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Abstract 
Partial replacement of clinker with supplementary cementitious materials (SCMs) is an ef-

fective approach to reduce CO2 emissions related to cement production. However, there is a maximum 
substitution level with SCMs beyond which strength decreases. The understanding of the factors con-
trolling the reactivity of SCMs is the main objective of this thesis. This study focused on three main 
SCMs: limestone, calcined clay and slag. 

A decrease of clinker content down to 80% and replacement with fine limestone permits to maintain 
similar strength to PC up to 7 days. The filler effect of fine limestone enhanced the hydration of C3S 
which compensates the dilution of the clinker up to 7 days. The combination of fine limestone (15%) 
and coarse limestone (5%) showed similar strength to the system containing 20% of fine limestone 
and also to PC up to 7 days. Strength results were explained by the phase assemblage using gel space 
ratio. 

Metakaolin reaction slows down in LC3 cement paste at late ages. The results indicated that the lack 
of water-filled capillaries is the most likely mechanism slowing down metakaolin reaction. Internal 
relative humidity measurements showed that at 28 days pore radius above 13 nm are not saturated 
with water. Based on Kelvin-Laplace equation, the growth of AFm and C-A-S-H phases were sug-
gested to be limited below a range of pore radius around 3 to 8 nm.   

The strength and phase assemblage of LC3 with clinker content from 50% to 30% were studied. The 
substitution of 70% of clinker by 30% calcined clay and 40% limestone showed strength development 
passing the criteria for 32.5 N class, using a CEM I 42.5 R for the cement part. In the blend with 30% 
of clinker, metakaolin reaction did not slow down despite the depletion of portlandite at 7 days. Cal-
cium was most likely consumed from C-A-S-H phases. Strength results of LC3 blends were explained 
by the combined water fraction approach since gel space ratio requires the quantification of the C-A-
S-H composition, which is very challenging for low-clinker systems. 

The slow kinetics of slag reaction induced low strength development at early age. The dissolution of 
slag in NaOH solution with water solid ratio of 100 showed that the addition of calcium significantly 
slows down the rate of dissolution. In blended cements, slag dissolution might be delayed at early age 
due to the high concentration of calcium in the pore solution. At late ages, slag reaction in cement 
paste seems to be limited in capillaries above pore radius of 6 nm due to the lack of water.  

The main findings of this research should allow to increase the replacement level of clinker in blended 
cements. 

Keywords: Limestone, LC3, slag, reaction degree, low clinker amount, early and late ages



Résumé 

vi 

 

Résumé 
Le remplacement partiel du clinker par des matériaux cimentaires de substitution (MCS) est 

une approche efficace pour réduire les émissions de CO2 liées à la production de ciment. Cependant, 
il existe un taux de substitution maximal avec ces matériaux au-delà duquel la résistance à la com-
pression diminue. Cette étude s’est focalisée sur trois matériaux principaux : le calcaire, l’argile cal-
cinée et le laitier. 

La diminution de la teneur en clinker jusqu’à 80 % et le remplacement par du calcaire fin a permis de 
maintenir une résistance similaire au PC jusqu’à 7 jours. L’effet « filler » du calcaire fin a amélioré 
l’hydratation du C3S, ce qui a compensé la dilution du clinker jusqu’à 7 jours. La combinaison de 
calcaire fin (15%) et de calcaire grossier (5%) permet d’obtenir une résistance similaire avec le sys-
tème contenant 20% de calcaire fin et aussi avec le PC jusqu’à 7 jours. Les résistances à la compres-
sion ont été expliquées par l’assemblage de phase en utilisant le rapport du gel sur l’espace disponible.  

La réaction au métakaolin est ralentie dans la pâte de ciment LC3 à âge tardif. Les résultats indiquent 
que le manque de capillaires remplis d’eau est le mécanisme le plus probable expliquant le ralentis-
sement de la réaction au métakaolin. Les essais d’humidité relative interne ont indiqué qu’à 28 jours, 
les pores avec un rayon supérieur à 13 nm ne sont pas saturés en eau. D’après l’équation de Kelvin-
Laplace, il est également suggéré que la croissance des phases AFm et C-A-S-H soit limitée en-des-
sous d’une limite de taille de pores comprise entre 3 et 8 nm. 

Malgré la substitution de 70 % de clinker par 30 % d’argile calcinée et 40 % de calcaire, le mélange 
a montré des résistances plus élevées que celles de la classe 32,5 N, le tout en utilisant un CEM I 42.5 
R pour la partie ciment. Dans le système avec 30 % de clinker, la réaction du métakaolin n’est pas 
ralentie malgré l’épuisement de la portlandite à 7 jours. Le calcium est très probablement consommé 
du C-A-S-H. Les résistances mécaniques des mélanges LC3 ont été expliqués par l’approche de la 
fraction d’eau combinée. 

La cinétique lente de la réaction du laitier a induit une faible résistance à la compression à jeune âge. 
L’isolement du laitier dans la solution de NaOH avec un rapport eau sur solide de 100 a montré que 
l’addition de calcium diminue la dissolution du laitier. Dans les ciments composites, la dissolution 
du laitier pourrait être retardée à jeune âge en raison de la forte concentration de calcium dans la 
solution de pore. Pour les âges tardifs, la réaction au laitier pourrait être limitée dans les capillaires 
au-dessus du rayon des pores de 6 nm en raison du manque d’eau.  

Les principales conclusions de cette recherche devraient permettre d’augmenter le niveau de rempla-
cement du clinker dans les ciments composites. 
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Chapter 1 Introduction 

1 

 

 Introduction 
1.1 Background 

Concrete is the most produced man-made material representing about half of everything that is pro-
duced in the world. This is due to concrete being a cheap, user-friendly, durable material with high 
performance. The fact that cement and concrete only account for 5-7% of the anthropogenic CO2 
shows that these materials are ecological compared to other building materials, despite the huge vol-
ume produced. Figure 1-1 shows the embodied energy of concrete which is negligible compared to 
steel or glass for example [1]. 

 

Figure 1-1. Comparison of embodied energy of construction materials [1] 
 

Concrete is a construction material composed of cement (clinker ground with gypsum), fine and 
coarse aggregates mixed with water which hardens with time. The production of clinker is the most 
emissive step of cement and concrete production. Clinker production requires the calcination of the 
raw materials, mainly limestone and clay. These materials are heated at 1450°C. Carbon dioxide is 
released during the calcination of limestone (CaCO3) at about 700°C-800°C. The temperature of the 
kiln allows the reaction of the lime (CaO) with silica, aluminum and iron-containing materials to 
produce clinker. The calcination of limestone is responsible for about 60% of the CO2 emissions. The 
remaining 40% comes from the burning of the fossil fuel to reach the temperature of 1450°C. 
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Because of the huge quantities of concrete produced, a small reduction of CO2 emissions achieved 
per kilogram of cement has a significant impact compared with other industries. The International 
Energy Agency (IEA) and the The World Business. 

 Council for Sustainable Development (WBCSD) [2] proposed several mitigation scenarios for CO2 
emissions to limit the global warming to 2°C in 2100. Cement industry has to reduce the CO2 emis-
sions by 24% by 2050, while the cement consumption keeps increasing [2]. Several approaches have 
been developed for the reduction of the CO2 emissions [3–6]: 

- Replacement of the fossil fuel proportion for the clinker process by alternative fuels such as used 
tires, waste oil, plastics, refused-derived fuels and mainly biomass.  

- Partial substitution of the raw materials used for making clinker by wastes, and by-products from 
other industries. 

- Optimization of the binder content in concrete with the maximization of the aggregate fractions.  

- Recycling of concrete to reduce the amount of construction and demolition waste going to land fill 
and the amount of resources required for concrete. 
- Partial substitution of clinker with supplementary cementitious materials (SCMs). Figure 1-2 shows 
the evolution of clinker substitutes over the past 25 years. However, the level of decreasing clinker 
factor is rather constant. This is due to the fact that the supply of the most frequent clinker substitutes 
mainly blast furnace slags and fly ash of acceptable quality, is relatively modest compared to total 
cement production [6]. 
 

 

Figure 1-2. Evolution of the world average clinker substitution [6] 
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1.2 Portland cement 

Portland cement clinker contains four principal minerals: 

• Alite or tricalcium silicate, Ca3SiO5 (in oxide terms 3CaO.SiO2), abbreviated to C3S; 
• Belite or dicalcium silicate, Ca2SiO4 (in oxide terms 2CaO.SiO2), abbreviated to C2S; 
• Tricalcium aluminate, CaAl2O6 (in oxide terms 3CaO. Al2O3), abbreviated to C3A; 
• Tetracalcium alumino-ferrite, Ca2AlFeO5 (in oxide terms 4CaO.Al2O3. Fe2O3), abbreviated 

to C4AF. 

 
The reaction of cement with water is termed "hydration". This involves several chemical reactions 
which give to the cement its hardening and strength. Most of these reactions are exothermic: the 
overall heat released can be followed by isothermal calorimetry. A typical calorimetry curve of Port-
land cement is shown in Figure 1-3.  
 

 

Figure 1-3. Calorimetry curve of modern Portland cement, showing C3S hydration, ettringite and later AFm 
formation [7] 

 
Alite phases (C3S) in PC react with water to produce crystalline calcium hydroxide (CH) and the 
nanocrystalline gel calcium-silicate-hydrates (C-S-H) as described in Equation 1-1. The hydration of 
belite phases (C2S) occurs in a similar was as alite phases (Equation 1-2) but in a slower rate.  
 

yC3S + H   (3y-x) CH +Cx-Sy-H Equation 1-1 
 

yC2S + H   (2y-x) CH +Cx-Sy-H Equation 1-2 
 

The reaction of C3A with water is rapid. Calcium sulfates or gypsum delay this reaction (Equation 
1-3). C3A reacts with water, in the presence of gypsum to form a product generally referred to as 
“ettringite”, and also AFt phase (Aluminate Ferrite trisulfate) [8].  
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C3A +C$H2 +H  C6A$3H32 Equation 1-3 
 

After depletion of the sulfate, “monosulfate” is formed as shown in Equation 1-4 which is also termed 
“AFm” (Aluminate Ferrite monosulfate) [8]. 

2C3A + C6A$3H32 +4H −>  3C4A$H12    Equation 1-4 
 

The ferrite phase (C4AF) reacts in a similar way to the C3A but more slowly.  One important differ-
ence is that some of the aluminum in the reaction products is substituted for iron [8]. Additionally, as 
results of the ferrite phase reactions, iron containing hydrogarnets are formed as described in Equation 
1-5: 

C4AF+ 3C$H2 + 21H→ C6 (A, F) $3H32 + (F, A) H3     Equation 1-5 
 

1.3 Clinker substitution with Supplementary cementitious materials (SCMs) 

The most frequently used SCMs for clinker replacement are limestone, slag and fly ash [6,9].  
Limestone is a sedimentary rock composed mostly of calcite which is a crystal form of calcium car-
bonate (CaCO3). Limestone reacts in cementitious systems with the aluminate of the clinker 
phases.As previously mentioned,  after complete consumption of the sulfate source, some of the 
ettringite reacts with remaining C3A to form monosulfoaluminate phase (Ms) [10,11]. In presence of 
limestone, C3A reacts with calcium carbonate to form hemi-(Hc)  and monocarboaluminate phases 
(Mc) [10–16] (Equation 1-6 and    Equation 1-7 ). As a consequence, ettringite phase is retained 
[11,13]. 
 

C3A + 0.5CC���� + 0.5CH + 11.5H → C4A𝐶𝐶̅0.5H12  Equation 1-6 

 

               C3A + CC���� + 11H → C4A𝐶𝐶̅H11     Equation 1-7  

 

About 2-5% of limestone reacts during hydration of Portland cements [10,12]. The limiting factor for 
limestone reaction is the aluminate from C3A and C4AF. The amounts of Hc and Mc are related to 
the initial aluminate content of clinker [13] and the initial aluminate to sulfate ratio of the system 
[16]. 

Slag is a by-product from the steel industry. Different types of products are obtained depending on 
the method used to cool the molten slag. These products include air-cooled blast furnace slag (AC-
BFS), expanded or foamed slag, pelletized slag, and granulated blast furnace slag [17]. Ground-gran-
ulated blast-furnace slag (GGBFS) is obtained when slag is cooled and solidified by rapid water 
quenching to form a glassy material [18]. GGBFS shows hydraulic cementing properties after 
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grinding. The composition of GGBFS can range from 30-50% for CaO, 28-38% for SiO2, 8-24% for 
Al2O3, and 1-18% for MgO [19]. This composition is closer to Portland cement than the other SCMs. 
In blended cements, slag exhibits both hydraulic and pozzolanic behaviour, i.e. slag also consumes 
portlandite. The reaction of slag cement leads to the formation of C-(A)-S-H with a lower calcium to 
silicon ratio compared to Portland cement, a hydrotalcite-like phase, ettringite and AFm phases in-
cluding strätlingite C2ASH8 [19]. 

Fly ash is the combustion residue of coal-burning electric power plants, which flies up with the flue 
gas stream and is removed by mechanical separators, electrostatic precipitators, or bag filters [20]. 
The composition of fly ash is highly heterogeneous [21]. Fly ash is mainly composed of SiO2, but it 
can contain also significant quantities of Al2O3 and CaO [19]. Fly ash reacts as pozzolanic material.  

Slag and fly ash have been cost-effective substitutes for Portland cement for several decades [5]. 
However, these SCMs are not widely available and they are almost fully used in cement [9]. The 
limited availability of fly ash and slag means that their contribution to decrease the carbon footprint 
of cement will not exceed 10% of the CO2 reduction targets [4].  In recent years, clays and especially 
kaolinitic clays, have receiving increasing attention and this is due to their wide availability, espe-
cially in equatorial to subtropical parts of the world. Figure 1-3 shows the wide availability of kao-
linitic clays, present mainly in oxisols, ultisols and alfisols (in pink, yellow and pale green on the 
map). Interestingly, kaolinitic clays are widely present in regions where the demand for cement is 
increasing significantly [22].  

 

 

 

Figure 1-4. Presence of kaolinite in oxisols (pink), ultisols (yellow) and alfisols (pale green) [23] 
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Kaolinitic clays are the most suitable type of clays because they are the most reactive. This higher 
reactivity is explained by their structure. Kaolinite is different from other types of clays such as illite 
or smectite by its layer structure which is 1:1 type [23,24]. The basic structural unit of kaolinite con-
sists of one tetrahedral (Si–O) sheet and one octahedral (Al–O) layer and its stoichiometric formula 
is Al2Si2O5(OH)4 [25]. Without calcination, kaolinite clays are not reactive. The pozzolanic activity 
of kaolinite clays can be obtained by thermal activation between 600°C and 900°C [26]. Kaolinite 
transforms into an amorphous metastable phase called metakaolin, according to Equation 1-8 [24].  

Al2O3 (SiO2)2 .2H2O → Al2O3(SiO2)2 + 2H2O     Equation 1-8 

AS2H2 → AS2 + 2H  

 

The reactivity of metakaolin has been linked to the structural disorder during the dehydroxylation 
process [24,27]. A change of the coordination number of Al from octahedral AlVI to AlIV and espe-
cially AlV has been reported [27]. This AlV is not observed for the other types of calcined clays. 

Metakaolin reacts as a pozzolanic material to form mainly C-A-S-H, with sometimes strätlingite after 
portlandite depletion [28–30] . This reaction is summarized in  Equation 1-9 

AS2 + CH + 6H → C-A-S-H + C2ASH8        Equation 1-9 

 

The combination of calcined clay with limestone in Limestone Calcined Clay Cements (LC3) allows 
higher clinker substitution level while maintaining good mechanical properties. In LC3_50, the 
clinker content is reduced down to 50%, and similar strength to plain cement can be obtained from 7 
days onwards, even using calcined kaolinitic clays with only 40% of kaolinite [31]. This is explained 
by the pozzolanic reaction of metakaolin, the reaction of calcite with the aluminate from the clinker 
and from the reaction of metakaolin with calcite. Metakaolin provides extra aluminates which in-
crease the formation of carboaluminate hydrates, according to Equation 1-10 

A (from AS2) + CC���� + 3CH + 11H → C4A𝐶𝐶̅H11 Equation 1-10 

 

In addition to the chemical effect, the SCMs affects the hydration of blended cement in a physical 
way [19].  This effect is usually referred to as the filler effect. The main mechanisms contributing to 
the filler effect are: 

- SCMs and particularly limestone, enhance cement hydration by providing nucleation sites for C-S-
H [32].  Additionally, the presence of fine SCMs increases the shearing rate during mixing because 
of the decrease of the distance between particles [32,33]. The nucleation sites and the increase of the 
shearing rate lead to the enhancement of the heterogenous nucleation of C-S-H. 
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- The replacement of clinker with SCMs increases the water to clinker ratio while maintaining the 
same water to solid ratio. This dilution effect means that extra space is provided for clinker hydration 
[19]. 

 

1.4 Limitation of the use of SCMs 

Partial replacement of clinker with SCMs is an effective approach to reduce the environmental impact 
of cement and concrete. However, blending cement with SCMs presents some limitations: 

- The replacement of clinker by limestone is limited above 10-15% in blended cements.  Beyond this 
limit, strength decreases compared with plain cement due to the decrease of clinker factor.  

- The combination of calcined clay and limestone in LC3 blend permits to decrease clinker factor 
down to 50%. Compressive strength of LC3 is similar to PC from 7 days onwards. However, me-
takaolin and clinker do not achieve full reaction even over long-term period. 

- The replacement of clinker by slag shows similar or better durability properties to plain cement. 
However, the reaction of slag is generally slower and lower than that the hydration of clinker phases. 
The slow kinetics of slag leads to low early age strength development.   

 

1.5 Objective of the thesis 

The goal of this project is to understand the factors controlling the reactivity of SCMs in blended 
cement. The insights gained in this study permits to find ways to maximize the replacement level of 
SCMs in blended cements. The thesis refers to the key steps for understanding of the factors limiting 
or enhancing the reactivity of SCMs. All the chapters are adapted from papers being submitted to the 
Cement and Concrete Research journal. The thesis is organized in the order detailed hereafter: 

Cement blended with fly ash was not fully investigated in this project since the preliminary results 
showed poor strength development compared to Portland cement. The initial findings for fly ash ce-
ment are detailed in the appendix 2. 

Chapter 2 investigates the influence of limestone fineness on strength and cement hydration for 20% 
of clinker substitution. The combination of two limestone fineness was studied in terms of strength 
development and phase assemblage.  

 

Chapter 3 presents a fundamental approach to understand the mechanisms slowing down metakaolin 
reaction in LC3 cement paste at late ages.  

 

Chapter 4 investigates the performance of LC3 formulations with clinker content down to 30%. The 
phase assemblage is characterized to better understand strength development.  
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Chapter 5 investigates the factors limiting the reaction of slag in cement paste at early and late age.  

 

Chapter 6 summarizes the conclusions of the studies and gives the suggestions for further work.

 

   



 

9 

 



 

10 

 



Chapter 2 Impact of limestone fineness on cement hydration at early age 

11 

 

 Impact of limestone fineness on ce-
ment hydration at early age 

 

 

 

 

 

 

 

 

Abstract 

This study compares the influence of two limestone fineness on strength development and cement 
hydration. The replacement of clinker by 20% of fine limestone (dv,50=2 μm and SSA=4,21 m2/g) 
permits to obtain similar strength development to PC up to 7 days. The beneficial impact of fine 
limestone is explained by the filler effect of limestone, i.e. the extra nucleation sites for C-S-H and 
the dilution effect. The influence of coarse limestone (dv,50=130 μm and SSA=0,46 m2/g) on cement 
hydration is mainly observed at late ages due to dilution effect. The combination of fine and coarse 
limestone was also studied. Similar strength was obtained for 20% fine limestone and 15% fine lime-
stone mixed with 5% coarse limestone. This is explained by similar phase assemblage. Additionally, 
the results showed that despite the similarity of specific surface area, limestone is more effective than 
quartz for the enhancement of cement hydration.  

Keywords: fineness, filler effect, dilution effect 
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2.1 Introduction 

Ground limestone is a widely available material and it has been used for several decades in cement 
as partial clinker substitute. Limestone contributes to the hydration of cementitious system in two 
manners: chemically and physically [10,13,16,19,34–37]. Limestone reacts in cementitious systems 
with the aluminate to produce hemi- and monocarboaluminate phases [12,16,36]. As a consequence, 
the formation of ettringite is retained [10].  

In addition to the chemical effect, limestone acts as filler in cementitious systems [19].  As such, 
limestone enhances cement hydration by providing nucleation sites for C-S-H [32]. Moreover, the 
presence of limestone particles increases the shearing rate during mixing because of the decrease of 
the distance between particles [32,33]. The nucleation sites and the increase of the shearing rate lead 
to the enhancement of the heterogenous nucleation of C-S-H. Berodier and Scrivener [32] showed 
that limestone is more effective in increasing the nucleation of C-S-H compared to quartz. It has been 
proposed that this is due to the solubility of limestone which gives higher calcium near the surface 
[35]. However, the addition of limestone increases the water to clinker ratio [19]. This dilution effect 
means that more space is available for clinker hydration.   

In terms of strength development, the chemical and physical effects of limestone permit to compen-
sate the decrease of the clinker content up to 15% replacement [38].  Above this limit, the properties 
of blended cement with limestone tend to decrease due to the decrease of the clinker content [10,16]. 

This research looks at the impact of limestone fineness at the higher level of 20% substitution. The 
influence of the fineness of limestone on cement hydration was investigated. The combination of two 
limestone fineness was studied. Phase assemblage and strength development were investigated. 

2.2 Matreials and methods 

2.2.1 Materials 

Clinker was provided form HeidelbergCement. Soluble anhydrite was from Saint-Gobain, it is pro-
duced by heating natural gypsum at 200°C, which makes it highly soluble and much more reactive 
than natural anhydrite [39]. Two limestone powders with different particle sizes were used in this 
study referred as fine limestone (FL) and coarse limestone (CL). The content of calcium carbonate 
was above 98% as measured by thermogravimetric analysis (TGA). Fine quartz (FQ) is from Sibelco 
company. The chemical composition of the materials determined by X-ray fluorescence (XRF) anal-
ysis are shown in Table 2-1. 
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               Clinker Limestone Quartz 

CaO 64.41 54.21 <0.01 

SiO2 20.62 0.96 99.62 

Al2O3 5.71 0.25 <0.01 

Fe2O3 3.7 0.22 0.016 

MgO 1.63 0.89 <0.01 

Na2O 0.18 - <0.01 

K2O 1.27 - <0.01 

SO3 0.97 - <0.01 

TiO2 0.3 - <0.01 

P2O5 0.12 - <0.01 

LOI 0.8 42.6 0.1 

Table 2-1. Chemical compositions of all powders 

 

Particle size distribution of the powders determined using the laser diffraction technique with a Mal-
vern Mastersizer is plotted in Figure 2-1. Table 2-2 summarizes the median diameter (dv,50) and the 
specific surface area (SSA) determined by nitrogen adsorption. In order to distinguish between the 
contribution of fine and coarse limestone in combined fraction systems, the coarse limestone was 
sieved to remove all fine particles. The particles were dispersed using sodium metaphosphate follow-
ing the recommendations in the book “A practical guide to Microstructural Analysis of Cementitious 
Materials” [40]. Afterwards, limestone particles were wet sieved. The PSD was checked to make sure 
that all fine particles were removed as shown in Figure 2-1. 
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Figure 2-1. PSD for all powders 

  

 Clinker FL CL FQ 

d50(μm) 15 2 130 2 

SSA(m2/g) 0.85 4.21 0.46 4.07 

Table 2-2. Median diameter and specific surface area of all materials 

 

Table 2-3 shows the different blended cements investigated in this study. Beside the reference cement 
PC, systems blended with fine and coarse limestone were compared. The replacement of fine lime-
stone with fine quartz with similar fineness (Table 2-2) was investigated to understand better the filler 
effect of both powders. The combination of fine and coarse fractions of limestone was also investi-
gated in this study. The pastes were blended with a water to binder ratio 0.4. Regarding the sulfate 
adjustment, a content of 4.5% of soluble anhydrite (2,64% of SO3) was added to clinker in Portland 
cement. Recently, Zunino and Scrivener [41] showed that fine fillers increase the hydration of alite 
in the main heat evolution peak, so that more sulfate is adsorbed by C-S-H during this peak. There-
fore, the sulfate depletion peak occurs earlier when fillers are incorporated into the cement. Thus, 
higher amount of anhydrite (5%) corresponding to 2,94% of SO3 was added to limestone blended 
cements.  
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 Clinker FL CL FQ Anhydrite 

PC 95.5 0 0 0 4.5 

20FL 76 19 0 0 5 

15FL_5CL 76 14.25 4.75 0 5 

10FL_10CL 76 9.5 9.5 0 5 

5FL_15CL 76 4.75 14.25 0 5 

20CL 76 0 19 0 5 

20FQ 76 0 0 19 5 

Table 2-3. Mix proportions of investigated systems (w/b=0.4) 

 

2.2.2 Methods 

Compressive strength of PC and blended cements was tested following the European standard EN 
196-1.  

The cement paste was mixed for 2 min at 1600 rpm and the exothermic reaction was followed by 
calorimetry (TAM Air, TA Instruments). 

Cement pastes were placed in plastic cylinder bottles (2 cm of diameter, 5 cm height) and sealed with 
parafilm. For each testing age, four slices of the sample with 2mm thickness were cut with a diamond 
saw using deionized water as a lubricant. One fresh slice was used for X-Ray Diffraction (XRD) 
measurements for the characterization of crystalline phases formed during hydration. 

The hydration was stopped with isopropanol for the remained slices as it is recommended as the least 
damaging solvent for the microstructure [42]. The following experiments were carried out: 

For porosity characterization, mercury intrusion porosimetry (MIP) was used with a contact angle of 
120°. SEM was used for qualitative microstructure investigations. The phase assemblage of all stud-
ied systems was estimated by the mass balance approach [21,31]. The methods employed in this study 
are detailed in Appendix 1: Methods. 

For ponding tests, mortar mixtures were cast in cylindrical (11cm diameter - 30 cm height) moulds. 
After 24 h of curing in sealed conditions, specimen was demolded and stored in a fog room 
(RH>95%). After 28 days of curing, the mortar cylinders were cut into two halves. The epoxy was 
applied on all surfaces except the saw cut face and submerged in 3wt. % NaCl solution. Chloride 
profiles were obtained in accordance with ASTM-C1152 procedure after 6 months of exposure.  

https://www.sciencedirect.com/topics/materials-science/compressive-strength
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2.3 Results 

2.3.1 Strength development   

Figure 2-2 shows the strength development for PC and blended cements. Up to 7 days, fine limestone 
cement shows strength similar to PC. Replacing fine limestone powder with fine quartz powder, gave 
slightly lower compressive strengths, throughout the testing period, with the largest differences at 2, 
3 and 7 days. Coarse limestone cement shows the lowest strength development for all ages. 

 

Figure 2-2. Compressive strength for PC and blended cements 

 

2.3.2 Heat flow and degree of clinker hydration 

Figure 2-3 shows the heat flow normalized per g of paste a) and per g of clinker b) for PC and 
limestone/quartz cements. The induction period seems to be not affected with the addition of fillers. 
At the end of the induction period, the heat increases more sharply and steeply for both fine additions, 
slightly more for the limestone than the quartz. The non-normalaized heat flow showed that the in-
crease of C3S hydration is higher for limestone and similar for quartz – i.e. the enhancement effect of 
fillers, compensates the dilution effect due to the decrease of clinker amount. This is not the case for 
coarse limestone showing lower heat release per g of paste compared to PC.  
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Figure 2-3. Heat flow normalized per g of paste a) and clinker b) for PC and blended cements 

 

The degree of hydration of C3S and C3A measured by XRD-Rietveld analysis is shown in Figure 2-4. 
Fine limestone and quartz enhaced C3S hydratiom for all ages. The enhacement effect is higher with 
fine limesotne as previously for the heat flow (Figure 2-3). At 1 day, coarse limestone shows similar 
degree of hydration of C3S compared to PC. Afterwards, the hydration is increased with the same 
slope as PC. C3A hydration is enhanced in the presence of fine limestone particles but seems to be 
delayed in coarse limestone cement up to 7 days. This could be explained by the additional sulfate to 
the system in comparison to Portland cement and lower alite hydration (less adsorption of sulfate on 
C-S-H). After 7 days there is little further hydration of C3S and C3A in any of the systems. 

 

Figure 2-4. Degree of C3S and C3A hydration in PC and blended cements  
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2.3.3 Chemical effect 

Figure 2-5 shows the calcite content a) and the amount of ettringite and AFm contents b) in limestone 
blended cements. Ettringite and AFm amounts in PC and quartz cements are indicated as points. Up 
to 7 days, higher amount of ettringite and AFm phases are obtained with fine limestone addition. This 
is in line with the higher hydration of C3A (Figure 2-4) along with higher calcite reaction. Ettringite 
and AFm contents are comparable between PC, coarse limestone and quartz cements up to 7 days.  
The low amount of ettringite in coarse limestone is explained by the delayed hydration of C3A as 
mentioned earlier. The presence of AFm even in PC and quartz cements is explained by the presence 
of calcite in clinker as shown by XRF (Table 2-1). AFm amount does not fully correspond to the 
amount of calcite reacted at late ages. This is due to the small error measurement related to calcite 
quantification induced by the preferred orientation of calcite.  

 

Figure 2-5. a) Calcite content in limestone cements b) AFm and ettringite amounts in limestone cements (the 
points are for PC and quartz blend) 

 

2.3.4 Porosity 

The impact of the incorporation of limestone and quartz on porosity after 1 and 28 days of hydration 
was investigated and plotted in Figure 2-6. At 1 day, cement blended with fine limestone and fine 
quartz show similar critical entry pore radius to PC (30 nm) but higher total porosity. On the other 
hand, coarse limestone shows higher total porosity and higher critical entry radius. At 28 days, the 
substituted systems have slightly higher porosity than the PC system. A similar critical entry radii 
(11nm) is obtained for all systems, with that of the coarse limestone system still slightly higher.  
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Figure 2-6. Porosity evolution at 1 and 28 days of hydration for PC and blended cements 

 

Microstructural observations at 3 days for PC and limestone cements are shown in Figure 2-7. PC 
shows denser microstructure compared to the limestone cements.  Fine limestone particles are well 
dispersed between the anhydrous clinker particles, while larger voids are apparent in the coarse lime-
stone cement. 
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Figure 2-7. SEM observations for PC and limestone cement at 3 days of hydration 

 

2.3.5 Chloride resistance  
The chloride penetration profile in mortar samples after 6 months of exposure to 3 wt.% NaCl solution 
is given in Figure 2-8. The highest chloride content is observed with coarse limestone cement at the 
surface of the sample but also in depth. Slightly less chloride penetration is seen with fine limestone 
cement. Both limestone cements showed similar pore structure at 28 days (Figure 2-6) explaining the 
similarity in terms of chloride resistance after 6 months of exposure to NaCl solution. PC mortar 
shows the lowest chloride penetration. 
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Figure 2-8. Chloride content for PC and limestone cement mortars after 6 months of exposure to 3 wt.% 
NaCl ponding solution 

 

2.3.6 Combination of fine and coarse limestone  
Previous results showed that 20% of clinker can be replaced by fine limestone particles while main-
taining similar strength development up to 7 days. However, increasing the surface area could in-
crease the water demand [43,44]. Therefore, a study was made in which fine limestone was progres-
sively replaced by coarse limestone in increments of 5%. 

Compressive strength for all blended cements is plotted in Figure 2-9. The dashed lines represent the 
strength for PC. The higher the fine limestone content or the lower the coarse limestone, the higher 
is the compressive strength. The mix 15% of fine particles and 5% of coarse limestone showed simi-
lar, or even slightly higher strength compared to the system with 20% of fine limestone.  
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Figure 2-9. Compressive strength as a function of fine/coarse limestone powder from 1 up to 90 days 

 

The volume amount of C-S-H and hemi- and mono-carboaluminate phases determined by mass bal-
ance approach is plotted at 1, 3 and 28 days in Figure 2-10. The highest amount of C-S-H is observed 
with PC. For all ages, a similar C-S-H amount is obtained between the two mixes with 20% and 15% 
of fine limestone. Similar observations are obtained for the blends with 20% and 15% of coarse lime-
stone. Between 3 and 28 days, there is no significant evolution of C-S-H amount in limestone ce-
ments. AFm amount is higher with higher amount of fine limestone addition. 

 

Figure 2-10. C-S-H and Hc+Mc amounts for PC and limestone cements at 1, 3 and 28 days 
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2.3.7 Correlation between strength and phase assemblage 
The gel to space ratio permits to determine to which extent the available space is filled up by the 
hydrates [24,45,46]. The gel to space approach is the ratio of volume of hydration products to the 
space available for these hydrates as indicated in Equation 2-1. The gel is defined as the sum of the 
volume occupied by the hydration products including C-S-H, portlandite, AFm phases and AFt phases 
“ΣVhydration products”. The space is defined as the sum of the initial water volume Vwater,i and the volume 
left by the reacted binder Vreacted binder. The binders here are clinker, limestone and anhydrite. 

GSRΣhydrates=
𝛴𝛴𝛴𝛴ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝛴𝛴𝑉𝑉𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦,𝑖𝑖+𝛴𝛴𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑏𝑏𝑖𝑖𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦
 Equation 2-1 

 

The influence of the errors of measurements of the input data from mass balance approach on the 
determination of gel space ratio was established using a sensitivity analysis. The error values consid-
ered for the determination of the clinker phase content, the ettringite quantification, the C-S-H com-
position and the portlandite quantification were adapted from previous study [21]. Based on these 
errors, the maximum variations were applied to study their impact on the gel to space ratio.  Figure 
2-11 shows the compressive strength against gel space ratio for PC and all investigated blends in this 
study. The dashed lines indicate the deviations based on sensitivity analysis for all phases. A clear 
linear trend of the compressive strength with the gel to space ratio is obtained with all systems. 

 

Figure 2-11. Correlation between compressive strength and gel space ratio considering the gel as the sum of 
hydration products 

 

Blending 15% of fine limestone with 5% of coarse limestone maintained similar strength to the sys-
tem with 20% of fine limestone for all ages. The results are explained with the similarity of phase 
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assemblage. A clear linear correlation between compressive strength and gel space ratio was obtained 
for all investigated systems. 

 

2.4 Conclusions 

This study describes the influence of limestone fineness on strength development and clinker hydra-
tion with a replacement level of 20%. Fine limestone was replaced with quartz with similar fineness 
(PSD and SSA) to understand the contribution of fine limestone on cement hydration. Similar com-
pressive strength was obtained between PC and fine limestone blended cement up to 7 days. Replac-
ing limestone with quartz decreased strength development with the main differences at 2, 3 and 7 
days. The results were explained with the increase of C3S hydration due to the enhancement effect of 
fillers and therefore compensating the dilution effect due to the decrease of clinker amount. Coarse 
limestone showed the lowest strength development for all ages. The influence of coarse limestone on 
cement hydration was mainly observed at late ages due to dilution effect. 

In the second study, fine limestone was progressively replaced by coarse limestone in increments of 
5%. Blending fine limestone (15%) and coarse limestone (5%) showed similar strength with the sys-
tem containing 20% of fine limestone. A similar phase assemblage was obtained for all systems lead-
ing to a linear correlation between compressive strength and gel space ratio. 

To sum up, this research showed that the substitution limit with limestone can be increased up to 20% 
without compromising strength development.  

 

 

 

 

 

 

 

 

 



 

25 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

26 

 

 

 

 

 

 

 

  

 



Chapter 3 Understanding of the slowing down of metakaolin reaction in limestone calcined clay cement (LC3) at late ages 

27 

 

 Understanding of the slowing down 
of metakaolin reaction in limestone calcined clay 
cement (LC3) at late ages 

 

 

 

 

 

 

 

 

 

Abstract 

Factors which could explain the slowing down of the metakaolin reaction in LC3 blends are investi-
gated. Portlandite availability and the presence of aluminium ions in the pore solution are shown not 
to be slowing down factors. In this study, the upper and lower limits of water filled pores were inves-
tigated as factors slowing down the reactivity of metakaolin at later ages. Internal relative humidity 
measurements indicate that at 28 days water is present only in pores below 13 nm. Above this limit, 
hydration products cannot deposit and the metakaolin reaction is slowed down. Below this limit, the 
growth of AFm and C-(A)-S-H seems to be limited below a range of pore radii between 3 to 7 nm 
due to the level of concentration in solution required to balance the increase of the surface energy 
associated with curvature of crystals to grow into small pores. An enhancement of metakaolin reac-
tion was obtained at late ages when the capillaries are filled with solution. 
 
Keywords: pore radius, saturation index, water-filled capillary pores 
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3.1 Introduction 

To reduce the environmental impact of cement production, supplementary cementitious materials 
(SCMs) are increasingly used in blended cements. The high demand for SCMs cannot be met with 
traditional SCMs, such as fly ash and granulated blast furnace slag as the amount of these relative to 
cement is rather low [6]. Slag plus useable fly ash is at present about 15% of cement production 
globally and this is will decrease in the near future [4,6,9]. Recently, studies have focused on replac-
ing clinker with a combination of calcined clay and limestone which have the advantage of being 
abundant: LC3 (limestone calcined clay cement) [6]. The replacement level of Portland cement by 
LC3 can be as high as 50% with similar compressive strength to plain Portland cement from 7 days 
onwards [15]. However, neither clinker nor metakaolin react completely in LC3 cement pastes with 
w/b of 0.4 at late ages [31].  

Different mechanisms have been considered for the slowing down of reaction at late ages. Antoni et 
al. [47] suggested that the main factor for slowing down metakaolin reaction at late ages is the avail-
ability of portlandite. The presence of alumina in solution has also been suggested as a reason for 
reaction limitations. Dissolution experiments performed under far-from-equilibrium conditions 
showed that the dissolution of the pozzolanic glasses was inhibited by increasing amounts of alumin-
ium ions solution [48]. The impact of aluminium was also observed to inhibit the dissolution of C3S 
[49,50].  

Cement hydration takes place via a dissolution-precipitation processes: the anhydrous phases dissolve 
and provide ions to the pore solution. These ions then combine to form hydration products which 
precipitate from the pore solution. The precipitation of hydrates can only occur in solution filled 
pores. There are two conditions limiting the availability of pores for hydrates precipitation. First, at 
the upper end, cement pastes are almost never completely saturated. After setting, the volume of the 
hydration products is less than that of the reactants (anhydrous phases plus water) leading to the 
creation of voids after setting and the decrease of internal relative humidity [51]. C3S hydration has 
been reported to cease below about 80% of internal relative humidity [52]. Even when external curing 
water is provided (commonly after 1 day of hydration), large pores remain empty since water can 
penetrate only a millimetre or so due to the refinement of the porosity during cement hydration. The 
internal relative humidity can be described using Kelvin Laplace equation (Equation 3-1) 

ln ( 𝑃𝑃
𝑃𝑃0

)= ln (RH) = 2𝛾𝛾𝛴𝛴𝛾𝛾
 𝑦𝑦 𝑅𝑅𝑅𝑅

 Equation 3-1 

 

 

where P [Pa] is the vapour pressure, P0 [Pa] is the saturated vapour pressure, Vm is the molar volume 
of the water Vm = 1.8 10-5 m3/mol, γ is the water interfacial energy γ =0.07286 N/m, r [m] is the 
radius of the droplet, and the universal gas constant R = 8.314J/kMol (all at 293.15 K i.e. 20 °C). 

The reduction of internal RH in cementitious systems depends on two major mechanisms: desatura-
tion of pores due to chemical shrinkage (RHk) and water activity of the pore solution (RHS), 
RH=RHK×RHS [17,22]. The RHS varies with the amount and species of salt dissolved and decreases 

https://www.sciencedirect.com/topics/engineering/compressive-strength
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slightly and only during the first month after hydration [53]. RHS is approximated by the following 
Equation 3-2[53]: 

RHs(t) = 0.9872 − 0.0025. ln(𝑡𝑡) Equation 3-2 

 

Generally, internal relative humidity in real concrete (even those cured underwater) is in the range 
90-95% RH [51,53,54].  At 20°C, the Kelvin Laplace equation shows that for 95% of relative humid-
ity, a limiting of pore radius of approximately 20 nm is obtained between empty and saturated pores. 
Above 20 nm, vapour rather than solution is present and hence precipitation of hydrates from solution 
is not possible. 

At the lower end, the growth of hydration products is driven by the saturation of the pore solution 
with respect to the hydration products. As the pore structure gets finer, hydrates need to grow into 
smaller pores.  To grow into small pores the radius of curvature of the crystals must increase and this 
increases the activity of the pore solution needed to continue crystal growth.  This is illustrated in 
Figure 3-1 showing that after growing and filling a large pore, the hydrate can continue to grow into 
a smaller pore only if the activity of the pore solution is sufficient to balance the increase of the 
surface energy due to the curvature needed to enter the pore.   

 

Figure 3-1. Schematic illustration of homogenous and spherical crystal growth exerting isotropic pressure in 
large and small pores, note the thickness of the liquid film between the crystal and the pore wall. Adapted 

from [55] 

 

The ionic activity product in equilibrium with a curved crystal is given by the Kelvin-Laplace equa-
tion (Equation 3-3) linking the saturation index SI and the pore radius r in the cement: 

RT
Vm

 ln (IAP
Ksp

) = 2γ  
 r

 Equation 3-3 
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Where Vm is the molar volume of the hydration product growing in the pore [m3/mol]. IAP refers to 
the ion activity product calculated from the measured concentration, Ksp is the solubility product of 
the given phase. γ is the interfacial energy between the hydration product and the solution [N/m] and 
r is the pore radius in [m]. The classical crystal growth mechanism given by the Kelvin Laplace 
equation over simplifies the situation as it is assumed that the crystal is spherical and under uniform 
pressure. Nevertheless, this gives an indication of the order of magnitude of effects.  Recently, Avet 
and Scrivener [31] showed an agreement between the slowing down of hydration (experimentally) 
and the calculation given by Kelvin-Laplace equation. In their study on LC3 cement paste, the authors 
showed that the pore entry radius investigated by MIP technique reached a minimum pore radius after 
7 days (6 nm) and then did not decrease further. This point where the minimum pore entry was 
reached corresponded to the slowing down of hydration and it was suggested that hydration became 
limited by the growth of hydration products in fine pores (insufficient saturation index required for 
hydrate growth), as previously suggested by Berodier and Scrivener [56].  

 

Overall, the factors limiting metakaolin reaction at late ages are not fully explored. In this chapter, 
the lack of portlandite and the impact of aluminium on metakaolin reaction are first studied. Then the 
upper and lower aspects of the water filled pores are investigated as factors limiting reactivity of 
metakaolin at later ages. 

 

3.2 Materials and methods 

3.2.1 Materials 

Clinker was provided from HeidelbergCement. Soluble anhydrite came from Saint-Gobain. The cal-
cined clay came from Bhuj, India and contained 48% of metakaolin as determined by thermogravi-
metric analysis (TGA) according to [31]. Limestone powder came from Omya. The content of cal-
cium carbonate was above 98% as measured by thermogravimetric analysis (TGA). Quartz was from 
Sibelco and silica fume from Sigma-Aldrich. The oxide composition of the materials determined by 
X-ray fluorescence (XRF) analysis is shown in Table 3-1. The clinker composition is indicated in 
Table 3-2. 
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              Component 

Chemical analysis (%) 

Clinker Calcined clay Silica fume Quartz 

CaO 64.4 0.2 - - 

SiO2 20.6 49.7 92.5 1 

Al2O3 5.7 41.8 0.3 - 

Fe2O3 3.7 2.3 - - 

MgO 1.6 0.1 - - 

Na2O 0.2 0.3 - - 

K2O 1.3 0.1 - - 

SO3 1.0 - - - 

TiO2 0.3 3.4 0.3 - 

P2O5 0.1 0.1 0.3 - 

Table 3-1. Chemical composition of clinker, calcined clay, silica fume and quartz 

 

C3S (%) C2S (%) C3A (%) C4AF (%) 

71.1 6.2 6.6 12.9 
Table 3-2. Composition of clinker phases 

 

The particle size distribution of the powders determined by laser diffraction with a Malvern Master-
size is plotted in Figure 3-2. The specific surface area determined by nitrogen adsorption is also indi-
cated in Figure 3-2 . 
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Figure 3-2. PSD and BET of all used materials 

The mix composition for all the systems is detailed in Table 3-3. The clinker replacement level was 
fixed at 50%. A content of 4.5% of soluble anhydrite (2.64% of SO3) by binder was added to PC and 
blended cement. To assess the lack of portlandite in LC3 system, 5% of calcium hydroxide (Roth 
company) was added to the LC3 (LC3+5%CH). To assess the impact of Al on metakaolin reaction, 
silica fume (SFC) replaced only the metakaolin part of the calcined clay. The secondary phases of the 
calcined clay were replaced by quartz.  

The impact of increasing water binder ratio was investigated as well for LC3 cement: 0.3, 0.4 and 0.6 
in sealed-curing conditions. For 0.3 and 0.4, Mapei SP914 Dynamon polycarboxylate superplasticizer 
was used (max 1.4 wt% of total solid mass) to ensure similar workability to PC.   

Notation Clinker Calcined 

clay 

Limestone Silica 

fume 

Quartz Calcium 

hydroxide 

Anhydrite 

PC 95.5 - - - - - 4.5 

LC3 47.8 28.6 19 - - - 4.5 

LC3+5%CH 47.8 28.6 19 - - 5 4.5 

SFC 47.8 - 19 13.8 14.9 - 4.5 
 

                           Table 3-3. Mix composition for all investigated blended cement  

 

3.2.2 Methods 

All pastes were mixed for 2 min at 1600 rpm, and then sealed cured with parafilm or cured in pore 
solution at 20 °C until tested. For pore solution curing,  the LC3 sample was immersed in a pore 

https://www.sciencedirect.com/topics/engineering/superplasticizer
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solution, similar to that extracted from pastes [24] after setting. Once the samples were sufficiently 
hardened, they were cut into slices and then brocken into 2mm pieces which were put back in the 
pore solution. The idea of making such small pieces is to allow the solution to access all the capillary 
pores. 

The quantification of crystalline pases was investigated using X-Ray Diffraction (XRD). Measure-
ments were carried out on freshly cut paste slices at 1, 3, 7, 28, 90 and 180 days.  

The following experiments were carried out after stopping the hydration using solvent exchange with 
isopropanol: 

TGA was used to quantify portlandite using the tangent method [57]. For pore structure characteri-
zation, MIP was used with the contact angle of 120° between mercury and paste. The internal relative 
humidity (RH) of the paste samples was monitored using a HC2-AW-USB water activity probes from 
Rotronic.  

The amount of reacted metakaolin/silica fume was estimated by the mass balance approach [46,58]. 
The amount of reacted metakaolin and silica fume is determined by iteration, by comparing for each 
metakaolin increment the predicted portlandite content with experimental XRD/TGA results.  

The methods employed in this study are detailed in Appendix 1: Methods. 

The evolution of the populations of water in the samples was investigated by tracking the relaxation 
time of hydrogen spin using 1H-nuclear magnetic resonance (1H-NMR). This allows the distinction 
of capillary water from gel water and interlayer water of the C-S-H and the “solid” water bound to 
portlandite, ettringite and AFm phases [59]. The use of grey cement was not compatible with 1H-
NMR measurements since the iron content (3.7% Fe2O3) is too high degrading the accuracy of the 
results [60]. Thus, a white cement from Aalborg Cement was used for 1H-NMR experiments. The 
sulfate and alkali levels were adjusted to ensure similar hydration to grey cement [60]. Bhuj clay was 
simulated using kaolinitic clay (95%) diluted with quartz. 

 

3.3  Results 

3.3.1 Degree of reaction of metakaolin and degree of hydration of clinker 

The degree of reaction of metakaolin in calcined clay in LC3 cement with w/b ratio of 0.4 is shown 
in Figure 3-3. The results are presented in linear scale in Figure 3-3a) to show the slowing down of 
the reaction and in logarithmic scale in Figure 3-3b) to highlight the reaction at early age. At 1day, 
the degree of reaction of metakaolin was observed to be at 27%. After 28 days, metakaolin reaction 
slows down and levels off at around 64%. 
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Figure 3-3. Degree of reaction of metakaolin in LC3 cement in a) linear scale and b) logarithmic scale 
(w/b=0.4) 

 

Figure 3-4 shows the degree of reaction of the clinker phases: silicate (C3S and C2S) and aluminate 
(C3A and C4AF) phases in PC and LC3 cement. Alite hydration is higher in LC3 blended cement than 
the reference system. This is due to filler effect of the calcined clay and fine limestone as recently 
reported [35]. However, the hydration of C2S and to a less extent C3A, seems to be much less in the 
LC3 system. 

  

Figure 3-4. Degree of hydration of silicate and aluminate phases in PC and LC3 cements 

 

3.3.2 Factors slowing down metakaolin reaction and clinker hydration at late ages 

3.3.2.1 Lack of portlandite for pozzolanic reaction 

The portlandite content determined by TGA is shown in Figure 3-5 for PC, LC3 and LC3 with 5% of 
portlandite. The portlandite content increases in PC due to the hydration of the silicate phases. Up to 
7 days, portlandite is consumed in LC3 cement due to the pozzolanic reaction but afterwards, the 
consumption of portlandite effectively stops. A similar trend was observed also in the systems with 
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added-portlandite. The difference of portlandite content between LC3 and LC3 added-portlandite cor-
responds to the extra portlandite added.  

 

Figure 3-5. Portlandite content for PC, LC3 and LC3+5%CH 

 

The degree of reaction of metakaolin in the LC3 with system with added-portlandite is plotted in 
Figure 3-6. A higher degree of reaction of metakaolin is observed in the system with added portlandite 
up to 7 days. Afterwards, the degree of reaction levels off at the same level as the reference system. 
The extra portlandite does not enhance the degree of reaction of metakaolin at late ages. The lack of 
portlandite is not the reason for the slowing down of metakaolin reaction at late ages. 

 

 

Figure 3-6. Degree of reaction of metakaolin in LC3 and LC3+5%CH 
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3.3.2.2 Impact of aluminium ions on metakaolin reaction 

To assess the impact of aluminium on metakaolin reaction, a system was prepared where silica fume, 
where Al ions are absent, replaced the metakaolin part of the calcined clay. The secondary phases of 
the calcined clay were replaced by quartz. The degree of reaction of silica fume in this blend is plotted 
and compared to the metakaolin in LC3 in Figure 3-7. The reaction of silica fume is similar to that of 
the metakaolin and also slows down at late ages. This experiment indicates that the aluminium present 
in the pore solution is not responsible for the slowing down of metakaolin reaction, since similar 
slowing down is also observed with silica fume cement. 

 

Figure 3-7. Degree of reaction of metakaolin and silica fume 

 

To check whether Al from the metakaolin has any impact on the clinker hydration, the degree of 
clinker phases hydration in the silica fume system is plotted in Figure 3-8. The results show very 
similar evolution in both systems for all phases. A limitation on the DoH at later ages was observed 
also in silica fume cement, indicating that neither is the clinker hydration affected by aluminium at 
late ages. 
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Figure 3-8. Degree of clinker hydration in LC3 and silica fume cement 

 

3.3.2.3 Water filled porosity 

3.3.2.3.1 At the upper end: Saturation of capillary pores    

After setting, the capillary pores are progressively emptied due to chemical shrinkage [61,62], leading 
to the decrease of the relative humidity. The internal relative humidity of the LC3 and PC pastes is 
plotted in Figure 3-9. The relative humidity is higher in LC3 than PC system. The relative humidity 
(RH) in LC3 decreases with time to stabilize at around 90% as already observed in [24]. The relative 
humidity drop caused by the desaturation of the pores (RHK) was corrected for relative humidity of 
the pore solution (RHS) using the approximation given by Equation 3-3. The pore radius correspond-
ing to relative humidity (RHK) of 92% and 86% are 13 and 7 nm for LC3 and PC respectively. Above 
this range of pore radius, vapour rather than solution is present. 

 

Figure 3-9. Internal relative humidity of PC and LC3 systems 
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Slices of 2 mm thickness cured under pore solution after setting time were studied to check how 
filling the capillary pores with solution affects the metakaolin and clinker reactions. The degree of 
reaction of metakaolin and portlandite content in the LC3 system are shown in Figure 3-10 and com-
pared for both curing conditions. The reaction of metakaolin is enhanced for the pore solution cured 
sample to reach 100% of reaction at 90 days. This high degree of reaction leads to depletion of port-
landite after 28 days of hydration as shown in the right graph. 

  

Figure 3-10. Degree of reaction of metakaolin (left) and portlandite content (right) in sealed and pore solu-
tion cured systems (PSC) 

 

1H-NMR results (Figure 3-11) compare the evolution of capillary and gel water (right) and of solid 
and interlayer water (left) for sealed systems and those cured in pore solution. Up to 10 days, capillary 
and gel pores in both systems follow the same trend. Afterwards, the evolution for both water popu-
lations is different between the two curing conditions. The capillary water decreases progressively in 
the sealed system to reach about 1% at 90 days due to the chemical shrinkage causing pores to empty. 
On the other hand, approximately 15% of capillary water remains in the cured system leading to the 
higher degree of reaction (Figure 3-10). The higher amount of gel pores in the sealed system can be 
explained by the fact that when capillary pores are filled with vapour, they actually still contain a 
water film on the surface, which is “detected” by 1H-NMR as gel rather than capillary water. The 
solid and the interlayer water population are slightly higher in the pore solution cured systems due to 
the higher degree of reaction. 



Chapter 3 Understanding of the slowing down of metakaolin reaction in limestone calcined clay cement (LC3) at late ages 

39 

 

  

Figure 3-11. Solid and interlayer pores (left) capillary and gel pores (right) for sealed and cured LC3 white 
cement 

 

The porosity of pore solution cured systems is compared to sealed cured pastes in Figure 3-12. Both 
systems seem to converge toward a similar critical entry radius.  The total porosity in the pore solution 
cured samples is slightly lower due to the higher degree of reaction, but this reduction in porosity is 
mainly in the large pores, before the up turn in the MIP curve.  The porosity in the pore solution cured 
system is about 4% in the PSC systems in contrast to 5.5% in the sealed cured systems.  

 

Figure 3-12. Porosity of sealed and pore solution cured LC3 cements 
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3.3.2.3.2 At the lower end: Growth of hydrates below a critical radius   

The water to binder ratio was increased from 0.3 to 0.6 in LC3 cement paste in order to check the 
impact of the addition of water and space on the extent of metakaolin reaction. The degree of reaction 
of calcined clay for w/b 0.3, 0.4 and 0.6 is plotted in Figure 3-13. The degree of reaction of metakaolin 
in calcined clay using a w/b ratio of 0.5 was added from previous results [24]. As expected, the reac-
tion of calcined clay is increased when increasing the water to binder ratio. Nevertheless, the reaction 
of metakaolin in calcined clay slows down after 28 days even with the water to binder ratio of 0.6. 
For w/b 0.3, the metakaolin reaction is slowed down more rapidly compared to the other w/b ratios 
(after only 7 days).   

 

Figure 3-13. Degree of reaction of metakaolin for w/b=0.3,0.4,0.5 [12] and 0.6 

 

For the lowest water binder ratio, relative humidity was investigated to check if the slowing down is 
linked to the desaturation of pores (Figure 3-14). The relative humidity of 0.3 drops very fast com-
pared to the system with 0.4. About 71% was obtained for LC3_0.3 after 28 days. The results give an 
estimation of 3nm of pore radius above which the water is absent causing the slowing down of me-
takaolin reaction. 
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Figure 3-14. Relative humidity of PC, LC3 with w/b=0.3 and 0.4 

 

 

The pore size distribution plots are shown in Figure 3-15. Almost no further refinement is observed 
after 28 days of hydration for all water binder ratios. A critical entry pore radius (the maximum of 
the capillary peak of the derivative curve) of approximately 3, 8 and 10 nm are obtained at 90 days 
for w/b 0.3, 0.4 and 0.6 respectively.  
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Figure 3-15. Porosity in LC3 for w/b=0.3, 0.4 and 0.6 

 

The phase assemblage using mass balance approach of LC3 with different water binder ratio of 0.3, 
0.4 and 0.6 was investigated at 90 days of hydration and plotted in Figure 3-16. According to this 
calculation, there is still free water present even at w/b ratio of 0.3. Moreover, a higher portlandite 
amount is observed at lower w/b ratio supports the finding that lack of portlandite is not limiting the 
metakaolin reaction. On the other hand, lower amounts of hemi- and mono-carboaluminate are ob-
served with lower w/b ratio. There is a higher amount of clinker and metakaolin remaining unreacted 
with lower w/b ratio. The amount of C-A-S-H is less affected than AFm phases, but a somewhat 
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smaller amount is observed with lower w/b ratio. These observations suggest that the growth of AFm 
and C-A-S-H is more limited at low w/b ratios.   

 

Figure 3-16. Phase assemblage of LC3 for w/b=0.3, 0.4 and 0.6 at 90 days of hydration assuming 2g/cm3 for 
C-A-S-H density (bulk density [18,24]) 

 

In order to estimate the critical pore radius below which the growth of hydrates could be limited, the 
saturation index required for hydrate growth can be compared with the saturation index calculated 
from the pore solution measurements using GEMS software. As shown in the Kelvin-Laplace equa-
tion (Equation 3-1), to obtain the SIrequired, the molar volume (m3/mol) and the surface energy (N/m) 
between the solution and the crystal of the hydrate product are required. The molar volumes can be 
obtained from the density and the molecular weight of the hydrates. The layer structure of AFm 
phases could help to get approximate interfacial energies.  AFm phases have a structure composed of 
layers. The main layer consists of sheets of Ca (OH) octahedral ions, as in portlandite, in which 1/3 
of the Ca2+ ions are replaced by Al3+/Fe3+ ions. The anionic composition of AFm phases in cementi-
tious materials is dominated by anions such as CO3

2− (coming from calcite), SO4
2−, Cl− and OH− 

depending on the type of cement [63,64]. Values of interfacial energies for calcite and portlandite are 
documented and they are between 0.08 and 0.1 N/m for calcite [64] and 0.065 N/m for portlandite 
[65]. Thus, the range 0.065 – 0.1 N/m was used in this study.  

Regarding C-S-H phases, different values have been  reported in the literature [66,67]. Using the 
classical theory of homogenous nucleation, Gauffinet and Nonat [66] obtained 0.012N/m as a value 
for interfacial energy between synthetic C-S-H and solution. Andalibi et al. [67] used the population 
balance approach to describe the precipitation of a model synthetic C–S–H system with Ca : Si = 2. 
The authors obtained a value of 0.055 N/m for the interfacial energy of C-S-H-solution.  
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In this study, the interfacial energies were also estimated using Nielsen and Mersmann approach 
[68,69]. Nielsen [68] suggested a linear correlation between solubility and interfacial energy as indi-
cated in Equation 3-4 and Equation 3-5 

σ
K T

= 2.82 − 0.272 ln(Ksp) Equation 3-4 

 

γ = σ/a2           Equation 3-5 

 

Where σ is the edge work, K Boltzmann constant, T the temperature, ksp the solubility of the crystal, 
a is the molecular unit cell distance and finally γ is the interfacial energy. 

Throughout this work, the molecular unit cell distance “a” used in Nielsen’s approach [68] was cal-
culated as the cube root of the molecular unit cell volume (Ω) of C–S–H (composition 
(CaO)(SiO2)0.5(H2O)1.5) as reported in the study of Andalibi et al. [67]. The unit cell volume obtained 
was 8.1699 × 10−29 m3, calculated according to the formalism by Thomas et al. [70]. The value was 
acceptable in the light of typical values for various precipitates used in crystallization community. 

Later, Mersmann [69] derived an equation for interfacial energy γ where the first term considers the 
adsorption of ions at the interface and the second term considers the approach of a point charge to-
wards this interface (Equation 3-6): 

          γ = γ0 −
RT
zF

{σmax ln � σmax
σmax−׀σ׀

� + 8FI
κ

[√(1 + (κσ
4FI

)2)-1)} 

                                  Adsorption of ions               Approach of the ions 

Equation 3-6

                

 

 

With γ0 the maximum interfacial energy of a crystal at its point of zero charge, R the gas constant, T 
the temperature, F the Faraday constant, z the valence of a (z:z) electrolyte, σ and σmax are the surface 
charge of ionic crystals, I the ionic strength and1/κ the Debye length. 

The details of these approaches are given in the Appendix 3: Nielsen and Mersmann approach. 

In order to estimate the influence of the errors of the input data on the determination of the interfacial 
energy, a sensitivity analysis was carried out.  Table 3-4 shows the error values considered for the 
determination of the density, the solubility, the dielectric constant and the surface charge density. 
Based on these errors, the maximum variations are applied to study their impact on the interfacial 
energy. The estimated error was ± 0.03 N/m. 
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Variable Error measurement 

Densitiy (g/cm3) [59] ±0,2 

Log ksp [71] ±0,1 

Dielectric constant [72] ±0,2 

Surface charge density (C/m2) [73] ±0,07 

Table 3-4. Sensitivity analysis for the determination of the interfacial energy using Mersmann's approach 
[31] 

 

Thermodynamic modelling was used to calculate the saturation indexes, SIGEMS, for Mc and C-S-H 
phases at 28 days of hydration, defined as the ratio of ion activity product or the measured concen-
trations to the solubility of the crystal [74]. Calculations were carried out using the geochemical mod-
elling program GEMS version 3.3 with thermodynamic data from the PSI-GEMS database supple-
mented by the cement specific data from CEMDATA18 database [71].  

The details of all investigated approaches in this study are given in the supplementary material. The 
models were also discussed in the supplementary material. 

 

AFm growth 

The graph in Figure 3-17 plots the SI required for Mc growth in terms of pore radius. Beside the 
values encountered in the literature, the interfacial energy estimated from Nielsen approach [68] was 
used. The graph shows that as the pore radius decreases, the saturation indexes required for Mc growth 
increases to balance the increase of the surface energy due to the curvature needed to enter the pore. 
Between 3 to 7 nm seems to be the range of pore radii below which the growth of Mc would be 
limited since SI required is higher than the SI existing in the pore solution. The value of interfacial 
energy using Nielsen approach lies between the values of portlandite and calcite suggesting that in-
terfacial energy of portlandite and calcite could be reliable for the estimation of the pore radius related 
to monocarboaluminate growth limitation. 
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Figure 3-17. Saturation index required for Mc growth using interfacial energy of portlandite [65], calcite [64] 
and Mc with Nielsen’s approach [68] 

 

Hemi- and mono-carboaluminate amounts are plotted in Figure 3-18. The experimental results show 
an agreement with the approximations of the pore radius related to AFm growth limitation.  For all 
water binder ratios, the formation of AFm phases is increasing up to 7 days. Afterwards, the amount 
is constant. Moreover, the lower the water binder ratio, the lower the amount of AFm.  

  

Figure 3-18. AFm content in LC3 for w/b=0.3,0.4 and 0.6 
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C-(A)-S-H growth  

A similar graph (Figure 3-19) was plotted for C-S-H growth using the interfacial energy reported in 
literature [66,67] and Nielsen and Mersmann approaches [68,69].The plot shows clearly that the in-
terfacial energy is a crucial parameter for determining the required saturation index. Using the low 
interfacial energy of 0.012 N/m [66], the growth of C-S-H is not limited. On the other hand, when 
using the range of values between 0.055 N/m [67] and 0.14 N/m, the growth of C-S-H seems to be 
limited with a range pore radius between 3 to 7 nm.  

 

Figure 3-19. Saturation index required for C-S-H growth Vs. pore radius (black lines indicate the deviations 
based on sensitivity analysis) 

 

The interfacial energy is an important parameter affecting nucleation and growth of crystals [75]. 
Values obtained for the same solid surface in contact with water can vary markedly, not only by using 
different techniques and models but even using the same method [75].Determining the interfacial 
energy of a disordered variable stoichiometry material such as C-(A)-S-H is a difficult task. Over the 
years there have been efforts to investigate the interfacial energy of C-S-H but the values are not 
always in agreement with each other [66,67]. The additional approaches used in this study did not as 
well agree with the reported values. In addition to experimental difficulties, it is difficult to obtain 
reliable values of the solid-solution interfacial energy since both the rate of crystal growth and the 
supersaturation change with time [69]. 

Nevertheless, all of the approaches used in this study give bound limits for interfacial energies. The 
lowest limit given by Gauffinet and Nonat [66] was determined using the induction time of precipi-
tation reactions. However, only the interfacial energy at the onset of the reaction can be determined 
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by this method [76]. Wu and Nancollas [75] criticized the use of homogenous nucleation to determine 
the interfacial energy as it is difficult to prepare systems free from impurities, which might act as 
nucleation catalysts. Moreover, uncertainties in the geometrical shape factor f, can also introduce 
errors in the calculated interfacial energy. Mersmann approach [69] gave the highest limit of interfa-
cial energy which was also previously observed with Donnet et al. [76] for calcite. 

From another point of view, some slight refinement is still observed at late ages on the MIP curves 
for all water binder ratios (Figure 3-15), explained by the slight increase of metakaolin reaction (Fig-
ure 3-13).  It is possible that the growth of hydrates at late ages might occur via different growth 
mechanisms as a function of supersaturation [77] and refinement of pores may not be solely governed 
by the effect of curvature and pore size.   

 

3.4 Conclusions 

 

In this study, factors that could be considered to slow down metakaolin reaction in LC3 cement at late 
ages were investigated. It was shown that neither lack of portlandite nor Al ions in the pore solution 
can be the mechanisms slowing down metakaolin reaction. The addition of 5% of calcium hydroxide 
to LC3 system did not extend the reaction after 7 days. Similar slowing down of reaction was observed 
when replacing metakaolin with silica fume, an Al-free SCM, which invalidates the hypothesis that 
Al ions are responsible of the slowing down of metakaolin reaction at late ages. 

This study looked in depth at the two conditions slowing down the availability of pores for hydrates 
precipitation as possible factors for slowing down the reactivity of metakaolin at late ages. At the 
upper end, relative humidity measurements on LC3 cement paste indicate that at 28 days above a pore 
radius of 13 nm, capillaries are not saturated with solution. At the lower end, Kelvin Laplace equation 
provides a thermodynamically approach between curvature and solubility to estimate the pore radius 
below which the growth of hydrates could be slowed down. Different approaches were used to esti-
mate the interfacial energy for AFm and C-(A)-S-H. The results indicate that the growth of AFm 
seems to be limited below a range of pore radius between 3 to 7 nm. The limited growth of AFm was 
confirmed with XRD-Rietveld quantifications. The slowing down of AFm formation in LC3 blend at 
late ages was observed for all the investigated range of water binder ratios from 0.3 to 0.6. A range 
of pore radius from 3 to 7 nm where the growth of C-(A)-S-H could be slowed down was also ob-
tained.  

When the capillaries of the samples were refilled with solution after setting time, a full reaction was 
obtained at 90 days of hydration with a complete portlandite depletion.
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Abstract 

The phase assemblage and strength for LC3 system when decreasing clinker content from 50% down 
to 30% was investigated. A decrease of strength development was observed with the decrease of the 
clinker content while maintaining a constant amount of calcined clay of 30%. However, strengths 
with 30% clinker are still above those required for 32.5 cements in the current European standard. 
Furthermore, despite the depletion of portlandite in LC3 blends containing 30% of clinker, the me-
takaolin reaction did not slow down. Calcium ions for metakaolin reaction are most likely consumed 
from C-A-S-H. Combined water fraction (CWF) was used in this study as a simpler approach than 
gel space ratio (GSR) to explain strength development. The parameter was refined with the addition 
of the evaporated water in ettringite to the bound water in hydrates and the volume of reacted binder 
to the initial water. A good and linear correlation between compressive strength and combined water 
fraction was obtained for all systems.  

Keywords: low clinker content, LC3, phase assemblage, combined water fraction

Disclaimer: This chapter is adapted from the preprint version of the following article being 
submitted to Cement and Concrete Research journal – with permissions of all co-authors: 
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4.1 Introduction 

Limiting global warming means that the emissions of greenhouse gases need to be reduced rapidly in 
the coming decades [78]. Cement producers are following several mitigation scenarios for CO2 emis-
sions. One, which is well-established, is to partially replace clinker with supplementary cementitious 
materials (SCMs) [4,6,79]. Slag and fly ash have been cost-effective substitutes for Portland cement 
for several decades [4]. However, the amounts of these SCMs are limited compared to the demand 
for cement and those available are almost fully used in cement [9]. In this context, LC3 a ternary blend 
of clinker, calcined clay, limestone, and gypsum can reduce CO2 emissions by up to 40% compared 
to PC or CEM I (>90% clinker) [6]. This reduction is obtained thanks to the lower clinker content, 
the lower calcination temperature of clay compared to clinker, the absence of chemical CO2 in the 
clay structure and the use of fine limestone as filler [47]. Studies on LC3 cement showed the beneficial 
impact of the combination of calcined clay and limestone on strength development and durability 
aspects such as chloride resistance and ASR [24,47,54,80]. Reducing further the clinker content in 
LC3 blends without compromising the development of early age strength requires a better assessment 
of the reactivity of metakaolin. An understanding of the factors slowing down metakaolin reaction at 
late ages was established the previous chapter. This study highlighted two aspects: 

- Internal relative humidity measurements indicated that at 28 days pore radii above a few nm 
(13 nm for LC3_50) contain vapour rather than solution. Hydration products cannot deposit 
in vapour filled pore and the metakaolin reaction is slowed down. 

- The growth of AFm and C-A-S-H phases was is limited below a range of pore radius around 
3 to 8 nm. This limitation is due to the level of supersaturation required to balance the increase 
of the surface energy related with the curvature of the pores. 

On this basis, this chapter investigates the performance of LC3 formulations with clinker content 
down to 30%. The phase assemblage is characterized to better understand the mechanical results.  

 

4.2  Materials and methods 

4.2.1 Materials 

Clinker was provided from HeidelbergCement. Soluble anhydrite from Saint-Gobain was used. Lime-
stone powder Durcal 1 was from OMYA.  The clay came from Bhuj, India. This clay was calcined 
using a rotary kiln. The calcined clay contains 48% of metakaolin as determined by thermogravimet-
ric analysis (TGA). This composition is typical of widely-available clays, with a metakaolin content 
of 40-50% [31]. The oxide composition of the materials determined by X-ray fluorescence (XRF) 
analysis is shown in Table 4-1. The clinker composition is shown in Table 4-2. 

 

 



Chapter 4 Strength and phase assemblage of limestone and calcined clay cment (LC3) with clinker content from 50% down to 30%  

53 

 

               

 

Clinker Limestone Calcined clay 

CaO 64.41 54.21 0.2 

SiO2 20.62 0.96 49.7 

Al2O3 5.71 0.25 41.8 

Fe2O3 3.7 0.22 2.3 

MgO 1.63 0.89 0.1 

Na2O 0.18 - 0.3 

K2O 1.27 - 0.1 

SO3 0.97 - - 

TiO2 0.3 - 3.4 

P2O5 0.12 - 0.1 

LOI 0.8 42.6 1.5 

Table 4-1. Chemical compositions of all powders 

 

C3S (%) C2S (%) C3A (%) C4AF (%) 
71.1 6.2 6.6 12.9 

Table 4-2. Composition of clinker phases 

 

The particle size distribution of the powders determined by laser diffraction with a Malvern Master-
size is plotted in Figure 4-1. The specific surface area determined by nitrogen adsorption is also indi-
cated in Figure 4-1.  
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Figure 4-1. PSD and BET of all used materials 

 

The mix composition for all the systems of LC3 is detailed in Table 4-3. In the notation LC3_XX_YY, 
the first number “XX” refers to the amount of clinker and the second number “YY” corresponds to 
the percentage of calcined clay. In systems with constant calcined clay amount (30%), clinker was 
progressively replaced by limestone in increments of 5%. In addition, a blend was made where the 
calcined clay amount was increased from 30 to 40% with a clinker content of 40%. The amount of 
soluble anhydrite by clinker was adjusted to the blends determined by calorimetry. The water binder 
ratio was fixed at 0.4 for all studied systems. The superplasticizer Mapei SP914 Dynamon polycar-
boxylate was used to ensure similar workability between all systems. 

   

Notation Clinker Calcined clay Limestone Anhydrite Superplasti-
cizer 

LC3_50_30 50 30 20 4.5 0.3 
LC3_45_30 45 30 25 4.05 0.3 
LC3_40_30 40 30 30 3.6 0.3 
LC3_35_30 35 30 35 3.15 0.3 
LC3_30_30 30 30 40 2.7 0.3 
LC3_40_40 40 40 20 3.6 0.2 

Table 4-3. Mix composition for all investigated blended cement 

 

 

https://www.sciencedirect.com/topics/engineering/superplasticizer
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4.2.2 Methods 

Compressive strength for all blends was tested following the European standard EN 196-1.   

X-Ray diffraction (XRD) measurements combined with Rietveld refinement were carried out on 
freshly cut slices to quantify the main crystalline phases present and to determine the degree of hy-
dration of clinker in the different systems.  

TGA was used to quantify the portlandite content. The porosity was investigated using mercury in-
trusion porosimetry (MIP). The amount of reacted metakaolin was estimated by the mass balance 
approach [21,31].  

The methods used in this chapter are detailed in Appendix 1: Methods. 

 

4.3 Results 

4.3.1 Decreasing clinker content with calcined clay amount constant  

The strength development of LC3 blends with different clinker contents is shown in Figure 4-2. For 
all ages, the lower the clinker content, the lower the strength. Compressive strength is also plotted as 
a function of the clinker factor. Up to 7 days, a clear linear correlation between strength and clinker 
factor is obtained. At 28 and 90 days, the system LC3_45_30 becomes closer to the strength of 
LC3_50_30. Even with decreasing clinker content down to 30%, strength still meet 2- and 28-days 
strength requirements according to 32.5 N. 

  

Figure 4-2. Compressive strength against a) days b) clinker content 
 

The degree of hydration for silicate (C3S and C2S) and aluminate phases (C3A and C4AF) in LC3 
cement pastes is plotted in Figure 4-3. Overall, the DoH of the anhydrous phases is relatively inde-
pendent of the clinker content. Some slight differences observed for C2S, C3A and C4AF are in the 

https://www.sciencedirect.com/topics/materials-science/compressive-strength
https://www.sciencedirect.com/topics/materials-science/rietveld-refinement
https://www.sciencedirect.com/topics/engineering/portlandite
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range of error, as they are present in low amounts: for example, only about 2% of C2S and C3A and 
4% of C4AF are initially present in the system with 30% of clinker. 

  

Figure 4-3. Degree of hydration of silicate and aluminate phases in LC3 cements  

 

The amount of reacted clinker is shown in Figure 4-4. When the absolute amount, rather than the 
DoH is plotted, it is clear how the amount of reacted clinker decreases with decreasing the clinker 
content. 

 

Figure 4-4. Amount of reacted clinker in LC3 cements 

 

Figure 4-5 shows the portlandite amount normalized per g of solid for all LC3 blends. In absolute 
terms, calcium hydroxide seems to decrease approximately at the same rate in all LC3 blends. A 
slowing down of portlandite consumption can be observed from 7 days onwards for the systems 
LC3_50 to LC3_40. A lower amount of portlandite is observed with LC3_35 and LC3_30 due to the 
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lower amount of reacted clinker. At 7 and 28 days, calcium hydroxide is fully consumed in the sys-
tems LC3_30 and LC3_35 respectively.  

 

Figure 4-5. Portlandite content normalized per g of solid for all LC3 blends 
 

For the mass balance approach, the C-A-S-H composition is required. Generally, the error measure-
ments related to its quantification is mostly around ± 0.015 for both Al/Ca and Si/Ca [21,24,81]. 
However, the quantification of the C-A-S-H composition was a difficult task in this study due to the 
difficulties in finding clearly identifiable inner product around clinker phases, which is usually used 
for analysis as it avoids intermixing with calcined clay or limestone. Over 300 points per sample were 
measured to find the average composition of C-A-S-H. Then, C-A-S-H composition was assumed to 
be the same for all systems and this average used for the calculation of all systems. The reaction 
degree of metakaolin in LC3 blends determined by mass balance is shown in Figure 4-6. For all ages, 
the degree of reaction of metakaolin, appears to be similar and follow a similar trend, considering the 
errors. This is consistent with the similar rate of consumption of calcium hydroxide (Figure 4-5).  
Despite the depletion of portlandite in LC3_30 from 7 days (Figure 4-5), the metakaolin reaction did 
not slow down. Calcium ions for the metakaolin reaction are most likely coming from C-A-S-H. 
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Figure 4-6. The reaction degree of metakaolin in calcined clay in all LC3 blends 

 

The phase assemblage for all systems at 28 days of hydration is plotted in Figure 4-7. As discussed 
previously, the amount of reacted metakaolin is similar between all systems while the amount of 
reacted clinker decreases with the decrease of clinker content. The amount of ettringite is fairly sim-
ilar between the systems because this phase forms during the early hydration (<1 day) and dependent 
on the initial sulfate content of the systems. The amount of C-A-S-H and carboaluminate phases 
seems to decrease with the decrease of the clinker content.  

 

Figure 4-7. Phase assemblage for LC3 blends at 28 days of hydration 
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In order to clearly observe the changes in phase assemblage, the amount of AFm and C-A-S-H phases 
at 1 and 28 days are separately plotted as a function of the clinker factor in Figure 4-8. The higher the 
clinker content, the higher the amount of AFm formed at 1 and 28 days of hydration. This might be 
explained by the lower amount of reacted C3A. With a lower amount of reacted clinker, the amount 
of C-A-S-H formed decreases with the decrease of the clinker content in both ages. 

 

Figure 4-8. AFm and C-A-S-H contents determined by mass balance for LC3 blends  
at 1 and 28 days of hydration (density of C-A-S-H to 2 g/cm3[59,60]) 

 

In the first section of this study, the effect of further decreasing the clinker content in LC3 from 50% 
down to 30% while maintaining calcined clay amount constant (30%) was investigated. Strength de-
velopment decreased with decreasing clinker amount. However, strength development still meets the 
32.5N requirement even for the lowest clinker factor. 

 

4.3.2 Decreasing clinker content with increasing calcined clay amount 

Strength development for the previous systems LC3_50_30 and LC3_40_30 are compared with the 
blend LC3_40_40 in Figure 4-9. Decreasing clinker content down to 40% but replace it with me-
takaolin, brings the strength development for all ages back to similar levels found for the LC3 blend 
with the highest amount of clinker. Compared to the neat cement PC, the blend with more calcined 
clay amount shows similar strength to PC at 7 days. Afterwards, strength development is higher than 
PC. The new formulation with the substitution of 10% of clinker by calcined clay could open the way 
to binders with even lower CO2 emissions.  
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Figure 4-9. Compressive strength for LC3_50_30, LC3_40_30 and LC3_40_40 

 

The degree of hydration of silicate and aluminate for LC3_50 and LC3_40 with 30% and 40% of 
calcined clay is plotted in Figure 4-10. Overall, the hydration of anhydrous phases of clinker seems 
to be similar. The slight differences are within the error measurements. 

 

Figure 4-10. Amount of reacted clinker for LC3_50_30, LC3_40_30 and LC3_40_40 

 

Portlandite consumption for LC3 blends is plotted in Figure 4-11. Portlandite consumption is 
comparable mainly between systems LC3_50 and LC3_40 with 40% of calcined clay. All systems 
shown a slowing down of calcium hydroxide consumption from 7 days and onwards. 
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Figure 4-11. Portlandite consumption for LC3_50_30, LC3_40_30 and LC3_40_40 

 

The amount of reacted metakaolin in LC3 blends is plotted in Figure 4-12. Replacing clinker with 
metakaolin did not decrease the amount of reacted metakaolin. The difference is within the error 
measurement. 

 

Figure 4-12. The amount of reacted metakaolin in calcined clay for LC3_50_30, LC3_40_30 and LC3_40_40 

The pore structure for LC3_50_30, LC3_40_30 and LC3_40_40 at 1 and 28 days of hydration is in-
vestigated and plotted in Figure 4-13. The decrease of the clinker content down to 40% does not lead 
to an increase of the porosity. At 1 day, both blends of LC3 with lower clinker amount (40%) show 
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lower critical entry pore radius and total porosity than the system with higher clinker amount (50%). 
At 28 days of hydration, all systems seem to converge toward a similar critical entry radius and total 
porosity. 

 

Figure 4-13. Pore structure for LC3_50_30, LC3_40_30 and LC3_40_40 

 

Replacing 10% of clinker with metakaolin gave strength development for all ages similar to LC3 the 
blend containing 50% of clinker. The porosity at early age was lower in the system containing more 
metakaolin in the blend. 

 

4.3.3 Correlation between compressive strength and combined water fraction 

Strength results are often interpreted in terms of gel space ratio which is the ratio of volume of hy-
dration products to the space available for these hydrates [24,45,46]. However, in this approach the 
errors in determination of all the anhydrous and hydrate phases are compounded. In this study, diffi-
culty in determining the C-A-S-H composition at low clinker contents, amplifies these uncertainties. 
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The correlation between compressive strength and gel space ratio is detailed in Appendix 4: Gel space 
ratio approach. 

Recently, John et al. [82] introduced a simple and more practical parameter the combined water frac-
tion “CWF”. This approach is the ratio of the water combined in hydrates divided by the total water 
added in the system. The authors obtained a linear correlation between strength development and 
combined water fraction for binary and ternary blends [82]. Combined water faction is defined in 
Equation 4-1 

                                                 CWF=
𝑊𝑊40−𝑤𝑤550

𝑤𝑤550
𝑉𝑉

 Equation 4-1 

 

where wx is the percentage of mass loss at temperature x°C determined by TGA analysis, and w is 
the amount of mixing water. 

In this study, an attempt to refine the combined water fraction parameter with the evaporated water 
of hydrates and the volume of reacted binder was investigated. The quantity of water combined in 
ettringite phase (C3A.3(CaSO4)32H) is higher than in other hydrates [83] leading to the highest drying 
capacity with 85% for ettringite and 35% for C-S-H for example [83]. The volume of the reacted 
binder (clinker, metakaolin and limestone) was determined using mass balance approach. Conse-
quently the Equation 4-1 becomes as following : 

CWF*=
𝑊𝑊40−𝑤𝑤550+𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝑒𝑒

𝑤𝑤550
𝑉𝑉+𝛴𝛴𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒

 
Equation 4-2 

 

The influence of the errors of measurements of the bound water from TGA on the determination of 
combined water fraction was established using a sensitivity analysis. The relative error of measure-
ment of bound water was observed to be between ±5% and ±10% [84].  

The compressive strength of LC3 blends is plotted as a function of CWF in Figure 4-14 a) and b) 
before and after refinement respectively. The dashed lines indicate the deviations based on the poten-
tial bound water error. A bi-linear correlation was obtained between the compressive strength and the 
combined water fraction of all the systems together with all the points falling within the uncertainty 
limits. It was suggested in a recent study [46] that the first regime could correspond to space filling 
of the cementitious matrix and the second regime would then correspond to the densification of the 
matrix. After the addition of the evaporated water in ettringite to the bound water in hydrates and the 
volume of reacted binder to the initial water, a good and linear correlation is obtained for all systems. 
The systems LC3_50_30 and LC3_40_40 fit the correlation in the same way.   
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Figure 4-14. Compressive strength vs. combined water fraction a) without refinement b) with re-
finement (The sensitivity analysis is indicated by the dashed lines) 

 

4.4 Conclusions 

In this study, the effect of decreasing clinker content form 50% down to 30% in LC3 blend was stud-
ied. In the first section, the metakaolin amount was maintained constant at 30% and the phase assem-
blage was investigated. The strengths reduced with decreasing clinker content. However, it is inter-
esting to note that even with the lowest clinker amount with 30% of clinker, strength results conform 
the strength standard requirements of 32.5N at 2 and 28 days.  
 
The mass balance approach is used in this study for the phase assemblage of all LC3 blends. However, 
the quantification of C-A-S-H composition was not an easy task due to the low clinker amount. There-
fore, the composition was assumed to be the same for all blends and was calculated as the average 
for all determined composition. Metakaolin reaction was similar between all investigated systems, 
given the errors. With 30% of clinker, portlandite was fully consumed. However, metakaolin reaction 
did not slow down. This confirms that the lack of portlandite is not the major factor responsible for 
the slowing down of metakaolin reaction at late ages as previously suggested for LC3_50 [85].  Me-
takaolin reacts most likely with calcium from C-A-S-H phases. 
 
Replacing 10 % of clinker content with metakaolin gave strength development similar to LC3_50_30 
for all ages. Compared to PC, the blend showed similar strength at 7 days and higher strength devel-
opment at 28 days. This formulation shows the significant potential of the combination of limestone 
and calcined clay to decrease the CO2 emissions related to cement production. The combined water 
fraction (CWF) was investigated in this study as a simpler way for correlation with compressive 
strength. This approach is relatively more practical with less uncertainties compared to the more com-
plex gel-space ratio approach. Only the bound water of hydrates is required in this approach. In this 
study, an attempt was made to update the parameter with the addition of the evaporated water in 
ettringite to the bound water in hydrates and the volume of reacted binder to the initial water.  A good 
and linear correlation was obtained for all systems. 
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Abstract 

Slag reaction is slow in blended cement. This chapter compares the reactivity of slag in NaOH solu-
tion (w/s=100) and in cement paste (w/b=0.4). The reactivity of slag is higher in NaOH solution than 
in cement paste. Addition of calcium hydroxide to NaOH solution, slows down the rate of slag dis-
solution. The higher the amount of calcium hydroxide added to NaOH solution, the lower the rate of 
reaction. An implication of these results with that in blended cements, the reactivity of slag is maybe 
slowed down by calcium ions released by clinker in the pore solution. At 28 days, reltive humidity 
measurement indicate that water is only present in pores less than 6 nm.  The small size of water filled 
pore, may limit the slag reaction.  

Keywords: calcium ions, dissolution, saturation index, water-filled capillary pores

Disclaimer: This chapter is adapted from the preprint version of the following article being 
submitted to Cement and Concrete Research journal – with permissions of all co-authors: 
 
Y.Briki a, M.Zajac b, M.Ben Haha b, and K.Scrivener a “Factors affecting the reactivity of 
slag at early and late ages”  
a Laboratory of Construction Materials, EPFL, 1015 Lausanne, Switzerland 
b Heidelberg Technology Center GmbH, Rohrbacher Str.95, 69181 Leimen, Germany 

My contribution: Methodology, experiments, analysing, writing  
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5.1 Introduction 

Supplementary cementitious materials (SCMs) are crucial components of modern low carbon ce-
ments. One of the most common SCMs used, is ground-granulated blast-furnace slag. Ground-gran-
ulated blast-furnace slag (GGBFS) is a glassy material obtained by quenching molten iron slag (a by-
product of iron and steel-making) from a blast furnace in water or steam, to produce a granular prod-
uct that is then dried. The finished product is ground to similar fineness as cement and presents latent 
hydraulic properties [86].  Blending cement with slag is common in cement industry and there are 
three main categories of cement blended with slag defined in the European standard EN 197-1: CEM 
II, CEM III and CEM V. Composite cements containing slag show similar or better durability prop-
erties to the reference neat Portland cement such as chloride ingress, sulfate attack, alkali silica reac-
tion and expansion [21,87,88]. However, slag blended cement is characterized by lower strength at 
early ages (≤7 days) when compared to neat Portland cement. Durdziński [21] showed that the com-
pressive strength of blended cement with slag is similar to a system mixed with quartz at 1 day of 
hydration. Berodier [35] obtained similar heat cumulative released between slag and quartz up to 1 
day which confirms the inert behavior of slag at early age.  However, a degree of reaction of slag 
between 30% and 50% can be obtained when slag is mixed in alkali activated materials [89,90] . The 
early strength can by 30MPa at 1 day when mixing slag with waterglass solution [91]. It is of consid-
erable interest to understand the reason for such difference in the reactivity of slag in the two condi-
tions. 

Factors affecting slag reactivity have been identified and reported in the literature [26,92–94]. In-
creasing fineness of slag increases the reactivity of slag in cement paste and thus the early age strength 
development [95]. The chemical composition of the amorphous phase, being the main constituent of 
GGBFS, was also shown to play a role [93,94,96]. It was suggested that the higher CaO content in 
slag composition (network-modifying cation), the higher the network depolymerization or structure 
disorder resulting in an increased rate of reactivity [93,94]. The pore solution was shown to influence 
the rate of slag. Adu-Amankwah et al. [14] found a decrease in slag reaction with the presence of 
aluminum in the pore solution. Similarly, Snellings [92] showed that the glass dissolution rates was 
affected by the solution composition. In experiments under far-from-equilibrium conditions, to pre-
vent the precipitation of hydration products, with a water to glass mass ratio of 1000 he showed that 
the dissolution rates of synthetic glasses decrease with the addition of calcium ions. Suranenni et.al 
[97] observed similar results using the micro-reactor approach. With calcium addition (20mM), a 
strong inhibiting effect on the slag dissolution was obtained.  

The reasons for the low kinetics of slag in cement paste remain unclear and an open question. 

This study pointed out the influence of calcium addition on slag reactivity at early age. The factors 
slowing down slag reaction at late ages are also investigated. 

 

https://en.wikipedia.org/wiki/Blast_furnace
https://infoscience.epfl.ch/search?p=Durdzi%C5%84ski++Pawe%C5%82+Tadeusz
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5.2 Materials and methods 

5.2.1 Materials 

Clinker and GGBFS were provided by HeidelbergCement Company. Soluble anhydrite was from 
Saint-Gobain, it is produced by heating natural gypsum at 200°C, which makes it highly soluble and 
much more reactive than natural anhydrite [39]. Quartz (B250, Sibelco) was used instead of slag as 
inert filler. The oxide composition of the materials determined by X-ray fluorescence (XRF) analysis 
is indicated in Table 5-1.  

 Slag Quartz 

CaO 39.8 - 
SiO2 37.7 99.8 
Al2O3 10.5 - 
Fe2O3 0.41 - 
MgO 5.7 - 
Na2O 0.21 - 
K2O 0.46 0.1 
SO3 3.05 - 
TiO2 1.31 - 
P2O5 0.01 - 
LOI 0.2 0.03 

Table 5-1. Chemical composition of slag and quartz 

 

The particle size distribution of the powders determined by laser diffraction with a Malvern Master-
sizer is plotted in Figure 5-1.The specific surface area determined by nitrogen adsorption is also in-
dicated in Figure 5-1. 
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Figure 5-1. PSD and BET of clinker, slag and quartz 

5.2.2 Methods 

5.2.2.1 Slag in NaOH solution  

The experimental setup consisted of mixing slag in NaOH solution (0.025M for NaOH) with a solu-
tion to slag mass ratio of 100 which is not as high as previous studies [92–94,97,98]. The precipitation 
of hydrates was not avoided in order to observe the impact of calcium addition on the extent of pre-
cipitation. The impact of calcium ions on slag reactivity was investigated by adding 0.1,1 and 10 mM 
of Ca (OH)2. The release rate of ions (r in mol/m2/s) is calculated as indicated in Equation 5-1[92,94]:  

r =
C. V

SSA. m. x. t
      Equation 5-1 

 
 

where C is the concentration of the element in solution (mol/L), V is the volume of solution used (L), 
SSA is the specific surface area (m2/g), m is the mass of slag powder (g), x is the atomic fraction of 
the element in slag (calculated from the chemical composition of slag) and t is the time in seconds.  

At corresponding sample ages (30min, 1, 2, 4, 6, 8 hours, 2, 4 and 7 days), 15 ml of the solution was 
collected in a syringe and filtered through a 0.45μm nylon filter. The concentrations in the solution 
samples were measured by inductively coupled plasma-optical emission spectrometry. The samples 
were not acidified to avoid the evaporation of the reduced sulfur species [99,100]. Moreover, meas-
urements were performed immediately after filtration to avoid the oxidation [100]. In this study, it is 
important to be able to measure reduced sulfur ions since they are an indicator for slag dissolution. 
The evolution of pH was checked for all samples at each age as well. 

The degree of reaction of slag in NaOH solution (%) was calculated as indicated in Equation 5-2. The 
parameters are as defined in Equation 5-1 . 
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𝐷𝐷𝐷𝐷𝐷𝐷 =
𝐶𝐶.𝑉𝑉
𝑚𝑚. 𝑥𝑥

      Equation 5-2 

 

The degree of reaction of slag in NaOH solutions was estimated using the concentration of sulfur 
ions. 
For microstructure investigations, the hydration of the sample was stopped using solvent exchange 
with isopropanol. 2g of sample put in a filtrating funnel (filter paper retention 5 μm). The funnel was 
immediately filled with isopropanol and the sample was stirred in the funnel for 2 minutes. Then the 
isopropanol was removed with a vacuum pump. The washing was repeated three times. Once the 
isopropanol was removed, the dried sample was collected from the filter paper and stored under vac-
uum in a desiccator for maximum 24 hours. For micrograph investigations, specimens were prepared 
from the dried powder and were dispersed on an adhesive carbon tab and coated with an iridium layer 
of 5 nm. The samples were analyzed afterwards using Zeiss Merlin which is an ultra-high-resolution 
FE-SEM (Field Emission SEM).  

The hydration was followed by calorimetry (TAM Air, TA Instruments). The solution to solid ratio 
was decreased from 100 to 10 to reduce the noise of the baseline. Kinetics were expected to be slightly 
impacted since the critical concentrations are achieved at different times. However, the results remain 
comparable. 

5.2.2.2 Slag in cement paste  

The mix composition for all blended cement pastes is detailed in Table 5-2. The clinker replacement 
level was fixed at 50%. A content of 4.5% of ground soluble anhydrite by cement was added to PC 
and blended cements. 

Notation Clinker Slag Quartz 

PC 100 - - 

Slag cement 50 50 0 

Quartz cement 50 0 50 

Table 5-2. Mix design for all investigated systems 

 

The impact of increasing water binder ratio was investigated for the composite cement with different 
w/b ratios of 0.3, 0.4 and 0.6. For pore solution curing,  the slag sample was immersed in a repre-
sentative pore solution similar to the pore solutions extracted [21] after setting. 

For each age, the hydration of the pastes was stopped by solvent exchange with isopropanol and the 
following investigations were carried out: 

The degree of reaction of slag was measured by image analysis of a combined input from BSE grey 
level images and magnesium concentration maps collected by EDS. Kocaba et al.[101] described in 
detail the principle of this method.  
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The degree of clinker hydration was investigated on slices of 2mm thickness using X-ray powder 
diffraction. Pore structure was investigated using MIP. 

The internal relative humidity (RH) of the paste samples was monitored using a HC2-AW-USB water 
activity probes from Rotronic.  

The details of this method are detailed in Appendix 1: Methods. 

 

5.3 Results 

The degree of reaction of slag in cement paste was first investigated and plotted in Figure 5-2 a) linear 
scale to show the slowing down of the reaction and b) logarithmic scale to highlight the reaction at 
early age. At 1 day, only 3% of slag reaction is measured, but there is a high error (~4%) especially 
at early ages, due to the limited resolution of fine particles (below 1 μm) which may not be considered 
[101]. After 1 day, the evolution of slag reaction follows a linear trend. A slowing down of reaction 
is observed at late ages. Slag has reacted 50±7% at 180 days. 

  

Figure 5-2. Degree of reaction of slag in cement paste a) linear scale and b) logarithmic scale (w/b=0.4) 

 

The heat release determined using isothermal calorimetry for PC and blended cements is plotted in 
Figure 5-3. The heat is similar up to 1 day for slag and quartz system. Slag follows a similar behavior 
to quartz at early age, i.e. its reactivity is very low. After 1 day, slag seems to start reacting since its 
heat release is higher than the one of quartz. 
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Figure 5-3. The heat release per g of clinker for PC and blended cements (w/b=0.4) 

 

Figure 5-4 shows strength development for PC, slag and quartz cements. At 1 day, strength develop-
ment is similar for the slag and quartz cements. Afterwards, the compressive strength of quartz cement 
remains consistently at just under half the strength of the PC due to the low clinker amount. The slag 
blend develops strength more rapidly than the Quartz blend and overtakes the PC at 28 days.  

 

Figure 5-4. Compressive strength of PC and blended cement 

 

5.3.1 Factors affecting the rate of slag reaction at early age 

The logarithmic release rate of aluminum, silicon and sulfur ions in slag-NaOH solution was calcu-
lated using Equation 1 and plotted in Figure 5-5 .  A “non-steady state” dissolution stage is observed 
for the investigated elements followed by a linear decrease in solution concentrations but only for Al 
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and Si ions. The release rate of Al and Si are similar up to two days and start deviating later on. This 
is not the case for reduced sulfur ions. The release of the reduced sulfur species is constant up to 7 
days. This indicates that sulfur species can be an indicator for slag dissolution.  

 

 

Figure 5-5. Logarithm of the release rate of Al, Si and S in slag-NaOH solution (w/s=100) 

 

The saturation indexes with respect to hydrates that could precipitate in slag-NaOH solution were 
calculated and plotted in Figure 5-6. The graph shows that hydrotalcite with assumed stoichiometry 
“Mg4Al2O7(H2O)10” [102,103] and all other type of magnesium aluminum layered double hydroxide 
phases are likely to precipitate, i.e. with high SI values. C-S-H phases are likely to precipitate as well.   

           

Figure 5-6. Saturation index of hydrates in slag-NaOH solution 
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Approximative mass balance calculations were carried out to estimate the amount of C-S-H and hy-
drotalcite phases (Figure 5-7). The stoichiometry of C-S-H was calculated from calcium silicon ratio 
of slag from XRF data (Table 5-1) and was 1/1.05CaO SiO2 (H2O)4. Up to 1-day, similar amount is 
obtained between both hydrates. Afterwards, C-S-H amount is higher than hydrotalcite phase.  

 

Figure 5-7. The amount of C-S-H and hydrotalcite in slag NaOH solution (w/s=100) 

 

Micrographs of slag in NaOH solution after 30 min and 6 hours are presented in Figure 5-8. Precipi-
tates can be observed on slag particles after 30 min. A platelet-like morphology can be observed 
which might be the characteristic of hydrotalcite-like phases. Other precipitates seem to have a foil 
like morphology which might be C-S-H phases. After only 6 hours, slag particles are covered by 
hydrates. The hydrates have morphology more like C-S-H. Hydrotalcite phases are likely to be cov-
ered by C-S-H phases. The decrease of the release rate of Al and Si ions observed previously in Figure 
5-5 is explained by their consumption to form hydrotalcite and C-S-H phases. 

 

Figure 5-8. High resolution micrographs of slag in NaOH solution after 30 min and 6 hours 
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The degree of reaction of slag in NaOH solution was calculated as indicated in Equation 5-2. A com-
parison of the degree of reaction in NaOH solution and cement paste is shown in Figure 5-9. The 
reactivity of slag is much higher in NaOH solution for all ages. At 1 day, slag reaction is about six 
times higher in NaOH solution than in cement paste. The results suggest that slag reactivity might be 
limited due to the presence of clinker phases.  

 

Figure 5-9. Degree of reaction of slag in NaOH solution and cement paste 

 

One of the elements present in high quantities at 1 day in slag cement paste is calcium, sulphates and 
alkalis ions [100]. Here in this study, the effect of calcium addition on slag reactivity was studied. 
The presence of clinker phases was simulated by the addition of calcium hydroxide (0.1, 1 and 10mM) 
in slag NaOH solution.  It was firstly verified that the addition of calcium did not significantly modify 
the pH,Figure 5-10. 
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Figure 5-10. pH evolution for slag in NaOH solution with and without addition of calcium hydroxide 

 

The driving force for solid dissolution is the undersaturation [50]. Slag reactivity might be affected 
by the solution undersaturation (modified by changing solution calcium concentrations) as suggested 
for alite [50,104]. Saturation index with respect to slag with the addition of calcium hydroxide (0.1, 
1 and 10mM) in NaOH solution is plotted in Figure 5-11. The saturation index is similar between the 
reference sample and calcium hydroxide added samples with 0.1 and 1mM. This is not the case with 
the addition of 10mM of CH where the saturation index of slag is decreased. The results suggest that 
as the saturation index of slag decreases, the undersaturation is maybe increased which would mean 
that slag should dissolve more and higher hydration precipitates is expected. 

 

Figure 5-11. Saturation index of C-S-H and in slag-NaOH solution with and without addition of calcium hy-
droxide 
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The previous results showed that reduced sulfur species could be an indicator for slag dissolution 
since the other ions were consumed to form hydrates. The logarithmic release rate of S ions is plotted 
in Figure 5-12 for slag with and without addition of Ca (OH)2. The release rate of S ions seems to 
decrease in the presence of Ca (OH)2 with all investigated amounts. The lowest release rate was ob-
tained with the presence of 10mM of Ca (OH)2.  

 

  

Figure 5-12. Logarithmic release rate of sulfur in slag-NaOH solution and in the presence of 0,1, 1 and 
10mM of Ca (OH)2 

 

The release rate of sulfur ions was plotted against calcium additions for 1, 4 and 7 days (Figure 5-13). 
For all ages, the release rate of sulfur decreased. The higher the addition of calcium hydroxide, the 
lower the release rate of sulfur. 
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Figure 5-13. Logarithmic release rate of S vs. calcium addition 

The precipitation of hydrates was investigated with GEMS thermodynamic modeling. The saturation 
index of C-S-H and the silicon concentrations with the additions of calcium hydroxide is plotted in 
Figure 5-14. Silicon concentration decreased with increasing the amount of calcium hydroxide. The 
precipitation of C-S-H is predicted to decrease also with the addition of calcium hydroxide and mainly 
with the addition of 10 mM. 

 

   

Figure 5-14. Si concentration and saturation index of C-S-H and in slag-NaOH solution with and without ad-
dition of calcium hydroxide 

 

Micrographs of slag in NaOH solution are compared with slag in the presence of 10mM of calcium 
hydroxide and shown in Figure 5-15. After 30 min, slag particles seem to be smooth for addition of 
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10mM of CH to the solution (Figure 5-15 c).  After 6 hours, lower precipitation can be observed in 
the presence of calcium hydroxide (Figure 5-15 d).   

 

Figure 5-15. High resolution micrographs of slag in NaOH solution a) after 30 min and b) 6 hours and with 
addition of 10mM of calcium hydroxide c) after 30 min and d) 6 hours 

 

The heat cumulative per gram of calcium hydroxide is plotted for the samples with and without ad-
dition of calcium hydroxide (Figure 5-16). The heat release decreased with the increase of the amount 
of calcium hydroxide.  
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Figure 5-16. Heat cumulative of slag-NaOH solution with and without addition of calcium hydroxide 
(w/s=10) 

 

Figure 5-17 compares the degree of reaction between slag in NaOH solution with the different amount 
of calcium hydroxide and slag in cement paste. The higher the amount of calcium hydroxide added 
in slag NaOH solution, the lower the degree of reaction. The degree of reaction of slag with 10mM 
CH comes closer to the reaction degree of slag in cement paste. The slow dissolution of slag due to 
the high concentration of calcium in the pore solution might be the reason for the slow kinetics of 
slag in cement paste at early age. This impact might be less significant at later ages since the alkali 
dominate the pore solution and the calcium concentrations decrease as they are limited by the port-
landite precipitation [99,100,105,106].  
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Figure 5-17. Degree of reaction of slag in NaOH solution with different amount of calcium hydroxide 
(w/s=100) and slag in cement paste (w/s=0.4) 

 

This study showed that at high pH, the slag dissolution is slowed down with the addition of calcium 
hydroxide. In general, the rate-controlling mechanisms of the dissolution can be classified by either 
the transport of ions or the surface reactions [50,107,108]. When the dissolution is limited by surface 
reactions, several mechanisms were suggested to limit the dissolution of glasses such as the surface 
coverage by hydration products [109] or the adsorption of solution ions on reactive sites [110]. Sim-
ilar hypotheses were suggested for the inhibition of alite dissolution [111–113]. The hypothesis of 
covering slag surface by hydration products can be excluded in this study as the micrographs showed 
the lowering of precipitation with the decrease of dissolution. In a recent study, Chave et al. [114] 
reported that the slower dissolution of synthetic glasses with the addition of calcium in solution is 
explained by the incorporation of calcium ions into the glass surface layer and therefore decreasing 
dissolution rates. However, these observations were at different conditions: pH=8.7 and temperature 
of 90°C. Armelao et al. [115] showed that calcium hydroxide reacts with the silica glass network 
using different surface techniques: X-ray photoelectron spectroscopy (XPS), secondary ion mass 
spectrometry (SIMS) and atomic force microscopy (AFM). 

A more detailed analysis of the surface chemistry would be needed in this study to check if the cal-
cium from solution reacts with silica network in the hydrated layer at the glass surface. 

 

5.3.2 Factors affecting the rate of slag reaction at late ages 

The two limits of water filled pores were investigated in this research as studied in Chapter 3 for 
metakaolin reaction in LC3 systems. 
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The water to binder ratio was firstly varied from 0.3 to 0.6 in slag cement paste to investigate the 
impact of the addition of water and space on the extent of slag reaction (Figure 5-18). Up to 7 days, 
increasing the water binder ratio from 0.3 to 0.4 did not enhance slag reaction. The system with 0.6 
showed a slight increase of reaction but in the range of error measurement technique. After 7 days, 
the system with w/b=0.6 showed a higher degree of slag reaction than those systems with w/b of 0.3 
and 0.4.  

 

Figure 5-18. Degree of reaction of slag in cement paste with w/b=0.3, 0.4 and 0.6 

 

The pore size distribution plots for all investigated water binder ratios are shown in Figure 5-19. 
Almost no further refinement was observed after 28 days of hydration for w/b 0.3 and 0.4.  Both 
systems showed critical entry pore radius of 10 and 15 nm respectively at 90 days. This was not the 
case with slag cement with 0.6 where a refinement of porosity is still observed after 28 days.  
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Figure 5-19. Porosity measurements of slag cement with w/b=0.3, 0.4 and 0.6 
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The internal relative humidity of slag cement and PC pastes is plotted in Figure 5-20. The relative 
humidity of both systems is similar up to 7 days. Afterwards, the decrease in relative humidity of PC 
slowed down whereas the relative humidity of slag cement keeps decreasing more strongly. At 28 
days of hydration, the internal relative humidity of slag reached 81%. The relative humidity due to 
saturation of pores from chemical shrinkage was corrected to the water activity [53,54]. The corrected 
relative humidity 82% corresponds to a threshold of pore radius of ~6 nm. Above 6 nm, capillary 
pores are not saturated with solution. 

 

Figure 5-20. Internal relative humidity for PC and slag cement 

 

Slag was immerged in pore solution as described in methods section and then the degree of reaction 
of slag was compared between sealed and pore solution cured and plotted in linear and logarithmic 
scale in Figure 5-21. Up to 28 days, the reaction of slag was similar in both conditions. Afterwards, 
the reaction of slag in sealed conditions slowed down. Meanwhile slag showed a log-linear reaction 
in pore solution cured conditions and reached 70 % at 180 days of hydration.  
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Figure 5-21. Degree of reaction of slag in sealed and pore solution cured conditions a) linear scale and b) 
logarithmic scale (w/b=0.4) 

 

The porosity of sealed and pore solution cured at 3 and 90 days of hydration is plotted in Figure 5-22. 
For both ages, sealed and pore solution cured systems showed similar critical entry pore radius and 
total porosity.  

 

Figure 5-22. Porosity measurements of slag cement in sealed and pore solution conditions at 3 and 90 days of 
hydration (w/b=0.4) 
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The possible limited growth of hydrates below a critical pore radius was estimated as studied for LC3 
in Chapter 3. The growth of C-S-H and AFm phases could be limited in slag cement at late ages. Due 
to the low solubility of hydrotalcite, the saturation index of hydrotalcite calculated by thermodynamic 
modelling are not reliable [100]. Therefore, AFm phases were limited to carboaluminate and mono-
sulfoaluminate phases. 

The interfacial energy between crystal and solution is necessary to estimate the saturation index re-
quired for hydrates growth. Nielsen approach [68] was used to investigate the interfacial energy for 
monosulfoaluminate. The parameters used in this approach are listed in Table 5-3. The saturation 
index for monosulfoaluminate using thermodynamic modelling was calculated using the pore solu-
tion data at 28 days of hydration from Durdzinski et al. [21]. The interfacial energy for monocar-
boaluminate is adapted from Chapter 3. 

Log Ksp [71] -29,26 

Unit cell volume V (Å3) [71] 769,5 

Density ρ (g/m3) [116] 2,02 

Molecular weight Mw (g/mol) 

[116] 

622,52 

Table 5-3. Solubility product, unit cell volume, density and molecular weight of monosulfoaluminate 

 

Figure 5-21 shows the SI required for Ms and Mc growth against the pore radius. As the pore radius 
decreases, the saturation index required for hydrate growth increases to balance the increase of the 
surface energy due to the curvature increase. The growth of monocarboaluminate seems to be limited 
below 10 nm. The growth of monosulfoaluminate seems to be not occurring for all pore radii. How-
ever, this can be explained by the presence of small amount of limestone in clinker. The monophase 
is therefore dominated by carbonates leading to low saturation index for monosulfoaluminate.  
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Figure 5-23. Saturation index required for Ms and Mc growth using interfacial energy estimated by Nielsen’s 
approach [68] 

 

AFm amounts with different water binder ratios determined by XRD-Rietveld analysis are plotted in 
Figure 5-24. The lower the water binder ratio, the lower the amount of Hc+Mc phases. A slowing 
down of carboaluminate formation was observed at late ages for all water binder ratios. Before 3 
days.  monosulfoaluminate phase was not identified for w/b 0.4 and 0.6 (up to 7 days for 0.3). After-
wards, the amount increases for all water binder ratios but remains lower than carboaluminate phases. 
The formation of monosulfate seems to be limited only because of the presence of limestone in ce-
ment paste.  
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Figure 5-24. Hc+Mc and Ms amounts in slag cement w/b=0.3, 0.4 and 0.6 

 

Regarding C-S-H phase, the different values of interfacial energy obtained in Chapter 3 was used 
here. Figure 5-25 shows the saturation index required for C-S-H growth against pore radius in nm. 
The growth of C-S-H seems to be limited below the pore radius of 10 nm. These observations agree 
with MIP results (Figure 5-19) where the minimum pore entry radius reached after 28 days for the 
lowest water binder ratio was 10 nm.  

 

Figure 5-25. Saturation index required for C-S-H growth  
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The RH indicates that pores larger than 6 nm do not contain solution, at the same time the solution 
concentration and thermodynamic modelling indicate that the grow of both AFm phases and C-S-H 
is not likely to be possible in pores below 10 nm.   

 
5.4 Conclusions 

In this study, the mechanisms slowing down slag reaction at early and late ages were investigated. 
The influence of calcium ions addition on slag reactivity when isolated in NaOH solution (w/s=100) 
was studied. The dissolution of slag was followed with reduced sulfur ions as the results showed that 
they were not consumed to form hydrates. The addition of calcium hydroxide in slag NaOH solution, 
seems to decrease slag dissolution and therefore reduce the extent of precipitation. The higher the 
added amount of calcium ions into the solution, the lower the dissolution. The implication of these 
observations with slag in blended cement paste, suggests that the low reaction of slag at early age 
could be due to the high amount of calcium in the pore solution. This impact might be less significant 
at later ages since the alkali dominate the pore solution and the calcium concentrations decrease as 
they are limited by the portlandite precipitation [105,106]. 

The lack of water filled capillaries might slows down slag reaction at late ages. After 28 days, the 
internal relative humidity measurements indicated the absence of water in pores with the radius above 
6 nm. Pore solution curing linearly increased slag reaction but only at late ages. The growth of mon-
ocarboaluminate and C-S-H phases might to be limited below the pore radius of 10 nm. However, 
these estimated limitations are associated with the curvature of the crystal using Kelvin Laplace 
model. 
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 Main findings and conclusions  
 

6.1 Conclusions 

The goal of this project was to understand the mechanisms slowing down or enhancing the reactivity 
of SCMs in order to maximize their use in blended cements. With the aim of making the concepts 
universal, this project focused on one hydraulic and one pozzolanic SCM, slag and calcined clay, 
respectively. The following conclusions can be drawn : 

6.1.1 Maximizing the use of limestone in binary cements 

 

• The fine limestone allowed to increase the replacement level up to 20% in blended cement while 
maintaining satisfactory mechanical results. Similar compressive strength to PC was obtained up to 
7 days.  

• The hydration of C3S was enhanced by the presence of fine limestone. The physical and chemical 
effects of limestone compensate the dilution of the clinker up to 7 days.   

• Blending fine limestone (15%) and coarse limestone (5%) showed similar strength with the system 
containing 20% of fine limestone and thus to PC up to 7 days. Reducing the content of fine limestone 
in this way, should improve water demand and workability and reduce the grinding energy during 
process. 

• Strength results were explained by the phase assemblage using the gel space ratio approach. 

 

6.1.2 Factors slowing down metakaolin reaction at late ages 

The reaction of metakaolin in calcined clay slows down at late ages. The main findings in this study 
can be summarized as follows:  

• Portlandite is not the factor slowing down the reaction of metakaolin in LC3. The addition of port-
landite did not lead to an increase of the reaction degree of metakaolin.   

• Similar slowing of reaction was observed when replacing metakaolin with silica fume, an Al-free 
SCM, suggesting that Al ions are not responsible for the slowing down of the reaction. 

• The lack of water-filled capillaries is the most likely reason for the slowing down of metakaolin 
reaction. Internal relative humidity measurements indicated that at 28 days pores above 13 nm are 
not saturated with water.  
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• Interfacial energies of AFm and C-A-S-H phases were estimated in this study using different ap-
proaches. Different values were obtained for C-A-S-H phases. These values should be interpreted 
with caution as the parameters considered in these approaches are challenging and involve several 
uncertainties.  

• The growth of AFm and C-A-S-H phases is possibly limited below a range of pore radius around 3 
to 7 nm. These limitations are based on classical growth mechanism using Kelvin Laplace equation. 

 

6.1.3 Effect of decreasing clinker content from 50% down to 30% in LC3  

• The decrease of clinker content leads to a decrease of compressive strength. However, the substitu-
tion of 70% of CEM I 42.5 R by 30% calcined clay and 40% limestone still permits to pass the 
strength criteria of 32.5 N class. This shows the significant potential of the combination of limestone 
and calcined clay to decrease the CO2 emissions related to cement production. 

• LC3 with 30% of clinker showed a depletion of portlandite at 7 days. However, metakaolin keeps 
reacting after this time. Calcium is most likely consumed from C-A-S-H phases. The observation 
supports the previous conclusion that the lack of portlandite is not the major factor responsible for 
the slowing down of metakaolin reaction at late ages.  

• LC3_40 with 40% metakaolin has a similar mechanical performance to LC3_50 with 30% me-
takaolin. This new formulation opens the path towards even to further reduction of CO2 emissions 
while maintaining sufficient strength. 

•  Strength results are often interpreted in terms of gel space ratio. However, this approach includes 
several uncertainties based on the measurement of the phase assemblage. The C-A-S-H composition 
is especially challenging to determine for cementitious blends very low clinker content. Combined 
water fraction used in this study as a simpler and more practical approach to predict compressive 
strength. A good correlation was obtained for LC3 blends with low clinker content.   

 

6.1.4 Factors slowing down slag reaction at early and late ages 

Early ages: 

• The addition of calcium hydroxide to slag in NaOH solution, seems to limit slag dissolution. The 
higher the added amount of calcium ions in the solution, the lower the dissolution. The extent of 
precipitation of hydrates is reduced in presence of calcium hydroxide. 

• Slag reactivity at early age might suffer from the dissolution of clinker phases because of the high 
amount of calcium released in the pore solution. This impact might be less significant at later ages 
since the alkali dominate the pore solution and the calcium concentrations decrease as they are limited 
by the portlandite precipitation.  
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Late ages: 

• After 28 days, internal relative humidity indicated that a threshold of pore radius of 6 nm is the limit 
between empty and solution filled pores. Hydrates cannot grow in empty pores and this will slow 
down the reaction. 

 

6.2 Perspectives 

6.2.1 Metakaolin reactivity at early age 

 

• Compressive strength of LC3 is low at early age compared to PC. 

 

Figure 6-1. Compressive strength of PC, slag cement and LC3 blend 

 

• What factors influence metakaolin reaction at early age? 

The dissolution of metakaolin in calcined clay in NaOH solution (w/s=100) proceeds at a constante 
rate. The release rate of Al and Si ions is constant over time. 
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Figure 6-2. Log release rate of Al and Si in metakaolin in clacined clay (w/s=100) 

 

The addition of calcium hydroxide enhances metakaolin reaction. The release rate as well as the de-
gree of reaction are increased with the addition of calcium hydroxide. During hydration of cementi-
tious blends, the Ca of the pore solution permits to observe similar trend to the dissolution experi-
ments with portlandite addition. 

  

Figure 6-3. Heat cumulative of calcined clay in NaOH solution and degree of reaction of metakaolin in 
NaOH solution and cement paste 

 

Using these findings, grinding optimization could provide quickly the adequate pore solution com-
position for higher metakaolin reactivity. Increasing the fineness of clinker would increase the disso-
lution and the release of calcium ions. Therefore, metakaolin reactivity could be enhanced. As a con-
sequence, the replacement level with metakaolin can be further increased in LC3 blends. 
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6.2.2 Slag reactivity at early age 

 

• Slag dissolution is decreased in presence of calcium hydroxide. More investigations on the surface 
chemistry of slag would be needed to investigate the complexation of calcium ions with different ions 
on slag surface. Calcium ions from solution could be incorporated into the glass surface layer.  

 

• The heat release of slag in NaOH solution (w/s=100) decrease with the addition of 0.2mM of alu-
minum nitrate in the solution. Investigations on the impact of aluminum ions on slag dissolution 
would needed to be developed.  

 

Figure 6-4. Heat cumulative of slag with and without addition of aluminium nitrate (w/s=100) 

 

6.2.3 Metakaolin and slag reactivity at late ages 

 

The reaction of slag and metakaolin does not stop at late ages but slows down. It is possible that the 
growth of hydrates at late ages might occur via different (slower) growth mechanisms.  

TEM-tomography can help to investigate if other regimes for the growth of C-(A)-S-H are occurring 
in confined pores at late ages. The high resolution would be useful especially for LC3 system with a 
more refined pore connectivity.  
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These perspectives would allow to further develop the understanding of the reactivity of SCMs in 
cement paste. The key implications of this study and the recommendations for further research are 
essential to increase the replacement level of SCMs. 
 



 

 

Appendix 
7.1 Appendix 1: Methods 

7.1.1 Characterization of powders 

 

Particle size distribution of raw materials was determined using laser diffraction (Malvern Master-
Sizer S). Mie theory was used to predict the size of the particle [40]. Limestone particles were dis-
persed using sodium metaphosphate (NaPO3)6. Isopropanol was used for clinker, quartz and silica 
fume. Solution of sodium carbonate Na2CO3 was used for calcined clay.  

The specific surface area of powders was investigated using gas adsorption technique. Micromeritics 
TriStar II Plus was used. Powder was degassed at 200°C under constant N2 flow for 2-4 hours. BET 
method was used to calculate the specific surface area. 

7.1.2 Compressive strength test 

Compressive strength was tested on 4 × 4 × 16 cm mortar bars following the EN 196-1 protocol. The 
results were obtained as an average of four compression tests. 

7.1.3 Cement paste preparation and curing methods 

The cement paste was mixed for 2 min at 1600 rpm and placed in plastic cylinder bottles (2 cm of 
diameter, 5 cm height). Two methods of curing were compared in this study: 

Sealed curing : samples were cast in plastic cylinder bottles and then sealed with parafilm  

Pore solution curing : after setting time, samples were demolded from the plastic bottles and placed 
in a container filled with pore solution. 

For each testing age, four slices of the sample of 2-mm thickness were cut with a diamond saw using 
deionized water as a lubricant. One fresh slice was used for XRD measurements and the other three 
slices were put in isopropanol for 4 days. Isopropanol was changed after 1 hour, 1 day, and 3 days 
and then the slices were stored in a vacuum desiccator for at least 2 days. 

7.1.4 Methods for cement hydration and microstructure investigations 

Isothermal calorimetry 

The hydration was followed by isothermal calorimetry (TAM Air, TA Instruments). Ten grams of 
paste were placed in the calorimeter. The instrument was maintained in a temperature-controlled 
room (20 °C) to ensure the stability of the baseline. The reference sample used in this study is water. 

https://www.sciencedirect.com/topics/materials-science/compressive-strength
https://www.sciencedirect.com/topics/materials-science/mortar
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X-Ray diffraction (XRD) 

X-Ray Diffraction (XRD) was used to characterize the crystalline phases consumed or formed during 
hydration. Measurements were carried out on freshly cut paste slices at 1, 3, 7, 28, 90 and 180 days. 
The slices were mounted on a sample holder and measured in Bragg-Brentano mode using a X’Pert 
PANalytical diffractometer with CuKα source operated at 45 kV and 40 mA. Samples were scanned 
from 7 to 70 °2θ with a step size of 0.0167 °2θ using a X’Celerator detector. The results were analyzed 
using X'Pert HighScore Plus 4.1 software with rutile as an external standard. 

Thermogravimetric analysis (TGA) 

TGA was used to quantify portlandite and bound water. The measurements were carried out on pow-
der samples using a Mettler Toledo TGA/SDTA 851. Samples were crushed to obtain fine powder in 
an agate mortar. 50mg was filled in a specific alumina crucible. The program was run at a ramp rate 
10°C/min from 30°C to 1000°C under a 30 ml/min flow of N2.  

Sample preparation for SEM observations 

A small piece of sample was impregnated under vacuum with a low viscosity and transparent epoxy 
resin (EpoTek 301). The setting of resin takes 24 hours. After resin setting, samples were pre-polished 
on an abrasive sandpaper grade P1200 using isopropanol as lubricant. The samples were then polished 
through three consecutive steps. To obtain a mirror-like sample surface, a 9 μm diamond spray was 
used for polishing for 30min and then changed to 3 μm for 2 hours and to 1 μm for 3 hours. Petroleum 
was used as lubricant. Polished samples were cleaned using isopropanol in an ultrasonic bath and 
were kept under vacuum in desiccator for at least 48 h prior to analysis under the SEM. A 15nm thick 
carbon layer was applied in order to provide a conductive surface. 

Scanning electron microscopy (SEM) 

SEM was used for microstructure observation and phase composition. The backscattered electron 
imaging (SEM-BSE) and energy dispersive X-ray spectroscopy (SEM-EDS) were carried out on pol-
ished cross-section using a FEI Quanta 200 equipped with Bruker XFlash 4030 EDS detector. 

The composition of C-(A)-S-H was determined by EDS point analysis following the optimization 
method recommend by Rossen et al. [81]. The authors suggested that the estimation of C–(A)–S–H 
atomic composition is best conducted using data acquired by manual choice of the regions of interest 
(particularly the inner and outer product C–(A)–S–H). Points should be measured in many zones 
across the sample and at sufficiently high magnification (at least 4000 × in our setup) [81]. The typical 
plot between te atomic ratio of Al/Ca versus Si/Ca to define the composition is shown in Figure 7-1. 
An acceleration voltage of 15 kV and a working distance of 12.5 mm were used. To achieve relevant 
statistics, over 200 points were collected by SEM-EDS from the inner product of C-(A)-S-H.  
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Figure 7-1. Determination of the compostion of C–(A)–S–H from the plot of Al/Ca versus Si/Ca [81] 

 

 

Mercury intrusion porosimetry (MIP) 

Samples were crushed in small pieces with similar weight for consistency (1g). The dried samples 
were placed in the dilatometer. The measurement was carried out in two steps. In the first step a 
pressure of 100 kPa was applied to intrude the largest pores. Then, the pressure progressively in-
creased up to 400 MPa which allows the intrusion of pore entry down to 2 nm. A contact angle of 
120° was used between mercury and cement paste. The critical entry pore radius, the total porosity 
and the threshold pore radius can be determined from the derivative and the cumulative curves of 
MIP results (Figure 7-2).  
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Figure 7-2. MIP reults showing derivative and cumulative curves of LC3-50 paste samples at 28 days [80] 

 

 

 

Relative humidity 

Between 16 and 24h after casting, samples to be tested were crushed to sub-centimeter pieces and 
placed in the device, in a plastic container fitting the cavity of the probe. The probes measure the RH 
of the air surrounding the sample. Due to the limited size of the chamber, it is assumed that the RH 
of the air is at equilibrium with the RH of the pore network. A water-cooling system was used to keep 
the samples and the sensor at a constant temperature of 20°C. The set-up is equipped with 3 cells, and 
every studied system was replicated on the 3 cells in parallel. The recording interval was set to 10 
min during the first 5 to 7 days of hydration, and then reduced to one recording per hour. A calibration 
routine is carried out in-between each run, using the built-in software calibration tool (HW4v.3). 
Saturated solutions of different salts (K2SO4, K2NO3, KCl, NaCl) were used to calibrate the sensors 
at fixed RH points between 98% and 75%. 

7.1.5 Mass balance approach 

The phase assemblage of all studied systems was estimated by the mass balance approach [21,31]. 
The inputs of this method are: the consumption of clinker phases, limestone and anhydrite and the 
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ettringite content from XRD measurement; the Al/Ca, Si/Ca ratios of the C-(A)-S-H of the different 
systems by SEM-EDS.  

The principle of this method is well detailed in [21,31]. The sum of the different oxides coming from 
all the reacting phases are considered: CaO, SiO2, Al2O3, Fe2O3, SO3, CO2 and MgO. Then a series 
of steps are used to calculate the amounts of the different phases formed, analogous to the Bogue 
calculation for the anhydrous phases in Portland cement. The sequence of steps is as follows: 

- All MgO is considered to form hydrotalcite like phase M4AH10, subtracting the Al2O3 contribution 
from the initial Al2O3 amount available for the formation of hydration products. 

- All Fe2O3 is then considered to form Fe-siliceous hydrogarnet C3FS0.84H4.32, which is more stable 
than Fe-ettringite and Fe-AFm phases [63]. The required amounts of silicon and calcium oxides used 
for hydrogarnet formation are subtracted from their initial available content. 

- All the remaining SiO2 is then considered to be in C-A-S-H. Knowing the Al/Ca, Si/Ca ratios for 
the different systems at all ages by SEM-EDX described previously, the aluminium and calcium con-
tributions are subtracted. 

- The quantity of ettringite C3A.3(C$)H32 (AFt) is taken as that measured by X-ray Diffraction - 
Rietveld method and from this the amounts of SO3, CaO and Al2O3 are subtracted.  

- The remaining Al2O3 is used for the formation of monocarboaluminate C4ACH11 (Mc), consuming 
the available CO2. Al2O3 was used as the limiting factor of the reaction rather than CO2 because of 
the relative difficulty for the quantification of calcite by XRD-Rietveld. 

- The amount of remaining CaO is used to form portlandite (CH). 

The H2O/(Si+Al) was fixed to 4 (including gel water) and the density of C-S-H to 2 g/cm3 [60,117]. 
The remaining water is calculated by subtracting the water consumed for all hydrates (C-A-S-H, 
ettringite, AFm, portlandite, stratilngite and hydrogarnet)) from the initial water. In order to determine 
the amount of reacted metakaolin, calculations are made at steps of 1% metakaolin reaction and then 
plotted against the amount of portlandite. The real amount of metakaolin reactions can then be esti-
mated from the portlandite content measured by XRD-Rietveld results [58]. 
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7.2 Appendix 2: Preliminary study on fly ash cement  
 

The impact of decreasing clinker content from 50% down to 30% was investigated in systems blended 
with fly ash and fly ash-limestone. Compressive strength was firstly investigated in these systems. 

7.2.1 Chemical composition and mix design 

The chemical composition of fly ash is presented in Table 7-1. 

               Calcareous Fly ash 

CaO 15.46 

SiO2 47.61 

Al2O3 21.9 

Fe2O3 8.25 

MgO 2.17 

Na2O 0.33 

K2O 1.61 

SO3 1.08 

TiO2 0.73 

P2O5 0.24 

LOI 0.05 

Table 7-1. Chemical composition of fly ash 

 

The mix design of all investigated systems is shown in Figure 7-3. In binary blends with fly ash, 
clinker content was decreased from 50% down to 30%. In ternary blends, clinker was progressively 
replaced by fly ash with maintaining a constant amount of limestone to 10%. 
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Figure 7-3. Mix formulations of cement blended with fly ash and limestone 

 

7.2.2 Compressive strength  

Strength development for PC and blended cements is shown in  Figure 7-4. At 1 day, all blends show 
similar and very low compressive strength. The systems with clinker content 50% and 40% show 
comparable strength development for all ages. The system with 30% of clinker shows the lowest 
strength development. The partial replacement of fly ash with limestone is this system affects more 
negatively strength development. 

 

Figure 7-4. Strength development of PC, fly ash and fly ash-limestone blends 
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Compressive strength for fly ash blended systems was poor compared to PC due to the slow reaction 
of fly ash. This study was not continued because of the very slow performances of fly ash blends. 
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7.3 Appendix 3: Nielsen and Mersmann approach 

7.3.1 Saturation index using thermodynamic modelling 

Thermodynamic modelling was used to calculate the saturation indexes, SIGEMS, for AFm and C-S-H 
at 28 days of hydration. Pore solution at 28 days of hydration from previous studies on LC3 and slag 
cements were used as inputs for calculating SIGEMS [21,31,118]. Table 7-2 summarizes the elemental 
concentrations used. Concentrations were obtained with w/b ratio of 0.5 since the extraction of the 
pore solution becomes more challenging for lower w/b. 

 

mmol/L Al Si Ca S Na K 

LC3_50 [31] 

50%metakaolin 

1.02 0.45 1.2 2.25 53 93 

LC3_50 [118] 

48% metakaolin 

1.11 0.41 0.75 2.95 46 90 

Slag cement 

55% cement-45%slag 

[21] 

0.02 0.05 4 2,4 50 112 

Table 7-2. Element concentrations in LC3 and slag cement 

 

7.3.2 Nielsen and Mersmann approach for interfacial energy estimation 

Nielsen approach [68] was used to estimate the interfacial energy σ which is an approach involving 
solubility and interfacial energy as shown in Equation 7-1 and Equation 7-2: 

σ
K T

= 2.82 − 0.272 ln(Ksp) Equation 7-7-1 

 

γ = σ/a2           Equation 7-7-2 

 

Where σ is the edge work, K Boltzmann constant, T the temperature, ksp the solubility of the crystal, 
a is the molecular unit cell distance and finally γ is the interfacial energy. 

There are several models of C-S-H solubility reported in literature [119–123]. The solubility of to-
bermorite C-S-H (CaO)0.83(SiO2)(H2O)1.3) with the value -8 was selected in this study [119]. Solubil-
ity data (Ksp) of AFm was also adapted from the same study[119]  .  
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Mersmann approach [69] was also used to estimate the interfacial energy given γ  in Equation 7-3. 
The first term considers the adsorption of ions at the interface and the second term considers the 
approach of a point charge towards this interface: 

          γ = γ0 −
RT
zF

{σmax ln � σmax
σmax−׀σ׀

� + 8FI
κ

[√(1 + (κσ
4FI

)2)-1)} Equation 7-7-3 

 

    

 

With γ0 the maximum interfacial energy of a crystal at its point of zero charge, R the gas constant, T 
the temperature, F the Faraday constant, z the valence of a (z:z) electrolyte, σ and σmax are the surface 
charge of ionic crystals.  

γ0 is defined in Equation 7-4 

γ0=0.414.KB.T(1000 ρ NAv
Mw

) 2/3 ln ( 1000 ρ
Mw  Ksp

) Equation 7-7-4 

 

I is the ionic strength and1/κ is the Debye length are defined in Equation 7-5 

I=∑ 𝐶𝐶𝑖𝑖𝑏𝑏
𝑖𝑖=1 𝑍𝑍𝑖𝑖2 ;𝐾𝐾−1=� 𝜀𝜀𝜀𝜀0𝑘𝑘𝑅𝑅

2𝑁𝑁𝐴𝐴𝑒𝑒𝑦𝑦2𝐼𝐼
 Equation 7-7-5 

 

With KB is the Boltzmann constant, NAV is the Avogadro constant, ε₀ is the vacuum permittivity and 
e is the electron charge. 

-The density 𝜌𝜌 and the molecular weight 𝑀𝑀𝑉𝑉 of hydrates [60,116,117] 

- The molar concentration Ci are based from results of Harris et al. on  C-S-H synthesis with Ca/Si:2 
[124] 

- The dielectric constant 𝜀𝜀 [125] 

- The surface charge densities σ and σmax [73]. 

Poisson–Boltzmann equation can be applied to determine the surface charge density of ionic crystals 
(σ); a parameter required for Mersmann’s approach. However, Poisson–Boltzmann equation assumes 
that ions are point charges interacting with the surface and the surrounding electrolyte solution [126]. 
As a consequence, the ion-ion interactions are neglected. This theory could be reliable for low surface 

Approach of the ions Adsorption of ions 
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charge densities in the presence of only monovalent counterions in low concentrations (diluted solu-
tions) but fails to describe high surface charge density which is the case for C-(A)-S-H [127]. Hence, 
in this study the surface charge density for C-S-H were not calculated using Poisson–Boltzmann 
equation but were adapted from recent work determined using Monte Carlo simulation [73] where 
the electrostatic interactions are considered. 
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7.4 Appendix 4: Gel space ratio approach 
 

Strength results for LC3 50-30 were correlated with phase assemblage using the gel space ratio ap-
proach. The plot for compressive strength against gel space ratio for all investigated systems is shown 
in Figure 7-5. The gel was defined here as a) sum of hydrates, b) C-A-S-H and c) sum of hydrates 
and the volume of unreacted limestone and metakaolin. Space is defined as the initial water volume 
with the volume of reacted particles. For each system and considering all the definitions studied for 
gel, compressive strength increases with increasing gel space ratio. However, a low correlation was 
obtained; i.e. the gel to space ratio fits with the compressive strength of all the systems together but 
with a considerable deviation. 

 

Figure 7-5. Correlation between compressive strength and gel space ratio considering the gel as a) sum of 
hydrates, b) C-A-S-H and c) sum of hydrates and the unreacted limestone and metakaolin 

 

The deviation observed with gel space ratio is partially related to the challenging quantification of C-
A-S-H composition for low clinker cements. Moreover, the definition of gel space ratio considers 
only the chemical reactions involved in the systems and does not deal with the physical impact of the 
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initial particle arrangement. More study would be needed to incorporate the physical impact of SCMs 
and fillers on the particle packing density in the gel to space ratio approach. 
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