HD C–S–H” phase content due to 
the presence of alkali in the pore solutions, a trend not shown by the current study. 

 

Fig. 7.7 (a) Sodium and (b) potassium uptake of the C–(A)–S–H, as represented with the 
deterministic data points as a function of the Ca*/(Si+Al) ratio, and (c) its effects on the 
indentation modulus M. Solid contour lines represent the 95% confidence interval for the 
deterministic points, whereas dashed lines represent the 95% confidence interval for the 
cluster #1 for each system. 

7.4.3.4 Magnesium as a chemical marker for inner product C–(A)–S–H 

In the quest for improving the understanding of the different possible variations of C–
(A)–S–H phases, the statistical clustering results for system 20GP provide a great insight 
on the occurrence of magnesium in a specific type of C–(A)–S–H. These results presented 
in Fig. 7.2d-e showed overlapping chemical properties for clusters #1 and #2, which have 
been both attributed to C–(A)–S–H. Reporting the data points of these clusters on the 
composite chemical mapping in Fig. 7.8a shows their occurrence on the dark-purple C–
(A)–S–H, but there is no visible difference between the two clusters. However, the 
magnesium mapping of Fig. 7.8b reveals that the points of cluster #2 occur in slightly 
brighter “grains” with slightly higher Mg content (which remain much darker than the 
bright periclase particles). Due to the low mobility of Mg, these apparent “grains” 
represent the initial boundaries of alite particles which contained non-negligible amounts 
of Mg and were mostly fully hydrated into inner product (IP) C–(A)–S–H.  
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Fig. 7.8. (a) Composite chemical mapping and (b) magnesium mapping of the ROI for 
system 20GP with the markers for C–(A)–S–H associated with outer product (cluster #1, 
bright red triangles) and Mg-rich inner product (cluster #2, dark-red diamonds). 

Fig. 7.9a validate this visual observation with the points of cluster #2 showing higher 
Mg/Ca ratios than those of cluster #1. This agrees with previous observations of higher 
Mg content for “pure” IP C–S–H [251] and of an inner-product slag hydrate with high Mg 
content [276]. Fig. 7.9b illustrates the mechanical properties of these two clusters, where 
cluster #2 with the higher average Mg/Ca content has the higher upper bounds (for 
variables M, H and C). Nevertheless, the microvolumes indented in both IP and OP C–
(A)–S–H showed overlapping M, H and C values, indicating that these two types of 
products do not have “exclusive” properties, at least after one year of hydration (as 
similarly observed for slag systems in [26]). 

 

Fig. 7.9. (a) Clustered data points for the system 20GP showing the higher Mg contents 
and M values of the IP C–(A)–S–H cluster #2 in (a) the Mg/Ca vs. Si/Ca and (b) M vs. 
Si/Ca representations. 
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7.4.3.5 Inner product C–A–S–H intermixed with an hydrotalcite-like phase 

As described in previous work [276], the system 50S further contains a distinctive slag 
hydrate occurring in the inner product region of slag particles (cluster #2 in Fig. 7.13a). 
This hydrate rich in Al and Mg has been attributed to a sub-micrometer intermix of the 
C–A–S–H with an hydrotalcite-like phase [26,119,256,257]. The use of the deterministic 
approach in the current study further allowed the evaluation of the properties of this 
“pure” inner-product slag hydrate, with values of M = 32.6 ± 4.1 GPa, H = 0.95 
± 0.17 GPa and C = 234 ± 41 GPa. When compared to C–(A)–S–H properties in Table 2, 
this product has slightly greater M, H and C. 

7.4.4 Other hydrates incorporated in C–(A)–S–H matrices 

If the C–(A)–S–H represents the main binding hydrate in blended cement pastes, the role 
of the other hydrates should not be neglected as they contribute positively to the 
composite mechanical properties due to their generally high M, H, and C values 
compared to the C–(A)–S–H. Nevertheless, it should be remembered that the effects of 
these other hydrates may differ with respect to durability, although it is out of the scope 
of the current study.  

7.4.4.1 Portlandite 

During hydration of alite and belite, Portlandite precipitates from the solution 
supersaturated in calcium into streaked zones intermixed with the C–(A)–S–H matrix, as 
shown in Fig. 7.1a. In the case of blended systems, the SCMs in close contact with 
Portlandite can react to form additional hydrates. Although the level of CH consumption 
depends on several factors, all the systems in this study conserved non-negligible CH 
contents even after one year of hydration, as shown in Fig. 7.1b-e. Using the 
deterministic approach, properties of “pure” CH were averaged for the different systems 

to M » 43.8 ± 5.5 GPa, H » 1.75 ± 0.31 GPa and C » 680 ± 175 GPa. Therefore, the 
intermix of CH with C–(A)–S–H is expected to provide a reinforcing effect, particularly 
for CH in the form of nano-crystals embedded in the C–(A)–S–H [115]. 
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7.4.4.2 Sulfate-bearing hydrates 

Alkali sulfates from Portland clinker and calcium sulfates added to control setting both 
provide sulfate ions to hydrating cement pastes. During early hydration, these sulfates 
bind with aluminates to form ettringite (AFt) which may then convert to 
monosulfoaluminate (AFmSO4) with the continuing supply of Al from hydrating 
aluminates, while the sulfates are also progressively incorporated into C–(A)–S–H 
structures [21]. Furthermore, in presence of ~5% calcite or more, thermodynamic 
modelling and experimental results showed that monosulfoaluminate may completely 
transform to monocarboaluminate (AFmCO3) and ettringite upon complete hydration 
[21,26,271]. The properties of AFt and AFmSO4 phases are investigated below, along with 
an alkali-sulfate phase rarely occurring in hydrated cement pastes. 

Ettringite and monosulfoaluminate 

Fig. 7.10 illustrates the statistical clustering results for system OPC, in which cluster #2 
represents a mixture including Al-rich S-rich hydrates (i.e. AFt and/or AFmSO4). Due to 
the relatively low occurrence of these phases, the cluster also incorporates their mixtures 
with C–(A)–S–H and CH (and possibly also with AFmCO3). 

 

Fig. 7.10. Clustered data points for system OPC showing the mixture of sulfo-aluminate 
hydrates and C–(A)–S–H (cluster #2) in the representations (a) (Fe+Al)/Ca vs. Si/Ca, (b) 
S/Ca vs. Si/Ca, and (c) M vs. S/Ca. 

As no points were investigated with “pure” AFt or AFm compositions, it was not possible 
to precisely determine their mechanical properties. However, Fig. 7.10c provides an 
indication that the S-rich hydrates of system OPC have properties in the same range as 
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those of the C–(A)–S–H. A similar trend was observed for H and C, although only the 
representation of M vs. S/Ca is presented here for brevity. Finally, the investigation of 
AFt and AFmSO4 was limited to system OPC because these phases could not be isolated 
for blended-cement pastes due to the predominance of other Al-rich phases, as described 
below. 

Alkali-sulfate-rich phase 

Fig. 7.2d and Fig. 7.11a may suggest that cluster #3 of system 20GP represents a similar 
S-rich mix of hydrates as that observed for system OPC. Nevertheless, Fig. 7.11b further 
indicates that the data points with high S/Ca also exhibit high K/Ca, which was not the 
case for system OPC. Interestingly, S and K chemical mappings presented Fig. 7.12 
further illustrate the local occurrence of this alkali-sulfate-rich phase.  

 

Fig. 7.11. Clustered data points for the 20GP system showing a unique S-rich K-rich 
aluminous phase (cluster #3) in the representations (a) S/Ca vs. Si/Ca, (b) K/Ca vs. Si/Ca, 
and (c) M vs. S/Ca. 

According to Taylor [21], syngenite (K2Ca(SO4)2·H2O) may occur in cement pastes, as well 
as K2SO4, KOH or ‘pentasalt’ (Ca5S6O23) at high potassium concentrations or high 
temperatures. Considering the relatively low potassium content of GP (see Table 4.2), the 
system 20GP has an overall lower potassium concentration than the other systems, but 
this potassium is localized instead of being distributed in the microstructure as for the 
other systems. A possible explanation may be a limited dissolution of the cement’s alkali-
sulfates due to the high Na concentrations provided to the solution by the dissolution of 
GP, as supported by pore solution investigations of similar systems [286]. Furthermore, 
K-rich rims surrounding anhydrous GP particles (Fig. 7.11b) suggest that potassium 
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from cement contributed to the initial surface dissolution of the GP particles, which could 
then provide Na to the system limiting further dissolution of the alkali-sulfates. 

 

Fig. 7.12. (a) Sulfur mapping and (b) potassium mapping of the ROI for system 20GP 
showing the localized concentration of both elements in an alkali-sulfate-rich phase 
included in cluster #3 (blue triangles). 

However, the precise determination of the properties of this “alkali-sulfate-rich phase” 
existing in system 20GP could not be achieved due to the relatively small dimensions of 
this phase. Thus, the points of cluster #3 with the highest K and S contents are believed 
to represent an alkali-bearing phase intermixed with AFm and/or AFt. This 
characteristic feature of system 20GP will be further investigated in future work. 
Nevertheless, from a micromechanical perspective, the alkali-sulfate-rich phase included 
in cluster #3 of system 20GP exhibit mechanical properties in the same range as those of 
the C–(A)–S–H, as shown in Fig. 7.11c.  

7.4.4.3 Carboaluminates 

In addition to incorporating into C–A–S–H phases, the dissolved Al ions coming from the 
reaction of Al-rich SCMs also contribute to the formation of other Al-rich hydrates. In 
systems 30FA, 50S and 12MK, well-defined mixture clusters of AFm and C–A–S–H can 
thus be observed, as illustrated by clusters #3 in Fig. 7.13a and Fig. 7.2a for systems 50S 
and 12MK, respectively. Although the carbon content was not directly measured in the 
QEDS analyses, these clusters can be attributed to mixtures including 
monocarboaluminates and hemicarboaluminates due to their low S/Ca values, as shown 
in Fig. 7.13bc. This agrees with thermodynamic calculations and experimental results 

(a) (b)
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[26,280,287] indicating that significant amounts of monocarboaluminate should be 
expected in FA, S and MK blended-cement matrices in presence of limestone (which may 
come from the Portland cement in the current work). 

Furthermore, the deterministic approach allowed the identification of “pure” 
monocarboaluminate (AFmCO3) with average mechanical properties of M = 42.3 
± 4.8 GPa, H = 1.60 ± 0.24 GPa and C = 490 ± 91 GPa. Such properties are just slightly 
lower than those of CH (see Table 2), and the AFmCO3 inclusions are believed to play a 
similar role as CH in reinforcing C–(A)–S–H matrices (see 7.4.4.1). Interestingly, these 
results complement those of Chen et al. [115], as they suggest that the ultra-high density 
(UHD) phase associated in previous statistical nanoindentation studies [110,113] to 

properties M » 42.8 GPa, H » 1.4 GPa and C » 342 GPa could in reality be CH, AFmCO3 
and/or their mixtures with C–A–S–H. 

 

Fig. 7.13. Clustered data points for system 50S in the representations (a) (Fe+Al)/Ca vs. 
Si/Ca and (b) S/Ca vs. Si/Ca, and (c) for system 12MK in the representation S/Ca vs. 
Si/Ca. 

7.4.5 Residual unreacted SCM inclusions 

With their elevated mechanical properties, anhydrous clinker and SCMs particles 
embedded in the matrix of hydrates also contribute to reducing the deformation upon 
compressive loading. As shown in Fig. 7.4 and Table 7.2, the anhydrous clinker phases 
have the highest H, M and C values of all phases. The size repartition of these clinker 

grains is illustrated in Fig. 7.1a, which shows only a few particles above 25 µm. More 

specifically, the anhydrous rounded cores of alite grains reach 10–15 µm whereas the Al-

rich clinkers (aluminates and ferrites) exhibit elongated shapes of ~15 µm in the longest 
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direction. Due to the partial hydration into the bulk of belite grains after one year, these 

represent the largest clinker grains in Fig. 7.1a with sizes of ~15–20 µm although their 
properties are significantly lower than those expected for anhydrous belite (see 7.4.2.2). 

Regarding the anhydrous SCM inclusions, the fly ash includes particles with different 
composition and the largest range of mechanical properties, which average M = 75.6 
± 10.4 GPa, H = 7.44 ± 0.58 GPa and C = 4602 ± 1314 GPa. Furthermore, Fig. 7.1b shows 
that the 30FA paste hydrated for 1 year still contains spherical anhydrous particles with 

diameters as small as ~1 µm or less (most particles are generally Al-rich and below 

15 µm, except a few large plerospheres with diameters up to 50 µm). Similarly, the 
anhydrous MK particles include different compositions and their size generally range 

between 1–10 µm (with a few particles around 25 µm, see Fig. 7.1d), but their mechanical 
properties could not be determined due to their insufficient occurrence in the 12MK 
system. 

In contrast, the slag grains exhibit an uniform composition with angular shapes and 

anhydrous cores generally above 5–10 µm (the smallest particles being fully hydrated). 

Except a few large particles up to 45 µm, the anhydrous slag grains in Fig. 7.1c are 

mostly below 20–25 µm and they possess the highest average mechanical properties of 
the investigated SCMs (M = 91.3 ± 7.5 GPa, H = 7.83 ± 0.58 GPa and C = 6152 
± 1570 GPa). Finally, the anhydrous glass powder also exhibits angular grains of 

diameter generally 10–20 µm, although some particles have very high aspect ratios (e.g. 

the longest particle in Fig. 7.1e measures about 25 µm by 7 µm). The average mechanical 
properties of anhydrous glass powder reach M = 69.5 ± 3.9 GPa, H = 6.56 ± 0.13 GPa and 
C = 3762 ± 773 GPa, which is the lowest of SCMs but still much higher than all hydrates.  

Overall, the mechanical influence of hard anhydrous inclusions embedded in the hydrate 
matrix may vary significantly with the type of SCM employed, both in terms of intrinsic 
mechanical properties and of dimensions of the residual particles due to their variable 
reactivity. Nevertheless, anhydrous inclusions should be considered as beneficial for 
strength, as shown in a previous study on high-volume natural pozzolan concrete [220]. 
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7.4.6 Limitations and future perspectives 

The application of latest NI-QEDS technique has enabled unique chemo-mechanical 
investigations of the microstructure of real blended-cement systems, and the limits of the 
study open new perspectives for the future. The current work investigating systems with 
commonly employed dosages of SCMs resulted in C–(A)–S–H phases with different 
chemistry but relatively similar mechanical properties, suggesting that further 
micromechanical engineering of the C–(A)–S–H requires the NI-QEDS investigation of 
systems with higher SCM dosages for the formation of C–(A)–S–H with even lower 
Ca*/(Si+Al) contents. In addition, the “pure” C–(A)–S–H composition for each system 
was estimated in the deterministic approach with the intersection of mixture lines with 
other phases and thus, it likely corresponds to an outer product more prone to mixing 
with other phases than inner products forming inside initial boundaries of alite grains. 
Also, this approach implicitly assumes a relatively uniform composition of the C–(A)–S–
H in each system, although there may be a larger range of Ca/Si ratios as shown in 
7.4.3.4. Further analyses should thus consider this spatial repartition of the chemistry in 
the microstructure. 

Ongoing research further focusses on linking the micromechanical arrangement of 
phases and their micro-scale properties to macro-scale characteristics such as basic creep 
[288,289], strength [260], poromechanical properties [290] or resistance to chloride 
penetration [291]. The numerical micromechanical modelling of blended-cement pastes 
(e.g. [148,168–170]) also represent a promising approach to upscale phase properties 
obtained in this study, using relative contents for each phase obtained either with 
micromechanics mixture models [191,224], quantitative X-ray diffraction with the 
PONKCS method for amorphous phases [270,292–295], or image analysis of chemical 
mappings and/or backscattered electron micrographs [180,220,241–244]. Finally, new 
techniques of polishing may allow NI-QEDS analyses at smaller penetration depths, thus 
reducing the probed volume to submicrometric size with enhanced chance to assess pure 
phases. 



204 CHAPTER 7.  UNVEILING THE MICRO-CHEMO-MECHANICAL PROPERTIES OF THE […] 
 

7.5 Conclusions 

In conclusion, this work applied the latest chemo-mechanical analysis technique (NI-
QEDS) to disclose the chemo-mechanical properties of complex microstructures of 
blended-cement pastes incorporating conventional and alternative SCMs, i.e., fly ash 
(FA), slag (S), metakaolin (MK) or glass powder (GP). Based on the presented results, the 
main conclusions are the following: 

v Although each SCM impacted differently the composition of the “pure” C–(A)–S–H 
leading to variable levels of incorporation of Al, S and Na, similar average 
Ca*/(Si+Al) = 1.34–1.42 were measured for the four systems with SCMs, compared to 
Ca*/(Si+Al) = 1.77 for the typical “pure” C–S–H of the OPC system. 

v The deterministic selection of microvolumes representative of the “pure” C–(A)–S–H 

resulted in mechanical properties included in the ranges M » 22 – 32 GPa and H » 
0.6 – 1.0 GPa with relatively limited variations between the 5 investigated systems. 

Moreover, the range for the contact creep modulus range was C » 145 – 275 GPa and 
higher values were obtained for Al-rich systems suggesting that aluminum uptake 
within C–(A)–S–H structures may reduce the sliding of the C–S–H layers, which is 
responsible for their long-term creep behaviour (and is linked to the C 
measurements); 

v The SCMs mainly affected the kind and spatial distribution of the other hydrates: 
e.g., from typical OPC paste with high amounts of C–S–H with Portlandite and sulfo-
aluminates (AFt and AFmSO4), the Al-rich SCMs (FA, S, and MK) favoured the 
formation of C–A–S–H with carboaluminates (AFmCO3) and possibly hydrotalcite-like 
phases, and the sodium-rich silicon-rich GP triggered the formation of C–N–A–S–H 
with the localized occurrence of potassium sulfate hydrates. NI-QEDS analyses 
provided the mechanical properties (M, H and C) of those minor hydrates, which are 
generally higher than those of C–(A)–S–H (e.g. M = 43 ± 5 GPa, H = 1.7 ± 0.3 GPa 
and C = 585 ± 175 GPa for CH and AFmCO3). 

v The residual anhydrous inclusions from the incomplete reaction of SCMs were 
characterized by elevated mechanical properties (M > 60 GPa, H > 6.5 GPa, and C > 
3000 GPa), which may play a major role in the overall properties. Their particle size 
distributions after one year of hydration further depended on the reactivity of each 
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SCM (e.g. small unhydrated fly ash or glass powder particles remained in the matrix, 
whereas much larger residual anhydrous slag particles were observed due to the 
complete reaction of the small slag grains). 

While the state-of-the-art NI-QEDS technique has provided unprecedented chemo-
mechanical database on the microstructure phases composing blended-cement pastes 
with SCMs, further work is still necessary to quantitatively assess the impact of the 
presented results (e.g., variable creep properties of the C–(A)–S–H, changes in the types 
and properties of the other hydrated phases, differences in size and arrangement of 
unreacted SCM grains…) on the overall properties of blended-cement pastes. 
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CHAPTER 8  
 
CONCLUSIONS 

8.1 Conclusions en français 

Dans un cadre d’ingénierie multi-échelle de bétons hautement soutenables, l’objectif 
principal de cette thèse était de : caractériser quantitativement les particularités 

microstructurales responsables des propriétés mécaniques à l’échelle macro de matrices 

cimentaires prometteuses incluant des ajouts cimentaires conventionnels et alternatifs. 

L’atteinte de cet objectif a nécessité non seulement l'utilisation des dernières techniques 
d’analyse micro-chimico-mécanique statistique, mais aussi l'avancement des méthodes 
pour inclure des mesures chimiques quantitatives et une interprétation déterministe des 
résultats. Un tel développement a conduit à un couplage automatisé de la 
nanoindentation et de la spectroscopie quantitative aux rayons X à dispersion d'énergie, 
une nouvelle méthode décrite par l'acronyme NI-QEDS. 

Parallèlement, l'identification du lien entre les particularités microstructurales et les 
résistances à l’échelle macro a nécessité la comparaison de plusieurs systèmes contenant 
différents types d’ajouts cimentaires (ACs) conventionnels et alternatifs. Des études 
micro-chimico-mécaniques ont donc été effectuées sur des pâtes "relativement simples" de 
ciment Portland et des pâtes "plus complexes" de ciments mélangés binaires incorporant 
cendres volantes, laitier, métakaolin, poudre de verre, pouzzolanes naturelles ou argile 
calcinée et calcaire. Ces analyses approfondies à l’échelle micro ont dévoilé les effets 
spécifiques de chaque SCM sur les phases microstructurales et leur agencement, ainsi 
que certains effets communs partagés par plus d'un SCM. Plus précisément, les 
principaux résultats sont les suivants : 
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v La pâte de ciment à l'échelle du micromètre se compose d'un mélange complexe de 
phases avec des propriétés mécaniques qui se chevauchent, ce qui a motivé le 
développement d'une approche NI-QEDS quantitative déterministe permettant 
d'estimer les propriétés de chacune des phases "pures". 

v Dans les systèmes étudiés ayant des dosages d’AC typiques, les C–(A)–S–H (silicates 
de calcium hydratés incluant l’aluminium ou non) ont démontré des compositions 
variables (ex. Al/[Si + Al] entre 0.09 et 0.18) tout en maintenant un ratio Ca*/(Si + 

Al) moyen relativement constant de 1.34–1.42, comparativement à un système 
uniquement de ciment Portland où les C–(A)–S–H ont atteint en moyenne Ca*/(Si + 

Al) = 1.77 (où Ca* = Ca-S). De plus, ces différents C–(A)–S–H "purs" ont démontré des 

propriétés mécaniques moyennes dans les plages limitées de M » 25–27 GPa, H » 0.7–

0.8 GPa et C » 180–230 GPa. Des propriétés légèrement inférieures ont toutefois été 
observées pour le C–A–S–H dans un système à haut dosage en pouzzolane naturel 
(avec 60% de remplacement du ciment Portland). En outre, le C–(A)–S–H intérieur 
provenant de l'hydratation de l’alite et des laitiers a intégré moins d'ions invités que 
les C–(A)–S–H extérieurs (à l'exception des ions Mg, en raison de leur faible mobilité) 

et a démontré des propriétés mécaniques moyennes légèrement supérieures (M » 32–

33 GPa, H » 0.9–1.0 GPa et C » 180–235 GPa). 
v Si les C–(A)–S–H ont le rôle important de lier les différentes phases microstructurales 

de la pâte de ciment, les autres phases anhydres et hydratées contribuent aussi de 
façon importante aux propriétés globales. L'évaluation déterministe de ces autres 
phases "pures" a ainsi montré des valeurs H, M et C élevées pour la Portlandite et les 
carboaluminates (M = 43 ± 5 GPa, H = 1,7 ± 0,3 GPa et C = 585 ± 175 GPa), pour les 

ACs anhydres (M » 60–100 GPa, H » 6.5–8.5 GPa et C » 3000–8000 GPa) et pour les 

phases de clinker "principalement anhydres" (M » 85–135 GPa, H » 3.5–11.5 GPa et C 

» 1000–14000 GPa, les valeurs les plus faibles étant dues à l'hydratation partielle de 
la Belite sur l'ensemble du volume de chaque grain). 

Dans l'ensemble, cette thèse a démontré que les signatures micro-chimico-mécaniques 
des pâtes de ciment Portland et des pâtes de ciments mélangés sont fondamentalement 
différentes. Dans le premier cas, la matrice de C–S–H et de Portlandite occupe la plus 
grande partie du volume, incorporant un faible nombre de grains de clinker anhydres 
résiduels et des hydrates riches en Al. Dans le deuxième cas, les ACs partiellement 
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hydratés contribuent à la fois en tant qu’inclusions anhydres dures et dans la formation 
de C–(A)–S–H et/ou d’hydrates riches en Al (avec la consommation de la Portlandite). La 
contribution relative de chaque AC à ces deux mécanismes semble dépendre de la 
distribution granulométrique et de la réactivité de l’AC. De plus, les résultats pour les 
systèmes à haute teneur en pouzzolanes naturelles et celui avec cendres volantes 
suggèrent qu'une réactivité optimale des ACs pour les performances à long terme ne 
correspond pas une réactivité maximale. 

8.1.1 Contributions originales 

Cette thèse comprend 5 publications originales : 3 articles dans des revues à impact élevé 
(deux publiés et un en révision) et 2 articles de conférence publiés (un dans un acte révisé 
par les pairs). La contribution spécifique de chacune de ces publications est bien résumée 
avec les titres des articles : 

v Signature micromécanique des bétons à haute teneur en pouzzolanes naturelles par 
analyses statistiques combinées de nanoindentation et de MEB-EDS 

v Couplage automatisé de la nanoindentation et de la spectroscopie quantitative aux 
rayons X à dispersion d'énergie (NI-QEDS) : une méthode exhaustive pour dévoiler 
les propriétés micromécaniques des pâtes de ciment 

v Propriétés chimico-mécaniques des matrices cimentaires avec cendres volantes et 
laitier 

v Caractérisation micro-chimico-mécanique d’une pâte de ciment au calcaire et à 
l’argile calcinée par nanoindentation statistique et MEB-EDS quantitatif 

v Dévoilement des propriétés micro-chimico-mécaniques des C–(A)–S–H et autres 
phases dans des pâtes de ciments mélangés typiques 

Cette série d'articles repousse les limites de la connaissance en matière d'étude micro-
chimico-mécanique de systèmes cimentaires complexes, en fournissant à la fois un outil 
puissant pour étudier les technologies du béton émergentes, ainsi qu’une caractérisation 
chimico-mécanique originale des phases retrouvées dans les pâtes de ciments mélangés 
et leur arrangement microstructural. Ces contributions devraient jouer un rôle important 
dans l'ingénierie multi-échelle du béton pour un avenir durable. 
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8.1.2 Recommandations pour les prochains travaux 

Le travail effectué dans cette thèse a permis d'identifier différentes orientations de 
recherche pour développer davantage les connaissances acquises au niveau de la 
microstructure des pâtes de ciments mélangés. Les idées de travaux futurs présentées ci-
dessous représentent des étapes possibles (1) pour améliorer la méthode développée dans 
cette thèse et (2) pour répondre à la question de recherche globale qui a motivé cette 
thèse : comment les contributions spécifiques de différents liants conventionnels et 

alternatifs pourraient-elles être combinées pour l'ingénierie multi-échelle de béton 

hautement soutenable? 

8.1.2.1 Améliorations de la méthode NI-QEDS 

Si le développement de la méthode NI-QEDS a repoussé les limites technologiques 
existantes, le travail a aussi permis de dégager des pistes d'amélioration, telles que la 
réduction des microvolumes étudiés (d'au moins un ordre de grandeur), ce qui 
nécessiterait des spécimens à très faible rugosité de surface, de faibles profondeurs de 
nanoindentation et une méthode de pointe de microanalyse chimique par rayons X. Tout 
d'abord, pour surmonter les limites du polissage mécanique conventionnel, une approche 
prometteuse serait le polissage par faisceau d’ions focalisé. Deuxièmement, la 
nanoindentation par mesure continue de la rigidité [91–93] permettrait de déterminer la 
profondeur minimale significative pour étudier les pâtes de ciment et l'échelle à laquelle 
les microvolumes commencent à inclure des mélanges de phases. Troisièmement, la 
réduction des volumes d'analyse chimique nécessiterait de nouvelles techniques d’analyse 
à faible voltage, ce qui représente un défi actuellement abordé par la communauté 
scientifique [296,297]. 

La méthode NI-QEDS pourrait aussi être améliorée par l'ajout d'autres propriétés dans 
l'approche multi-méthodes, telle que la micrographie d’électrons rétrodiffusés à haute 
résolution et à contraste élevé pour pouvoir caractériser la densité des hydrates ou le 
nano-scratch test pour inclure des mesures locales de la ténacité [200,201]. Une étude 
future devrait aussi étudier l'effet de l'environnement sur les propriétés micromécaniques 
des phases, par comparaison d’essais de nanoindentation dans des environnements à 
différentes humidités relatives, avec l'élimination du CO2 ou non. 
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8.1.2.2 Ingénierie multi-échelle de béton hautement soutenable 

Selon l’auteur, la recherche scientifique sur les bétons de demain devra élargir la 
connaissance acquise avec cette thèse, notamment en ce qui a trait aux phases liantes 
alternatives, aux échelles étudiées, aux liens avec les propriétés de transport, à 
l’identification des paramètres clés et à la modélisation prédictive micro-macro des 
propriétés mécaniques et de durabilité. 

Premièrement, l'approche développée devra être utilisée pour explorer une gamme plus 
complète d'hydrates cimentaires, tels que les C–(A)–S–H avec Ca*/(Si + Al) < 1.34, les 
C–A–S–H à couches interconnectées, les aluminosilicates de sodium hydratés (N–A–S–
H), les silicates de magnésium hydratés (M–S–H) ou d'autres phases liantes. Cela 
pourrait être réalisé en utilisant non seulement des systèmes ciment-AC (muris à 
températures ambiante et élevée), mais aussi d'autres types de liants alternatifs tels que 
les aluminosilicates vitreux activés, les ciments à base de magnésium ou les ciments à 
base de sulfoaluminates de calcium. Des travaux en cours explorent aussi l'effet des 
particules ultrafines et des nanomatériaux sur les hydrates, ainsi que sur l'évolution des 
propriétés micro-chimico-mécaniques en fonction du temps et du traitement thermique. 

Deuxièmement, la mise à l’échelle des résultats de cette thèse bénéficiera d’analyses NI-
QEDS sur les mortiers et bétons, qui permettront de quantifier les variations chimico-
mécaniques dans la zone de transition à l’interface pâte-granulats. Le rôle de la porosité 
à différentes échelles devrait également être pris en considération, possiblement en 
incluant les connaissances acquises par nanotomographie avec faisceau d'ions focalisés 
[147,230] ou par nano/microtomographie par rayons X [148,298,299]. 

Troisièmement, si l'un des objectifs de l'ingénierie de bétons hautement soutenables est 
d'obtenir des propriétés mécaniques équivalentes avec une teneur minimale en ciment, 
l'augmentation des durées de vie avec des bétons très durables représente aussi une 
priorité. Certains travaux en cours se concentrent ainsi à établir des relations entre les 
arrangements d'hydrates découverts dans cette thèse et leur contribution à la résistance 
à la pénétration des chlorures, en mettant l'accent sur les mécanismes principaux que 
sont la fixation des chlorures, le raffinement du réseau poreux et la modification de la 
solution de pores. L’investigation de relations similaires face à la durabilité à d'autres 
environnements agressifs devrait également être envisagée. 
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Quatrièmement, il apparait nécessaire de développer la quantification des contributions 
relatives de différents mécanismes aux propriétés mécaniques à l’échelle macro (pour 
chaque AC), tels que la réaction de chaque AC, sa contribution aux hydrates, la 
distribution granulométrique de ses grains anhydres dans les pâtes hydratées, ses effets 
sur propriétés mécaniques globales, etc. Cela pourrait éventuellement faciliter 
l’ingénierie d’effets synergiques par combinaisons optimales de mécanismes dans des 
systèmes complexes incorporant plusieurs types de matériaux cimentaires. 

Cinquièmement, le lien entre les caractéristiques microstructurales observées et les 
différentes propriétés à l’échelle macro sera étudié avec les derniers modèles multi-
échelles hydromécaniques à réseaux discrets [169,170]. En plus de la mise à l'échelle des 
propriétés mécaniques, cette approche de modélisation permet d'estimer la perméabilité 
et la diffusion des chlorures, ce qui nécessitera aussi différentes validations 
expérimentales multi-échelles. Finalement, la modélisation micro-macro pourra 
également inclure d'autres propriétés telles que le fluage [118,259], la résistance en 
compression [260], les propriétés poromécaniques, [290], la résistance à la pénétration 
des chlorures, [291], la résistance à l'abrasion, la ténacité à la rupture [200,201], etc. La 
répartition des phases microstructurales pourrait de plus être liée à la modélisation 
thermodynamique pour prédire le degré de réaction et l'assemblage de phases dans les 
systèmes avec ACA [300], puis validée expérimentalement à l'aide des résultats NI-
QEDS en utilisant des modèles de mélanges micromécaniques [191,224], la diffraction 
des rayons X avec la méthode PONKCS pour les phases amorphes [270,292–295], ou 
l’analyse d'image sur des cartographies chimiques et/ou des micrographies d’électrons 
rétrodiffusées [180,220,241–244]. 

Dans l'ensemble, cette thèse a fourni de nouvelles méthodes et des éléments originaux 
pour la compréhension fondamentale des phases microstructurales des pâtes de ciments 
mélangés, ce qui ouvre la porte à de nouvelles orientations de recherche pour façonner la 
microstructure des bétons novateurs de demain. 



8.2. Conclusions in English 213 
 

 

8.2 Conclusions in English 

In the framework of the multi-scale engineering of highly sustainable concrete, the main 
objective of this thesis was to: quantitatively characterize microstructure particularities 

responsible for macro-scale mechanical properties of promising cementitious matrices 

containing conventional and alternative supplementary cementitious materials. 

Fulfilling such objective required not only the use of the latest micro-chemo-mechanical 
statistical investigation techniques, but also the advancement of the methods to include 
quantitative chemistry measurements and deterministic interpretations of the results. 
Such development led to the automated coupling of NanoIndentation and Quantitative 
Energy-Dispersive Spectroscopy, a novel method described by the acronym NI-QEDS. 

In parallel, identifying microstructure particularities related to macro-scale mechanical 
properties required the comparison of several systems containing different types of 
conventional and alternative supplementary cementitious materials (SCMs). Micro-
chemo-mechanical investigations were thus performed on “relatively simple” Portland-
cement-only pastes and “more complex” blended-cement pastes including fly ash, slag, 
metakaolin, glass powder, natural pozzolans, or calcined clay and limestone. These in-
depth micro-scale investigations unveiled specific effects of each SCM on the 
microstructure phases and their arrangement, as well as some common effects shared by 
more than one SCM. More specifically, the main findings are the following: 

v The cement paste at the micron scale consists of a complex mixture of phases having 
overlapped mechanical properties, which prompted the development of a deterministic 
quantitative NI-QEDS approach enabling the estimation of “pure” phase properties. 

v In the investigated blended-cement systems with typical SCM dosages, the “pure” C–(A)–
S–H (calcium-silicate-hydrates including aluminum or not) showed variable compositions 
(e.g., average Al/(Si + Al) ranging from 0.09 to 0.18) while maintaining a relatively 
constant average Ca*/(Si + Al) = 1.34–1.42, compared to the Portland-cement-only 
system with an average Ca*/(Si + Al) = 1.77 (where Ca* = Ca-S). Interestingly, these 
different “pure” C–(A)–S–H showed average mechanical properties in the limited ranges 

M » 25–27 GPa, H » 0.7–0.8 GPa and C » 180–230 GPa. Eventually, slightly lower 
properties were observed for C–A–S–H in a high-volume natural pozzolan system 
with 60% cement replacement. Moreover, inner-product C–(A)–S–H from alite and slag 
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hydration were found to uptake fewer guest ions than the outer-products (except for Mg 

ions, due to their low mobility) and to have on average higher mechanical properties (M » 

32–33 GPa, H » 0.9–1.0 GPa and C » 180–235 GPa). 
v If C–(A)–S–H have the important role of binding all the phases together in the cement 

paste microstructure, the other anhydrous and hydrous phases also bear important 
mechanical contributions. Deterministic characterization of these other “pure” phases 
thus showed high H, M and C values for the Portlandite and carboaluminates (M = 43 

± 5 GPa, H = 1.7 ± 0.3 GPa and C = 585 ± 175 GPa), for anhydrous SCMs (M » 60–

100 GPa, H » 6.5–8.5 GPa, and C » 3000–8000 GPa) and for “mostly anhydrous” 

clinker phases (M » 85–135 GPa, H » 3.5–11.5 GPa, and C » 1000–14000 GPa, with 
lowest values due to the partial belite hydration over the whole volume of each grain). 

Overall, this work showed that micro-chemo-mechanical signatures of Portland-cement-only 
pastes and blended-cement pastes are fundamentally different. In the former, the C–S–H and 
Portlandite matrix occupies most of the volume, embedding the “few” remaining anhydrous 
clinker grains and the Al-rich hydrates. In the latter, the partially reacted SCMs contribute 
both as hard anhydrous inclusions and to the formation of C–(A)–S–H and/or Al-rich hydrates 
(with the consumption of Portlandite). The relative contribution to these two mechanisms 
seems to depend on the particle size and the reactivity of each SCM. Furthermore, results 
from the high-volume natural pozzolan system and the fly ash system suggest that an 
optimal reactivity for long-term performance does not mean a maximal reactivity. 

8.2.1 Original contributions 

This thesis includes 5 original publications: 3 articles in high-impact journals (two 
published and one being reviewed) and 2 published conference articles (one in refereed 
proceedings). The specific contribution of each of these publications is best summarized 
with the titles of the articles: 

v The micromechanical signature of high-volume natural pozzolan concrete by 
combined statistical nanoindentation and SEM-EDS analyses 

v Automated coupling of NanoIndentation and Quantitative Energy-Dispersive 
Spectroscopy (NI-QEDS): A comprehensive method to disclose the micro-mechanical 
properties of cement pastes 

v Chemo-mechanical properties of cement matrices with fly ash and slag;  
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v Micro-chemo-mechanical Characterization of a Limestone-Calcinated-Clay Cement 
Paste by Statistical Nanoindentation and Quantitative SEM-EDS 

v Unveiling the micro-chemo-mechanical properties of the C–(A)–S–H and other phases 
in typical blended-cement pastes 

This series of articles extends the knowledge boundaries in terms of micro-chemo-
mechanical investigation of complex cementitious systems, both by delivering a powerful 
tool to investigate emerging concrete technologies and by providing original chemo-
mechanical characterization of the phases occurring in blended-cement pastes and their 
microstructure arrangement. These contributions are expected to play a key role in the 
multi-scale engineering of concrete for a sustainable future. 

8.2.2 Recommendations for future work 

The work performed in this thesis enabled the identification of research directions to 
further developing the herein acquired knowledge on blended-cement paste 
microstructures. The following ideas for future work represent possible steps (1) to 
improve the method developed in this thesis and (2) to answer the overarching research 
question, which motivated this thesis: how could the specific contributions of different 

conventional and alternative binding materials be combined for multi-scale engineering of 

highly sustainable concrete? 

8.2.2.1 Improvements to the NI-QEDS method 

If the development of the NI-QEDS method pushed back technological boundaries, the 
work also identified routes for improvement, such as the reduction of the investigated 
microvolumes (by at least an order of magnitude), which would require reduced surface 
roughness, lower nanoindentation depths and the latest X-ray microanalysis approaches. 
Firstly, to overcome the limitations of conventional mechanical polishing, ion-beam 
milling represents a promising approach. Secondly, the continuous stiffness 
measurement method [91–93] could contribute to determining the minimum meaningful 
depth of nanoindentation and the scale where microvolumes begin to include mixtures of 
phases. Thirdly, reducing the chemistry analysis volumes would require new approaches 
at lower voltages, which represent a challenge currently addressed by the scientific 
community [296,297]. 
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Other improvements to the NI-QEDS method include the addition of other properties in 
the multi-method approach, such as the high-resolution-high-contrast back-scattered 
electron imaging to consider the density of the hydrates or the nano-scratch test to 
include local toughness measurements [200,201]. Further work should also investigate 
the effects of the environment on micromechanical properties of phases by comparing 
nanoindentation tests in environments at different relative humidity, with the removal of 
CO2 or not.  

8.2.2.2 Multiscale engineering of highly sustainable concrete 

Following this thesis, the author believes that concrete of the future would benefits from 
extending the research of this thesis in terms of alternative binding phases, investigated 
scales, linkages to transport properties, identification of key parameters and micro-to-
macro predictive modelling of mechanical and durability properties. 

Firstly, the developed approach should be employed to explore a wider range of binding 
hydrates, such as C–(A)–S–H with average Ca*/(Si + Al) < 1.34, C–A–S–H with 
chemically cross-linked layers, sodium aluminosilicate hydrates (N–A–S–H), magnesium 
silicate hydrates (M–S–H) or other binding phases. This could be achieved by using not 
only cement-ASCM systems (at ambient and elevated temperatures), but also other type 
of alternative binders such as activated glassy alumino-silicates, magnesium-based 
cements, or calcium sulfo-aluminate cements. Ongoing works also focus on the effect of 
ultra-fine particles and nanomaterials on the hydrates, as well as the evolution of micro-
chemo-mechanical properties as a function of time and heat treatment. 

Secondly, upscaling the results of this thesis would benefit from NI-QEDS investigations 
of mortars and concrete with the aim to quantify the chemo-mechanical variations in the 
interfacial transition zone around the aggregates. The multi-scale role of porosity would 
also need to be considered, possibly by including knowledge gained by focussed-ion beam 
nanotomography [147,230] or X-ray nano/microtomography [148,298,299]. 

Thirdly, if one goal of engineering highly sustainable concrete is to obtain equivalent 
mechanical properties with the minimum cement content, increasing service life with 
durable concrete represents another priority. Ongoing work thus focus on linking the 
hydrate arrangements uncovered in this thesis to their contribution to the resistance to 
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chloride penetration, focussing on the main mechanisms of chloride binding, pore 
network refinement and modification of the pore solution. Similar relations between 
microstructure phases and durability to other aggressive environments should also be 
considered in future work. 

Fourthly, further developments are needed to quantify the relative contribution of 
different mechanisms to macro-scale strength (for each SCM), such as the reactivity of 
each SCM, its contribution to the hydrates, the particle size distribution of its anhydrous 
grains in the hydrated pastes, its effects on the overall mechanical properties, etc. This 
could allow engineering synergetic effects by optimal combinations of mechanisms in 
complex multi-binder systems.  

Fifthly and most importantly, the link between the observed microstructure features and 
different macro-scale properties will be investigated with the latest discrete hydro-
mechanical lattice multiscale models [169,170]. In addition to the upscaling of 
mechanical properties, this approach enables estimating the permeability and chloride 
diffusion, which will further require multi-scale experimental validations. Eventually, 
the micro-to-macro modelling should also include other properties such as creep 
[118,259], strength [260], poromechanical properties [290], resistance to chloride 
penetration [291], abrasion resistance, fracture toughness [200,201], etc. The repartition 
of microstructure phases could further be linked to thermodynamic modelling for 
predicting the degree of reaction and the phase assemblage of the ASCM systems [300], 
and experimentally validated using either NI-QEDS results with micromechanics 
mixture models [191,224], quantitative X-ray diffraction with the PONKCS method for 
amorphous phases [270,292–295], or image analysis of chemical mappings and/or 
backscattered electron micrographs [180,220,241–244].  

Overall, this thesis provided new methods and original insights for the fundamental 
understanding of microstructure phases in blended-cement pastes, which opened new 
research directions for tailoring the microstructure of novel concrete for the future. 
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