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  1
General Introduction 

 
This chapter starts with a presentation of the background of the research. Then the 
objectives, scope and methodology of this research are explained. Finally, the coherence 
between the chapters is given.   
  



Research background   

2 

1 

 Research background 1.1

Concrete is by far the most widely used building material in the world. A basic 
component of concrete that binds the aggregate particles together is Portland cement 
paste. This binder is produced in a process in which natural lime-bearing rocks and 
other materials (such as clay) are burned at around 1500 °C, quenched and ground to a 
fine powder that can react with water. This process is responsible for a high CO2 
emission and high energy consumption. To make concrete more environment friendly, 
and possible cheaper, part of the Portland cement can be replaced by fillers, such as 
limestone or quartz powder [1-3]. Additions of limestone or quartz powder have been 
reported to exert a limited chemical effect on cement hydration [4, 5]. The main quasi-
chemical effect of added limestone and quartz powder is that they accelerate cement 
hydration by facilitating nucleation and growth of reaction products at their surfaces [1, 
5-7]. These effects are most important in the early stage of hydration when the 
microstructure is rapidly developing. The hydrates, mainly calcium silicate hydrate (C-
S-H), which precipitate and constitute at least 60% of the fully hydrated cement paste, 
form connections between the cement and filler grains, leading to setting and strength 
development. 

Finer fillers in cement paste can result in improvements in strength because of a 
lower porosity and a denser packing [8, 9]. However, the use of fillers also results in 
dilution of Portland cement particles and their strength-providing reaction products in 
the paste for keeping water-to-binder ratio consistent. This ‘dilution’ effect will lead to 
an increased porosity. Above a critical amount of filler, the effect of dilution exceeds 
the effect of packing, resulting in a lower strength of the hardened paste or concrete [1, 
10]. These ‘packing’ and ‘dilution’ effects on the strength of the hardened paste or 
concrete mainly depend on the replacement level of the filler and its fineness. It is well 
known that reducing porosity will increase the interparticle connections in the cement 
paste and hence increase the strength of the binder [1, 11, 12]. These effects (porosity, 
packing and dilution) on the strength of cement paste have been studied intensively. 
However, they (porosity, packing and dilution) cannot explain the difference in 
performance of different fillers.  

The affinity of filler particles for cement hydrates, which depends on the physical 
and chemical properties of the filler, also influences the strength of blended cement 
paste by affecting the adhesion strength between filler particles and reaction products. 
However, the role of filler-hydrates adhesion properties in the strength of blended 
cement paste attracted very little attention yet. This is attributed to the fact that the gel-
space ratio is assumed to play a primary role in strength of cement paste and the contact 
area between filler particles and reaction products is very small (the contact area 
between gel particles is approximately 5% of the cross section of a paste having a 
porosity of 50% [13], and the contact area between gel particles and filler particles even 
smaller). Various studies [14-16] report on the effect of the chemical and physical 
nature of fillers on the adhesion strength. However, the basic questions how the 
chemistry and surface characteristics of fillers affect this adhesion, and why filler 
particles and reaction products adhere to each other in cement paste are rarely addressed 
yet.  
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Improvement of the effect of fillers in cementitious materials, especially their 
effect on the properties of the interface between filler particles and hydration products, 
is a big issue and challenge today. Clarifying the role of filler-hydrates adhesion 
properties in the strength of cement paste and understanding the adhesion mechanisms 
between filler particles and hydration products are, therefore, important. The knowledge 
acquired in this research will provide a stimulus to the search for new fillers.  
 

 Objectives of this research 1.2

The main goal of this research is to get a better understanding of the adhesion 
mechanisms between fillers and hydration products in blended cement paste. The study 
contains the following objectives: 
 

• As the cement particles continue to hydrate, more particles become connected, 
and the strength of cement paste increases. A parameter, i.e. the contact area, has 
been introduced to describe the interparticle connections. This numerical contact 
area can be related directly to the measured compressive strength of cement 
paste. However, the validation of the concept of contact area in case of blended 
systems is still lacking. Therefore, one of the objectives is to validate the 
concept of contact area as strength parameter. 

• The role of filler-hydrates adhesion properties (quality of contact area between 
filler particles and reaction products) in the strength of blended cement paste is 
not well described. Therefore, the second objective of this research is to 
elucidate and quantify the influence of the filler-hydrates adhesion properties on 
the strength of blended cement paste.  

• The third objective is to quantify the mechanical properties of filler-hydrates 
interface or the strength of filler-hydrates adhesion at the microscale.  

• The fourth objective of this research is to investigate the effect of chemical 
surface properties on filler-hydrates adhesion properties in order to better 
understand the bond between filler surface and cement hydrates.  

• Even though the influence of structural features (shape, surface roughness, etc.) 
of aggregates on the mechanical properties of concrete is well studied, the 
influence of structural features of fillers on the strength of hardened blended 
cement paste is still not clear because of the difference in size scale. The filler 
(1-100 µm) is much finer than the aggregate (1-100 mm). The fifth objective is, 
therefore, to investigate the effect of microstructural features (shape, surface 
roughness, etc.), particle size distribution and volume fraction of fillers on the 
strength of hardened blended cement paste and the filler-hydrates adhesion 
properties. 
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 Scope of this research 1.3

In this research only two types of filler will be used, i.e. limestone powder and 
micronized sand. No other fillers or additives are considered. The effect of fillers will be 
studied up to an age of 90 days. The fillers are considered as quasi-inert mineral 
powders with an average grain size similar to that of Portland cement.  

It is known that calcium silicate hydrate (C-S-H) gel, representing around 60% of 
the fully hydrated cement paste, plays the role as the glue that binds the original cement 
particles together into a cohesive whole. Calcium hydroxide (CH) constitutes 20 to 25% 
of the volume of solids in the hydrated cement paste. It tends to form large crystals with 
a distinctive hexagonal-prism morphology. Compared to C-S-H, the strength-
contributing potential of CH is limited as a result of a considerably lower surface area. 
All the other hydration products are intrinsically strong but do not form strong 
connections to the solid phases they are in contact with and so cannot contribute much 
to the overall strength [14]. Therefore, the term ‘hydrates’ in this research mainly refers 
to C-S-H and the filler-hydrates adhesion refers to the adhesion between filler surfaces 
and C-S-H gel.  
 

 Strategy of this research 1.4

The strategy to achieve the objectives of this research is as follows: 
 

• First, the compressive strength of cement paste blended with limestone powder 
and micronized sand is studied experimentally. The contact area between 
different solid phases in these blended cement pastes is quantified numerically. 
The relationship between the measured compressive strength and simulated 
contact area is then analysed. Based on this relationship, the influence of the 
filler-hydrates adhesion properties on the strength of blended cement paste is 
investigated. 

• Second, microscopic observations of the crack paths and fracture surfaces of 
loaded blended cement pastes are proposed to experimentally evaluate the 
micromechanical properties of the filler-hydrates interface. Lattice type 
modelling is used to explain the experimentally observed features of cracks. The 
mechanical properties of the filler-hydrates interface at microscale are 
quantified. 

• The influence of the chemical properties of filler on the interaction between 
main ions in the pore solution of blended cement paste and filler surfaces is 
studied via zeta potential measurements in model solutions. Meanwhile, 
microscopic studies of the nucleation and growth of C-S-H on the surface of 
these filler particles are performed by scanning electron microscopy (SEM) to 
further elucidate these interactions. Then the effect of surface chemical 
properties on filler-hydrates adhesion properties is studied. Based on these 
studies, the adhesion mechanisms between C-S-H and fillers are analysed.  
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• The lattice model is also used to investigate the effect of microstructural features 
(shape, surface roughness, etc.), particle size distribution and volume fraction of 
fillers on the strength and fracturing of hardened blended cement paste and the 
filler-hydrates adhesion properties. 
 

  Research outline 1.5

As shown in Fig. 1.1, this dissertation consists of 7 chapters. This current chapter 
presents the general introduction. Chapter 2 gives a literature survey of the fundamental 
knowledge and background of the effects of fillers on the cement-based materials and 
cohesion or adhesion between particles or reaction products in the cement-based 
materials, and specifies the knowledge gaps that have to be bridged by this research. 

In chapter 3, the compressive strength of cement paste blended with limestone 
powder and micronized sand is studied experimentally. Parallel with this experimental 
study, the contact area between different solid phases in these blended cement paste is 
quantified numerically. The relationship between the measured compressive strength 
and the simulated contact area is then analysed. With this relationship, the role of the 
filler-hydrates adhesion properties in the strength of blended cement paste is 
investigated and hence better understood. 

To explain the results of mesoscale investigations in chapter 3, the 
micromechanical properties of the filler-hydrates interface, i.e. the strength of filler-
hydrates adhesion, are evaluated in chapter 4. The microscopic observations of the crack 
paths and fracture surfaces of loaded cement pastes, together with lattice type modelling 
of cracking behaviour are performed in this investigation.  

In chapter 5, the effect of chemical properties of fillers on filler-hydrates adhesion 
properties is studied by investigating the interaction between filler surfaces and main 
ions in the pore solution of blended cement paste. This interaction is investigated using 
zeta potential measurements of fillers in model solutions, together with microscopic 
observations of the nucleation and growth of C-S-H on the surface of these filler 
particles. This study leads to a deeper understanding of the adhesion mechanisms 
between C-S-H and filler surfaces.  

To understand the fracture behaviour of cement paste with different filler-hydrates 
adhesion properties, the effect of microstructural features (shape, surface roughness, 
etc.), particle size distribution and volume fraction of fillers on the crack patterns and 
strength of blended cement paste is investigated using a lattice model. This is discussed 
in chapter 6. 

Chapter 7 summarizes the results of this research and gives recommendations for 
further research. 
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Fig. 1.1 Outline of this thesis. 
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Literature Review  

This chapter gives a brief overview on Portland cement paste and the effect of filler on 
blended cement paste in view of strength. First, a literature survey of the strength of 
cement paste is presented. This is done by presenting the characteristics of the main 
phase (C-S-H) responsible for the strength of cement paste and the forces controlling 
the cohesion of C-S-H. Moreover, the effects (i.e., dilution, packing density and 
nucleation) of filler on the strength of cement paste are highlighted.      
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 Introduction 2.1

According to CEMBUREAU, cement production has undergone a tremendous 
development. In 1900, the total world production of cement was about 10 million 
tonnes; in 1998 it was 1.6 billion tonnes; in 2015, it reached 4.6 billion tonnes. 
Meanwhile, the cement industry is facing challenges, e.g., the increase of energy costs, 
needs to reduce CO2 emissions, and the supply of raw materials in sufficient qualities 
and amounts. The concrete of tomorrow should be more durable and has to satisfy 
socio-economic needs at the lowest environmental impact. The binders of tomorrow 
will probably contain less clinker. It should be possible to make more concrete with the 
same amount of binder [1].  

In order to make a more efficient use of the cement in concrete, many pozzolanic 
mineral admixtures (fly ash, slag etc.) and inert fillers (limestone powder, quartz 
powder etc.) have been used in the cement industry. This research focuses on the inert 
fillers. Fillers are here defined as quasi-inert mineral powders with an average grains 
size similar to that of Portland cement. Such fillers are used as a replacement for 
Portland cement to make concrete more sustainable. The implementation for this 
replacement requires in-depth knowledge of the effect of fillers on the properties of 
cementitious materials. Their effect on the strength of the blended cement paste is the 
main topic of this research.  

Understanding the strength of Portland cement paste and the nature of cohesion 
forces in hardened cement-based materials is the first step towards understanding the 
effect of filler on the strength of blended cement paste and the adhesion mechanisms 
between filler particles and hydration products.   

 

 Strength of cement paste 2.2

When cement is mixed with water, it undergoes a dissolution reaction generating 
calcium, silicate and aluminate ions. New products (hydrates) then precipitate when 
their solubility limit is reached. The most important products are calcium silicate 
hydrate (C-S-H) and calcium hydroxide (CH) [2]. As the hydration reaction proceeds, 
more and more anhydrous cement is converted into hydrates. At the same time, the 
porosity decreases since the volume of hydrates (including interlayer water) is more 
than twice than that of the initial anhydrous cement [3]. The ‘soft’ state of a cement 
paste is transformed to the hardened state (setting). It involves two fundamental 
processes, namely coagulation and rigidification [4]. The coagulation of the slurry 
results from the attractive forces between particles and leads to the formation of a 
mechanically reversible connected network. The setting appears to be caused by a 
continuous reinforcing process at the connections between particles [2]. This leads to a 
mechanically irreversible network of particles [5]. Over time, hardening leads to an 
increase in strength due to a continuously filling up the pore space.  

According to Powers [3] and Taylor [6], porosity is a key factor in deciding the 
strength of hardened cement pastes. An assumption that the relative strength of the paste 
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depends on the degree to which gel fills the space available for it gives an empirical 
relationship between the porosity and the strength of a paste [3]. The degree to which 
gel fills available space can be expressed as a ratio of the volume of gel to the volume of 
available space. A typical relationship between compressive strength and the gel-space 
ratio is shown in Fig. 2.1. Powers [3] found that the compressive strength fc of the 
hardened cement paste or mortar was related to the cube of the gel-space ratio: 
 
fc = ax3                (2.1) 
 
where a is the intrinsic strength of the material at zero capillary porosity, and x the gel-
space ratio. The coefficient a is assumed to be different for different cement [7]. 

 

 

  
 

Fig. 2.1 Porosity-strength relation in solids: Portland cement mortars with different mix proportions [3, 7]. 
 
 

From a micro structural point of view, the hydration process is a process of micro-
structure formation [8]. As the hydration reaction proceeds, the hydrating particles start 
to make contact and the number of contact points will increase with increasing 
hydration. Gradually the earlier formed contact points will change into contact areas. 
Over time, the number of contact points and the size of the contact surface area between 
hydrating particles will increase. At the same time, the porosity will decrease and the 
strength will increase. Several researchers have pointed out that strength develops due 
to the increasing number of contact points and the increasing size of the contact surface 
area between hydrating particles during the hydration process [8-11]. A strong 
correlation between the summarized contact area of a virtual microstructure and the 
compressive strength of cement paste was found [12-14] (Fig. 2.2). The numerical 
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coefficient of this correlation depends principally on the intrinsic strength of the gel, 
and would be different for different cement. 

As to the origin of the strength of the gel itself, Powers [3] assumed that strength 
arises from two general kinds of cohesive bonds: (1) physical attraction between solid 
surfaces and (2) chemical bonds. Since gel pores are only about 0.8 nm wide, it seems 
that London-van der Waals forces tend to draw the surfaces together or at least to hold 
the particles in positions of the least potential energy. Since water cannot disperse gel 
particles, it seems that the particles are chemically bonded to each other (cross-linked). 
Such bonds, much stronger than the van der Waals bonds, add significantly to the 
overall strength. There is a good reason to believe, however, that only a small fraction 
of the surface of a gel particle is chemically bonded to neighboring particles and that 
physical bonds are more important. Since Powers hypothesis, which dates back to the 
fifties of the paste century, considerable progress has been made in this field (i.e., the 
origin of the strength of the cement gel). In the following section, a brief overview of 
the research on the strength of C-S-H gel is given. 
 
 

 
 

Fig. 2.2 Relationship between the calculated contact area of a virtual microstructure and measured 
compressive strength of cement paste [13]. 
 
 

 Cohesion of cement paste 2.3

Among the precipitated hydrated phases, the hydrated calcium silicate (C-S-H) accounts 
for more than 60% in the hydrated Portland cement paste. It is responsible for setting 
and hardening of cement and also for the mechanical performances of the cement pastes 
[6, 15]. Hardened cement paste has a high compressive strength, whereas its tensile 
strength is extremely low [15]. It has been suggested that this is because the cohesion of 
the network of hydration products is due to short-range surface forces between C-S-H 
particles [16-19]. A closer look at the main hydrate (C-S-H) and at the interparticle 
forces controlling the cohesion in cement pastes is taken in what follows. 
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 Structure of C-S-H 2.3.1

C-S-H is the most important hydrate responsible for cohesion in hardened cement paste 
[2]. Morphologically, C-S-H is assumed to be made of ordered stacks of up to several 
tens or even hundreds of nm-thick lamellae. A TEM observation of the ordered stacks is 
presented in Fig. 2.3. Over the years, several models for this hydrate have been 
proposed [3, 20-26], but debates about the structure of C-S-H are still ongoing. Today, 
it is generally accepted that the average structure of C–S–H is similar to that of 
tobermorite and/or jennite. It has been assumed that silicate anion layers have a net 
negative charge and are held together by Ca2+ cations in the interlayer region (Fig. 2.4). 
 
 
 

 
 

Fig. 2.3 TEM micrograph of C-S-H (scale bar: 15 nm) [27]. 
 
 

 
 

Fig. 2.4 Schematic diagram showing the structure of tobermorite-based C–S–H (adapted from [28]). 
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In smectite clays, similar structural arrangements can be found. Both smectite 
clays and C-S-H have individual negatively charged nm-thick layers that can 
accommodate cations to compensate the deficit in charge in the interlayer space [27]. It 
has been pointed out that the surface charge of the thick layers for smectite clays is 2 to 
5 times less significant in comparison to C-S-H (depending on the Ca/Si ratio) [29]. 
When they are immersed in water, a compact of cement hydrates does not disintegrate, 
while smectite clays exhibit a quasi-unlimited increase of the interlamellar distance due 
to electrical double layer repulsion. However, with high valence ions, such as Ca2+, 
smectite clays exhibit restricted swelling [27]. These parallel comparative studies 
between smectite clays and C-S-H may provide a clue for understanding the cohesion of 
cement paste. 
 

 Origin of cohesion at the (sub)nanoscale  2.3.2

Pellenq and van Damme [2] pointed out that atomic-level cohesion of C-S-H can be 
simulated at this small length scale. The results of atomic-level simulations indicate the 
ionic character of the bonds in the lamellae is close to 60%. The charge of the 
interlamellar calcium ions is +1.38. This is slightly higher than for the ions within the 
lamellae (+1.29), but is still much lower than the value (+2.0) expected for a purely 
ionic bond. This indicates that the interlayer calcium ions are linked to the lamellae by a 
strong ionic-covalent bond* . This may be considered as the reason for the non-
exchangeable character of these ions, contrary to the mobile and exchangeable character 
of interlamellar ions in smectite clays [27, 30, 31].  

At the (sub)nanoscale, the inter-layer calcium ions are linked to the tobermoritic 
C-S-H lamellae by a strong ionic-covalent bond. This ionic-covalent bond enable C-S-H 
lamellae to be compactly stacked and form a C-S-H particle with typical dimensions 60 
× 30 × 5 nm3. At the nanoscale, these nanoparticles are compacted and form a gel. The 
origin of cohesion between these nano C-S-H particles is addressed in what follows.  
                                

 Origin of cohesion at the nanoscale  2.3.3

Sereda and Soroka [32] conducted an experiment of ‘compacts’. These authors first 
synthesized hydrates by dispersing anhydrous cement powder in a large volume of 
water and let the hydration reaction take place. The powder was then filtered and 
compacted. For the same hydration levels and porosities, this compacted sample and a 
sample prepared by mixing cement with water in the usual way developed essentially 
the same strength, as shown in Fig. 2.5. It indicates that surface forces are considered 
responsible for the interparticle cohesion of cement paste. Several interparticle surface 
forces are described in what follows. It includes van der Waals force, electric double 
layer force, capillarity force and ion-ion correlation force. 
 
 
                                                 
* Ionic-covalent bond is the bond having both ionic and covalent character. 
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Fig. 2.5 Young's modulus vs porosity relations for various hydrated cement specimens [32]. 
 
 
2.3.3.1 Van der Waals force 

Van der Waals forces include the forces between permanent dipoles (Keesom force), the 
forces between a permanent dipole and a corresponding induced dipole (Debye force), 
and the forces between instantaneously induced dipoles (London dispersion force) [33]. 
Van der Waals forces differ from chemical bond because they result from fluctuations 
in charge density of particles. Van der Waals force can be measured by atomic-force 
microscopy (AFM). The Hamaker constant can be roughly defined as a material 
property that represents the strength of van der Waals interactions between particles. 
Table 2.1 summarises reported values for the Hamaker constants for fillers and C-S-H, 
as well as the related adhesion forces between these particles as measured by AFM. It 
has been assumed that the van der Waals forces between different particles are similar. 
If van der Waals forces were the main forces ensuring the cohesion of hardened cement 
paste, then many kinds of particles with a roughly similar composition and particle size 
distribution would have, at the same density, a comparable cohesion. This is not 
confirmed by common experience. Gmira et al [19], Pellenq et al [2] and Jonsson et al 
[15] suggested that the van der Waals force has only a marginal contribution to the 
cohesion of cement pastes.  
 
 
Table 2.1 Adhesion forces measured between the silica tip and atomically smooth mineral surfaces and 
Hamaker constants of materials [17, 34].  

Substrate/tip Calcite/silica C-S-H/silica C-S-H/calcite C-S-H/C-S-H 
Adhesion force measured in air (nN) 36.8 39.4 48.8 60.0 
Hamaker constant of tip in air (10-20J) 6.6 6.6 10.1 14 
Hamaker constant of tip in water (10-20J) 1.9 1.9 2.5 - 
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2.3.3.2 Electric double layer force 

Most solids bear electrical charges on their surfaces if put in a liquid environment. In 
contact with a liquid, surface groups dissociate and ions are released into solution. This 
results in the development of a surface potential, which will attract counterions from the 
surrounding solution and exclude co-ions (Fig. 2.6). In equilibrium, the surface charge 
is balanced by an equal but opposite charge of counterions. The region of counterions is 
called the electrical double layer. According to the Stern model [35], the electrical 
double layer (EDL) is composed of the Stern layer and the diffuse layer (Fig. 2.6).  
 
 

 
 

Fig. 2.6 Schematic illustration of the electrical double layer (adapted from [36]). 
 
 

Electric double layer forces occur between two charged surfaces when 
counterions are present (Fig. 2.7). The strength of these forces increases with the 
magnitude of the surface charge density (σ). For two similarly charged objects, this 
force is repulsive and decays exponentially at larger distances [37].  
 
 

 
 
Fig. 2.7 Two negatively charged surfaces of surface charge density σ separated by a distance D (a); the 
counterions density profile ρx and electrostatic potential ψx (b) [38]. 
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DLVO theory is a framework for the balance between the repulsive double layer 
forces and the attractive van der Waals forces [39, 40] (Fig. 2.8). The theory assumes 
that the interaction forces can be approximated by a superposition of electric double 
layer forces and van der Waals forces. In a symmetric system, van der Waals forces are 
attractive and electric double layer forces are repulsive. Although DLVO theory works 
fairly well for particles with a low surface charge in the presence of monovalent 
counterions, e.g., K+ and Na+, there is now ample evidence that it fails to account 
correctly for interparticle forces at short distances and in the presence of divalent or 
multivalent ions, e.g., Ca2+ and Al3+, in the electrolytic solution [19, 41, 42].  
 
 

 
 
Fig. 2.8 Energy diagram for DLVO theory (description of two types of interactive force: van der Waals 
attractive and electric double layer repulsive forces). 
 
 
2.3.3.3 Capillary force  

Some cohesion may be detected in finely divided materials, or in a thin tube (Fig. 2.9), 
due to microscopic capillary bridges. The attractive capillary force is related to the 
Laplace pressure across the air/water meniscus [19, 42, 43]: 
 
∆PLaplace = 2 γLV /rK           (2.2) 
 
where γLV is the surface tension of the liquid, rK is the meniscus radius (Fig. 2.9a). As 
the vapour pressure increases, the meniscus radius decreases, so that cohesion goes 
through a maximum. In a piece of hardened cement paste, the pressure in the residual 
water is negative with respect to the atmospheric pressure, which leads to (drying) 
shrinkage. In narrow pores, this negative pressure may reach very high value. At a 
spacing of 1.5 nm between the platelets (Fig. 2.9b), it can be as high as -100 MPa [19]. 
In saturated materials capillary forces are, however, not present. Because hardened 
cement paste keeps its strength quasi-indefinitely in water, capillary forces are unable to 
provide the general explanation for the cohesion of cement hydrates [19].  
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                                               (a)                                                      (b)  

Fig. 2.9 Example of capillary bridges formed on the top water surface in a tube (a) and formed between 
two finely divided platelets (b).  
 
 
2.3.3.4 Ion-ion correlation force 

Cohesion of cement paste is mainly controlled by purely physical surface forces acting 
on a short range [32]. Moreover, neither the van der Waals force, electrical double layer 
force nor capillary force can individually provide a reasonable explanation for cement 
paste cohesion [19, 41, 42]. From molecular simulation studies and direct-force 
measurements by atomic force microscopy, it has been found that the cohesion between 
C-S-H particles is a consequence of ion-ion correlation forces [2, 15, 17, 19, 44].  

In previous simulation studies [15, 18, 45, 46], the surfaces of C-S-H particles are 
treated as homogeneously charged walls. A dielectric continuum water and ions are in 
between these walls, as shown in Fig. 2.10. In these two charged walls with an 
intervening electrolyte solution, the overwhelming majority of instantaneous ionic 
configurations lead to polarizations of the ionic clouds. For example, the charges of the 
excess of Ca2+ ions in the left of the mid-plane (Fig. 2.10) lead to a deficit in the right, 
which results in an overall positive charge in the left, and an overall negative charge in 
the right. These polarizations of the ionic clouds give rise to an attractive force, in the 
same way as correlations between fluctuating electronic dipoles give rise to the London 
dispersion force. These attractive electrostatic forces, or ion-ion correlation forces, 
mainly depend on the surface charge density and the valence of the counterions.  

The existence of these attractive forces was confirmed by direct-force 
measurements using a CSH-covered AFM tip and a CSH-covered single crystal calcite 
surface [17, 47]. In these studies, when the tip-substrate system was immersed in a 
sodium chloride or hydroxide solution, only long-range repulsive forces were measured, 
as expected from the DLVO theory. However, when the tip was immersed in a lime 
solution in chemical equilibrium with the C-S-H, a strongly attractive force, much 
larger than the expected van der Waals forces, was measured.  
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Fig. 2.10 Top: TEM micrograph of the inner product C–S–H in a hardened OPC paste. Inset: cartoon 
illustrating the type of imperfect liquid crystalline structure. Bottom: configuration for attractive 
electrostatic interactions between two C-S-H particles. Two charged C-S-H surfaces are separated by a 
dielectric continuum in which ions are free to move. ɛr is dielectric constant. D is the interlayer (adapted 
from [31, 48]). 
 
 

 Effect of filler on the strength of cement paste 2.4

Filler as replacement of cement may influence the performance of both the fresh paste 
and the hardened paste. The hydration kinetics will change and the microstructure of the 
bulk system will change as well. Consequently, the mechanical properties will be 
different. Four main effects, i.e., dilution effect, dense packing effect, nucleation effect 
and the effect of filler surface properties on the strength of cement paste are reviewed 
below. 
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 Dilution effect 2.4.1

When a filler is used as a cement replacement and the water-to-binder ratio is constant, 
the amount of cement in the mixture is reduced. It is equivalent to an increase in the 
water-to-cement ratio. This is defined as the dilution effect of filler (Fig. 2.11). It may 
lead to a higher porosity in the hardened paste. Above a critical amount of filler, this 
dilution effect will also lead to a lower strength of the hardened paste [49, 50]. To 
maintain a certain strength, the critical amount of filler ranges between 5 to 20%, 
depending on the grain size distributions of both the cement and filler, and the water-to-
binder ratio of the mixture [49, 51]. 
 
 
 

       
 
Fig. 2.11 Schematic particle dilution effect of filler. The particle distribution after mixing for a 100% 
Portland cement system at a water to cement ratio of 0.4 (left) and for the same system but with 40% of 
the clinker grains replaced by fillers (right) [52]. 
 
 

 Packing effect 2.4.2

A fine filler in cement paste can improve the strength of blended cement paste due to a 
denser packing (Fig. 2.12). The packing effect of fillers on the strength of blended 
cement paste comes from the improvement of the pore structure and a denser packing 
structure [53, 54]. Lagerblad and Vogt [55] investigated the effect of very fine fillers on 
concrete strength. It was found that the strength did not reduce by replacing cement up 
to 40% with ultrafine filler particles.  
 
 

Cement  Filler  
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Fig. 2.12 Schematic particle packing effect. Small particles fit in the voids between the cement particles, 
thus increase maximum packing density [54]. 
 
 

 Nucleation effect 2.4.3

The presence of filler particles facilitates C-S-H nucleation and, hence, accelerates the 
hydration of the clinker component [56, 57]. It has a positive effect on the strength at an 
early age. This effect depends on the fineness, the replace percentage and the surface 
properties of the fillers [58, 59]. 
 

 Effect of filler surface properties  2.4.4

The surface properties have a significant influence on the bond strength between filler 
particles and hydration products. This affects the strength of the blended cement paste 
as well. Mehta and Monteiro [7], French and Mokhtarzadeh [60] and Bentz et al [61] 
found that limestone exhibited superior bond characteristic with cement paste compared 
to silica. This is due to the favourable physical and chemical properties of the limestone 
surfaces. However, the effect of the fillers’ chemical properties on interfacial bond and 
the overall strength has not been fundamentally addressed yet. Understanding the exact 
nature of the fillers’ effect in a cement-based matrix, and improving the performance of 
filler as replacement of cement in view of strength are challenges nowadays. 
 

 Conclusions and outlook 2.5

A brief literature survey focusing on the strength of Portland cement paste and the effect 
of filler on the paste strength has been presented in this chapter. The mechanisms of 
strength development of cement paste were briefly described. The ‘gel-space ratio’ 
theory on the strength development of cement paste was mentioned. Strength increases 
with the cube of the gel-space ratio. From a micro structural point of view, the strength 
of cement paste is directly related to the number of contact points and the magnitude of 
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the contact surface area between hydrating particles. Furthermore, the origin of 
cohesion between hydrates particles in cement paste has been discussed. It is concluded 
that at the (sub)nanoscale the cohesion of cement paste is because of the ionic-covalent 
bond. At the nanoscale the cohesion of cement paste is the consequence of attractive 
ion-ion correlation forces. Moreover, the effects of dilution, packing, nucleation and 
filler surface properties on the strength of cement paste were addressed.  

Various studies report [7, 60, 61] on the effect of the chemical and physical nature 
of the filler on the adhesion strength. The basic questions how the chemistry and surface 
characteristics of fillers affect the adhesion between filler particles and reaction 
products, and why filler particles and reaction products adhere to each other in cement 
paste, are rarely addressed yet. Remaining challenges, e.g., understanding the filler-
hydrates adhesion mechanisms in blended cement paste system, and quantification of 
the influence of filler-hydrates adhesion properties on the strength of blended cement 
paste, need further study. 

In the following chapters, the influence of the filler-hydrates adhesion properties 
on the strength of blended cement paste will be investigated by analysing the 
relationship between the measured compressive strength and simulated contact area. 
Microscopic observations of the crack paths and fracture surfaces of loaded blended 
cement pastes and lattice type modelling will be used to evaluate the micromechanical 
properties of the filler-hydrates interface. The effect of surface chemical properties on 
filler-hydrates adhesion properties and the adhesion mechanisms between C-S-H and 
filler particles will be studied based on zeta potential measurements and microscopic 
studies of the nucleation and growth of C-S-H on the surface of these filler particles. 
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  3
Effect of Filler-hydrates Adhesion Properties 

on Strength of Cement Paste* 

The study presented in this 
chapter is to investigate the 
effect of filler-hydrates 
adhesion properties on 
strength of cement paste. 
In this chapter, the 
development of 
compressive strength of 
Portland cement paste and 
the cement paste blended 
with limestone powder and 
micronized sand was 
studied experimentally. In 
parallel with this experimental study, the contact area between different solid phases in 
these cement pastes was quantified numerically. The relationship between the measured 
compressive strength and simulated contact area was analysed. With this relationship, 
the effect of filler-hydrates adhesion properties on strength of cement paste was 
quantified.   

                                                 
* This chapter based on: 

1. Xiaowei Ouyang, Peng Gao, Guang Ye and Klaas van Breugel. Effect of Filler-Hydrates Adhesion Properties on 
Cement Paste Strength. ACI Materials Journal, accepted. 

2. Xiaowei Ouyang, Guang Ye and Klaas van Breugel. Effect of Inert Additives on Compressive Strength of Cement 
Paste: Results from Numerical Analysis of Connectivity of Solid Phases. The 14th International Congress on the 
Chemistry of Cement (ICCC 2015). Beijing, China 2015. 
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 Introduction 3.1

Adding a fine filler to cement paste can result in improvements in strength because of a 
dense packing. The ‘packing’ effect of a filler on concrete properties involves 
improvement of the pore structure and a denser packing structure [1]. At the same time, 
however, the use of fillers also results in dilution of Portland cement particles in the 
paste. Above a critical amount of fillers, this ‘dilution’ effect will lead to an increased 
porosity, and thus a lower strength of the hardened paste [2, 3]. In cement paste the 
effect of porosity on the strength has been studied intensively. The adhesion strength 
between filler particles and reaction products, which depends on the physical and 
chemical properties of the filler, also has an influence on the strength of blended cement 
paste. However, the role of filler-hydrates adhesion properties in strength of blended 
cement paste attracted very little attention and was not well described yet. The objective 
of the study in this chapter is to investigate the effect of filler-hydrates adhesion 
properties on the strength of blended cement paste.  

The approach of combined experimental measurements and microstructural 
modelling will be used in this study. The development of the compressive strength of 
Portland cement paste and the cement paste blended with fillers was studied 
experimentally. The development of the mechanical properties (compressive strength) is 
the result of the microstructure evolution due to cement hydration. The microstructural 
evolution of Portland cement pastes and the blended cement pastes was simulated by a 
numerical model, called HYMOSTRUC3D. This model was developed in 1991 and has 
been further extended since then [4-7]. In this model, hydrated cement particles, 
unhydrated cement particles and filler particles are considered as the solid phase. The 
interparticle connections of the solid phase is a crucial factor that dominates the 
development of the mechanical properties of cement-based materials [8]. A parameter, 
the contact area, was adopted to describe this connection. Correlations between the 
development of the contact area of different solid phases simulated by the model and the 
development of compressive strength were investigated. Based on these correlations, 
mechanical properties of cement paste can be directly related to its microstructure and 
more particularly related to the simulated contact area in cement paste. In this model the 
simulated contact area can be divided into two types, i.e., the contact area between 
hydrating cement particles and the contact area between hydrating cement particle and 
filler particle. Based on this concept, the effect of filler-hydrates adhesion properties on 
strength of cement paste can be quantified.  
 

 Materials and experimental methods 3.2

 Materials and mixture 3.2.1

3.2.1.1 Raw materials 

The cement used in this study is OPC CEM I 42.5 N, produced by ENCI, The 
Netherlands. The fillers used are limestone powder (LP) and two types of micronized 
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sand (M6 and M300). The chemical composition and physical characteristics of these 
materials are listed in Table 3.1. The mineral composition of OPC was calculated by the 
Bogue equation [9] and is reported in Table 3.2. Measured and fitted particle size 
distribution (PSD) data of materials are shown in Fig. 3.1.  
 
 
Table 3.1 Chemical compositions (% by mass) and physical characteristics of Portland cement and fillers. 

Name OPC LP M6 M300 
Chemical composition     

CaO 64.40 - 0.02 0.02 
SiO2 20.36 0.34 99.5 99.5 
Al 2O3 4.96 0.2 0.20 0.20 
Fe2O3 3.17 0.07 0.03 0.03 
K2O 0.64 0.01 0.04 0.05 
Na2O 0.14 0.02 - - 
SO3 2.57 0.05 - - 
MgO 2.09 0.27 - - 

CaCO3 - 97.46 - - 
Physical properties     

Density (g/cm3) 3.15 2.67 2.65 2.65 
Surface area (m2/g) 0.80 0.75 0.81 1.20 

D50(µm) 44.5 34.6 62.3 23.9 
 
 
Table 3.2 Mineral compositions of Portland cement (% by weight). 

Phase C3S C2S C3A C4AF  
Weight (%) 67.1 5.9 7.8 9.6  

 
 

 
 
Fig. 3.1 Particle size distribution of cement and fillers (M: measured; F: fitted). 
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3.2.1.2 Mix design 

Eight series of specimens were prepared with different types of fillers, replacement 
level of fillers and water-to-binder (w/b) ratio. The percentage of different filler and the 
w/b ratio are given in Table 3.3. In order to identify the different mixtures easily, 
mixtures are denoted by their substitution level, type of materials and w/b ratio. For 
example, 30%M300_0.3 corresponds to the mixture containing 30% M300 with a 
water-to-binder ratio of 0.3. Finally, this study comprises: 
 

i) Two control series of Portland cement paste samples and six blended 
compositions. 

ii)  For blended compositions, six samples were prepared by varying the substitution 
level, filler size and type, and water-to-binder ratio, systematically. 

 
 
Table 3.3 Mixture compositions of OPC and the blended cement pastes. 

Mixtures OPC*(%) M300*(%) M6*(%) LP*(%) w/b 
OPC_0.3 100 - - - 0.3 
OPC_0.4 100 - - - 0.4 

30%M300_0.3 70 30 - - 0.3 
30%M300_0.4 70 30 - - 0.4 
50%M300_0.3 50 50 - - 0.3 
50%M300_0.4 50 50 - - 0.4 
30%M6_0.4 70 - 30 - 0.4 
30%LP_0.4 70 - - 30 0.4 

* Percentage of the total mass of binder by weight. 
 
 

 Experimental methods 3.2.2

Particle size distribution 
To determine the PSD, laser diffraction method (DIPA 2000) was applied. Three 
measurements were done and the average value was used.  
 
Experimental procedures 
The mixtures were prepared in a Hobart mixer according to the standard procedure 
described in ASTM C305 [10]. After mixing and casting, cement pastes were covered 
with a plastic sheet and stored in the laboratory at 20 ± 2 °C. After 24 hours, all the 
specimens were demolded and then stored in the curing room with a constant 
temperature of 20 ± 2 °C and a relative humidity of 95 ± 5% until the designated testing 
age.  
 
Compressive strength test  
The compressive strength of cubic (40 × 40 × 40 mm3) specimens was measured as 
described in ASTM C109 [11] at 1, 3, 7, 14, 28 and 90 days. The compressive strength 
value reported is the average of three specimens.  
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Degree of hydration test 
Degree of hydration is defined as the fraction of cement that has fully reacted with 
water relative to the total amount of cement in the sample [12]. It can be obtained by 
determining the non-evaporable water content as follows [13]: 
 

���� = ����	�

 � / 
���


 �
�����	��       (3.1) 

 
(wn/c)complete is the non-evaporable water content per gram of the fully hydrated sample. 
The non-evaporable water content for the major phases of Portland cement at full 
hydration can be found in [14]. Based on the mineral composition of the plain Portland 
cement (Table 3.2), the value 0.25 was determined as (wn/c)complete here. wn(t)/c is the 
non-evaporable water per gram of the sample at the curing age of t. 

For Portland cement paste and the cement paste blended with micronized sand, 
wn(t)/c can be calculated as follows: 
 
���	�

 = ������������

�����������
         (3.2) 

  
Because CO2 is leaving the limestone filler at ignition, for the cement paste blended 
with limestone powder, the Eq. (3.2) is corrected as follows: 
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       (3.3)

  
 
where %�&'ᵒ)	 is the weight of paste sample after drying in an oven at 105 °C for at least 
12 hours; %�&&&� is the weight of dried paste after igniting at 1000 °C in a furnace for 3 
hours. ɡ is the ratio of filler to binder. If the sample is Portland cement paste, ɡ is equal 
to 0. 
 
X-ray diffraction analysis (XRD) 
X-ray diffraction (XRD) data were collected on the powder samples using a Philips 
X’Pert diffractometer applying CuKɑ radiation (λ = 1.54 Å). The samples were scanned 
between 5° and 70° 2-theta, with a step size of 0.02° 2-theta and a dwell time of 2 
seconds per step.  
 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) on the powder samples was done using a heating 
rate of 10 °C/min from 40 °C to 1100 °C with a thermoanalyzer TG-449-F3-Jupiter 
instrument. The measurements were carried out in an argon atmosphere at 1.5 bars. The 
TGA curve can provide the weight loss of each individual phase with increasing 
temperature. For the interpretation of TGA and DTG results of cement paste, most 
researchers [15-18] point out that:  
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• 30-105 °C: the evaporation of adsorbed water. It is generally considered that the 
evaporable water is completely evaporated at 120 °C. 

• 110-170 °C: the decomposition of ettringite and the loss of water from part of the 
carboaluminate hydrates take place. 

• 180-300 °C: the loss of bound water from the decomposition of the C-S-H and 
carboaluminate hydrates undergoes. 

• 450-500 °C: the dehydroxylation of the portlandite, Ca(OH)2 → CaO + H2O.  
• 500-700 °C: a further dehydration and/or dehydroxylation occurs. 
• 700-900 °C: the decarbonation of calcium carbonate (CaCO3 → CaO + CO2) with 

CO2 escaping. The amount of CO2 escaping from the cement paste can be 
calculated exactly from TGA tests. Compared with mixture composition of 
limestone powder (Table 3.3) and its chemical composition (Table 3.1), the amount 
of limestone powder participated in the chemical reaction during cement hydration 
can be calculated.  

 

 Numerical simulation 3.3

 HYMOSTRUC3D 3.3.1

In this study, the HYMOSTRUC3D model was used to simulate the development of the 
microstructure in cement pastes. In this model, the evolution of the degree of hydration 
is modelled as a function of the particle size distribution, the phase composition of 
cement, the water-to-cement ratio, and the reaction temperature. The cement particles 
are modelled as spheres, randomly distributed in a three-dimensional body and the 
hydrating cement grains are simulated as growing spheres. Particles of the same size are 
considered to hydrate at the same rate. At first, hydration reactions are assumed to be 
phase-boundary reactions. At later stages, when the shells of reaction products around 
the particles have reached a certain predefined thickness, the reactions become 
diffusion-controlled. The simulation starts from a random distribution of cement 
particles in a cubic cell. During hydration, the cement particles gradually dissolve, and a 
porous shell of hydration products is formed around each particle. Neighbouring 
particles grow together and smaller particles may become embedded in the outer shells 
of larger ones to form a ‘cluster’ (Fig. 3.2). As hydration proceeds, the growing 
particles become more and more connected, and the material changes from the state of a 
suspension to the state of a porous solid. For a complete description of the original 
HYMOSTRUC3D model, details can be found in [4] and [7]. 
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Fig. 3.2 Principle of the basic HYMOSTRUC model. Interaction mechanism for expanding particles: free 
expansion and formation of inner and outer product (left); embedding of small particles (right). 
 
 

 HYMOSTRUC3D simulation incorporating fillers 3.3.2

In the HYMOSTRUC3D model, the effect of physical interactions between hydrating 
cement particles is taken into account explicitly. For the resulting kinetic formula the 
term ‘integrated kinetic’ was proposed [4]. This integrated particle kinetics model was 
applied to investigate the microstructure development, the effect of small inert grains on 
cement hydration, and the inert particles contact surfaces. Based on this integrated 
kinetics model, the hydration process and the microstructural development of cement 
pastes blended with filler were simulated.  

As the fillers are considered as inert grains, they are represented by non-reacting 
particles in the model. Filler particles do not grow during hydration but may act as an 
accelerator during cement hydration. This ‘accelerating effect’ is supposed to affect the 
degree of hydration of cement particles. The aim of this study is to quantify the effect of 
filler-hydrates adhesion properties on strength of cement paste by analyzing the 
relationship between the measured compressive strength and the simulated contact area. 
In order to obtain reliable information from the relationship between the measured 
compressive strength and the simulated contact area, we have to know the exact degree 
of hydration of cement particles and adjust the simulation results to measured results. 
After adjusting the simulated degree of hydration is in good agreement with the 
measured degree of hydration, as shown in Fig. 3.3.  

A detailed description of the HYMOSTRUC3D simulation incorporating fillers 
can be found in [19]. Fig. 3.4 shows examples of the simulated microstructure of the 
cement paste blended with 30% of M300 filler and that of the reference OPC paste. 
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Fig. 3.3 Degree of hydration of cement as a function of time of mixtures listed in Table 3.3 (S: simulation; 
Ex: experiment). 
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t = 0 hours The cement and M300 particles are modelled as spheres randomly distributed. 

     
 
t = 25 hours The cement particles are hydrating. The hydration products around the cement grains firstly 
cause the formation of small isolated clusters.  

     
 
t = 28 days Neighbouring particles grow together, and smaller particles become embedded in the outer 
shells of larger ones to form a ‘cluster’. The growing particles become more and more strongly 
connected, and an increasingly rigid porous structure is formed. 
 
Fig. 3.4 Simulated microstructures of OPC paste (left) and the cement paste blended with 30% of M300 
filler (right) with w/b=0.3. Cyan particles are M300 filler and grey particles are cement. Yellow layer is 
outer products, and red layer is inner products.   

Portland cement paste Blended cement paste 
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 Concept of contact area 3.3.3

As shown in Fig. 3.4, at time t = 0 hours the filler and cement particles are separated 
from each other. In this stage the cement paste does not have strength. With progress of 
the hydration process, the volume of hydrating cement particles grows and the initially 
separated particles become connected with each other. The cement paste starts to gain 
strength. As the cement particles continue to hydrate, more particles become connected, 
and the strength of cement paste then increases. To describe this connection, a 
parameter, i.e. the contact area, was introduced. As pointed out by several researchers 
the strength increases due to the increasing number of contact points and the increasing 
magnitude of the contact surface area between hydrating particles during the hydration 
process [20-23]. The linear relationship between the measured compressive strength of 
cement paste and the calculated contact area has already been confirmed in several 
studies [8, 24, 25]. 

The strength of cement paste results from the connections between particles, but 
these connections do not necessarily yield strength. For example, a dense packing of 
micronized sand or limestone powder, which has a large amount of connections, has 
almost no strength. Therefore, the contribution of different types of connection to the 
strength is different. In blended cement paste, there are two types of connection. One is 
the connection between hydration products and another is the connection between 
hydration products and filler particles. Accordingly, there are two types of contact area 
in the cement paste blended with inert filler, as shown in Fig. 3.5: 
 

i) CC contact area: the contact area between hydrating cement particles (Fig. 3.5a);  
ii)  CF contact area: the contact area between a hydrating cement particle and a filler 

particle (Fig. 3.5b). 
 
 

 
 
Fig. 3.5 Concept of the contact area between hydrating cement particles (a) and the contact area between 
a hydrating cement particle and a filler particle (b). 
 
 



 Effect of Filler-hydrates Adhesion Properties on Strength of Cement Paste  

37 

3 

The contact area is defined as the circular area at the intersection of two spherical 
surfaces. Effective Contact Area (ECA) is defined as the contact area in the direction 
normal to the direction of the applied load. Taking a load applied in the y direction as an 
example, the algorithm and criteria for calculating the effective contact area are shown 
in Fig. 3.6.  

 
 

 
 
Fig. 3.6 Effective contact area between different particles [8]. 
 
 

As shown in Fig. 3.6, the phenomenon of particle connection can be divided into 
four cases that are taken into consideration in calculations of the ECA normal to 
direction y.  
 

• In case (a), when two particles are interconnected in a direction normal to the y 
axis, ECA(y) equals the area of the contact circle. 

• In case (b), when the two particles are not interconnected in a plane normal to 
the y direction, ECA(y) is calculated by mapping the contact area onto a plane 
normal to the y direction.  

• In case (c), when three or more particles are interconnected the double 
overlapping contact area has to be subtracted from the total contact area.  
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• In case (d), when a larger and a smaller particle are close together, the larger 
particle may grow sufficiently as hydration proceeds for it to completely 
encapsulate the smaller. In this case, the encapsulated particle has no direct 
contribution to the connection. Therefore, ECA is 0.  

 
The total ECA in a specific direction is the sum of the ECA in that direction for all 
particles within the cubic cell. [ECA(x) + ECA(y) + ECA(z)]/3 is the final ECA. For 
convenience in the data analysis, the concept of Specific Effective Contact Area 
(SECA) is introduced; it is defined as the ECA per unit volume of cement paste at a 
given age. A more detailed description of the contact area can be found in [8]. 
 

 Results and discussion 3.4

 Reactivity of fillers in cement paste 3.4.1

In the model, the fillers are considered as inert grains. They do not grow during cement 
hydration. In reality the fillers may not be inert and possibly participate in a chemical 
reaction in cement paste. This will affect the strength of blended cement paste. In order 
to obtain reliable information from the relationship between the measured compressive 
strength and the simulated contact area, it is important to know the reactivity of fillers in 
cement paste. X-ray diffraction analysis combined with thermals analysis was carried 
out to investigate possible reactivity of fillers. 
 
3.4.1.1 X-ray diffraction analysis 

Micronized sand is believed to be an inert filler in cement paste. As shown in Fig. 3.7, 
compared with the pure Portland cement paste, there are no different products found in 
cement paste blended with micronized sand, no matter at an early age or at an age of 28 
days.  

As has been reported [26], the dissolution of limestone in Portland cement paste is 
very low. Substantial reactions between C3A and carbonate provided by carbonate-
based fillers in Portland cement paste are not expected [27, 28]. These reported 
observations are confirmed by the XRD patterns shown in Fig. 3.7. The formation of 
monocarbonate in the cement paste blended with LP was not observed at the age of 7 
days. At the age of 28 days, there is a very weak intensity of monocarbonate, which 
indicates the presence of monocarbonate in minute quantities.  
 



 Effect of Filler-hydrates Adhesion Properties on Strength of Cement Paste  

39 

3 
 

 
Fig. 3.7 XRD patterns of Portland cement paste and the blended cement pastes at 7 and 28 days. 
 
 
3.4.1.2 Thermals analysis 

TGA curves can provide the weight loss of each individual phase on heating of the 
samples. Results of the thermal decomposition of cement pastes are presented in Fig. 
3.8. As can be observed from Fig. 3.8a, the TG/DTG spectra of the samples hydrated 
for 7 days shows similar amounts of hydration products for both micronized sand-
blended cement paste and limestone-blended cement paste. These results are in 
agreement with the findings in x-ray diffraction analysis. At the age of 28 days (Fig. 
3.8b), the weight loss at approx. 150 °C in limestone-blended cement paste indicates the 
presence of monocarbonate in minute quantities.  

To further investigate the reactivity of limestone powder in cement paste, the 
amount of limestone in the sample of limestone-blended cement paste was calculated 
from the TGA tests and compared with theoretical calculations as shown in Table 3.4. 
Data from TGA tests is rather similar to theoretical calculations, which indicates that the 
chemical activity of limestone powder is very low during cement hydration. 
Considering this low chemical activity of limestone in the sample of limestone-blended 
cement paste, limestone powder is assumed inert. 
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Fig. 3.8 Thermal decomposition of pastes by thermogravimetric analysis (TG) and derivative 
thermogravimetric analysis (DTG) at the age of 7 days (a) and at the age of 28 days (b). 
 
 
Table 3.4 Proportion of limestone in the mixtures from TGA and theoretical calculations. 

Items TGA Theoretical calculations 
30%LP_0.4 (7d) 29.56% 30% 
30%LP_0.4 (28d) 30.34% 30% 

 
 



 Effect of Filler-hydrates Adhesion Properties on Strength of Cement Paste  

41 

3 

 Relationship between measured compressive strength and simulated contact 3.4.2
area 

The relationship between the measured compressive strength and the calculated specific 
effective contact area (SECA) of the solid phase of cement pastes were investigated. As 
indicated in section 3.3.2, the effective contact area (ECA) is a microstructure parameter 
that can be calculated by HYMOSTRUC3D. The contact area concept is an approach to 
not only quantify the connection between the solid phases in the microstructure [8], but 
also evaluate the quality of interparticle bonds between the solid phases. As mentioned 
in section 3.3.2, there are two types of contact area: CF contact area and CC contact 
area. Besides CC contact area, marked with CC as shown below, the contact area 
discussed below refers to the total contact area, which includes both CF contact area and 
CC contact area. In Portland cement paste there is only CC contact area. In blended 
cement pastes, both CC contact area and CF contact area appear. The results of four 
effects on the relationship between the measured compressive strength and the 
simulated contact area are reported below. It starts with the effect of water-to-binder 
ratio. Next, the effects of content and size of filler are discussed, respectively. Finally, 
the effect of filler type is studied. 
 
3.4.2.1 Effect of water-to-binder (w/b) ratio 

Fig. 3.9 shows the effect of water-to-binder ratio on the relationship between the 
measured compressive strength and the calculated specific effective contact area in 
Portland cement pastes and the blended cement pastes. The compressive strength of 
cement pastes is determined according to the methods described in section 3.2.2.3 at 
ages of 1, 3, 7, 14, 28 and 90 days, and shown in Fig. 3.9a. As mentioned previously, 
the specific effective contact area (SECA) is defined as the contact area per unit volume 
of the simulated cement paste at a given degree of hydration. The SECA of cement 
pastes is calculated by HYMOSTRUC3D at ages of 1, 3, 7, 14, 28 and 90 days, and is 
presented in Fig. 3.9b. Both contact area and compressive strength of cement pastes 
increase with increasing degree of hydration. The relationship between the SECA and 
the compressive strength of cement pastes with w/b = 0.3 and 0.4 are presented in Fig. 
3.9c. The black dashed line in Fig. 3.9c illustrates the relationship between the 
compressive strength and the total SECA, which includes CC-SECA and CF-SECA in 
the cement pastes blended with 30% M300. The relationship between compressive 
strength and CC-SECA is represented by the red line (Fig. 3.9c). 

From Fig. 3.9c it can be seen that when the SECA is 0, all the pastes have the 
similar compressive strength of about 6 MPa. This can also be seen in Fig. 3.10c, 3.11c 
and 3.12b. It could be explained that at the stage when the SECA is 0, the particles stay 
very close to each other and begin to make contact with each other. In this case, the 
capillary forces and van der Waal forces become strong enough to hold particles 
together and enable the pastes to obtain a small strength.  
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(a) Compressive strength                                          (b) Specific Effective Contact Area 

 
(c) Correlation between Specific Effective Contact Area and compressive strength 

 
Fig. 3.9 Effect of water-to-binder ratio (0.3 and 0.4) on the relationship between the measured 
compressive strength and the calculated Specific Effective Contact Area (Besides CC SECA which 
marked with CC as shown in the figure, the rest without marked with CC refers to the total SECA which 
includes both CF and CC SECA, the same as follows). 
 
 

It can be seen in Fig. 3.9c that there is a single linear relationship between the 
measured compressive strength and the calculated SECA. This suggests that the 
compressive strength of cement paste can be directly related to the quantity of 
interparticle bonds of the solid phase in cement pastes. Moreover, Fig. 3.9c also shows 
that the linear relationship (the black dashed line) between compressive strength and 
SECA in blended cement paste with w/b = 0.3 and that with w/b = 0.4 overlap each 
other. The same overlap can be found between Portland cement paste with w/b = 0.3 
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and that with w/b = 0.4 (the red line in Fig. 3.9c). This overlap implies that the linear 
relationships between compressive strength and SECA are independent of the w/b ratio, 
no matter for Portland cement paste or for the cement paste blended with 30% M300. 
Since these relationships are linear, the compressive strength is only related to the 
magnitude of contact area. It indicates that the interparticle bonds in both Portland 
cement paste and the cement paste blended with 30% M300 have stable mechanical 
properties which do not change with either the curing age or w/b ratio.  

From Fig. 3.9c it is clear that the red line representing the relationship between 
CC-SECA and compressive strength has a steeper slope than the black dashed line that 
represents the relationship between total SECA and compressive strength in the cement 
paste blended with 30% M300. Moreover, it is noteworthy that the linear relationship 
between the compressive strength and the CC-SECA in the cement paste blended with 
30% M300 coincides with the relationship between compressive strength and CC-
SECA in Portland cement paste. It appears that the strength of cement pastes blended 
with 30% M300 is determined by the CC contact area, and CF contact area does not 
contribute to the strength. In other words, for any given CC contact area, regardless w/b 
ratio and curing age, the addition of M300 does not contribute to the compressive 
strength of cement paste. This finding is in line with an observation made by 
Termkhajornkit et al. [29]. Their study showed that the fine quartz grains had no 
noticeable contribution to the compressive strength of cementitious materials.  
 
3.4.2.2 Effect of filler content  

Fig. 3.10 demonstrates the influence of the content (0%, 30% and 50%) of filler on the 
relationship between the measured compressive strength and the calculated SECA of 
cement pastes. Fig. 3.10a shows the measured compressive strength of cement pastes at 
ages of 1, 3, 7, 14, 28 and 90 days. The calculated SECA is presented in Fig. 3.10b. The 
relationships between the calculated SECA and the measured compressive strength of 
cement pastes with w/b = 0.3 are presented in Fig. 3.10c. As shown in Fig. 3.10c, the 
same linear relationships between compressive strength and SECA are observed in 
Portland cement paste and the cement pastes blended with 30% and 50% M300 filler. 
The relationship between compressive strength and CC-SECA is represented by the red 
line. The black line indicates the relationship between the compressive strength and the 
total SECA in cement paste blended with 30% M300. In cement paste blended with 
50% M300, the relationship between the compressive strength and the total SECA is 
illustrated by the black dashed line.  

It can be seen in Fig. 3.10c that the linear relationships between the compressive 
strength and the CC-SECA in Portland cement paste and the cement pastes blended with 
30% and 50% M300 can be represented with one single line (the red line). It further 
illustrates that CF contact area does not contribute to the strength of cement pastes and 
the strength of cement pastes is determined by CC contact area. As shown in Fig. 3.10c, 
the compressive strength of cement paste blended with less M300 increases more 
rapidly as a function of total SECA. This is because the cement paste with a higher 
M300 content has less CC-SECA (Fig. 3.10b), which determines the compressive 
strength of cement paste.  
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(a) Compressive strength                                           (b) Specific Effective Contact Area 

 
(c) Correlation between Specific Effective Contact Area and compressive strength 

 
Fig. 3.10 Effect of the content (0%, 30% and 50%) of micronized sand on the relationship between the 
measured compressive strength and the calculated Specific Effective Contact Area (w/b = 0.3). 
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3.4.2.3 Effect of filler size 

Fig. 3.11 shows the effect of the filler size on the relationship between the measured 
compressive strength and the calculated SECA of cement pastes. Fig. 3.11a shows the 
measured compressive strength of cement pastes at ages of 1, 3, 7, 14, 28 and 90 days. 
The calculated SECA is presented in Fig. 3.11b. The relationships between the 
calculated SECA and the measured compressive strength of cement pastes with w/b = 
0.4 are presented in Fig. 3.11c. As shown in Fig. 3.1, M6 is much coarser than both 
M300 and Portland cement, while M300 is finer than Portland cement. It can be seen in 
Fig. 3.11c that the relationships between compressive strength and SECA are still linear 
in Portland cement paste and the cement pastes blended with 30% of M6 or M300 filler. 
As shown in Fig. 3.11c, the relationship between compressive strength and CC-SECA is 
represented by the red line. The black line denotes the relationship between the 
compressive strength and the total SECA in cement paste blended with 30% M6. In the 
cement paste blended with 30% M300, the relationship between the compressive 
strength and the total SECA is illustrated by the black dashed line.  

It can be seen in Fig. 3.11a that the compressive strength of cement paste with 
fine filler is higher than that with coarse filler. This can be explained by the fact that the 
cement paste with fine filler has more CC-SECA (Fig. 3.11b), which determines the 
compressive strength of cement paste as indicated in previous findings. As can be noted 
in Fig. 3.11c, the linear relationship between the compressive strength and the CC-
SECA in the cement pastes blended with 30% M6 and that with 30% M300, and that in 
Portland cement paste can be represented with one single line. This fact also illustrates 
that the compressive strength of cement pastes is determined by CC contact area in both 
Portland cement paste and the cement paste blended with micronized sand, regardless 
the particle size of filler. 
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          (a) Compressive strength                                       (b) Specific Effective Contact Area 

 
(c) Correlation between Specific Effective Contact Area and compressive strength 

 
Fig. 3.11 Effect of the size of micronized sand on the relationship between the measured compressive 
strength and the calculated Specific Effective Contact Area (w/b is 0.4 and the content of filler is 30%). 
 
 
3.4.2.4 Effect of filler type  

Fig. 3.12 demonstrates the influence of the filler type on the relationship between the 
measured compressive strength and the calculated contact area of cement pastes. Two 
types of filler were chosen: limestone powder(LP) and micronized sand(M300). As 
highlighted in 3.4.1, both fillers are inert in cement paste. The chemical and physical 
properties of these fillers can be found in Table 3.1. The linear relationships between 
compressive strength and the calculated contact area hold for both blended cement 
pastes, as shown in Fig. 3.12b. Like before, the relationship between compressive 
strength and the contact area between hydrating cement particles (CC contact area) in 



 Effect of Filler-hydrates Adhesion Properties on Strength of Cement Paste  

47 

3 

M300-blended cement paste and that in Portland cement paste can be represented with 
one single line (the red solid line). The relationship between compressive strength and 
the contact area between hydrating cement particles (CC contact area) in LP-blended 
cement paste is indicated by the red dashed line. The black line shows the relationship 
between the compressive strength and the total contact area in cement paste blended 
with 30% LP. The relationship between the compressive strength and the total contact 
area in cement paste blended with 30% M300 is represented by the black dashed line.  

As indicated by the red solid line and the red dashed line in Fig. 3.12b, the 
compressive strength of the LP-blended cement paste increases more rapidly as function 
of CC contact area than that of the M300-blended cement paste. As indicated previously 
the contact area between hydrating cement particle and filler particle (CF contact area) 
in M300-blended cement paste does not contribute to the compressive strength. The 
compressive strength is only related to the contact area between hydrating cement 
particles (CC contact area). As a result the linear relationship between compressive 
strength and CC contact area in the M300-blended cement paste and that in Portland 
cement can be represented with one single line. However, as shown in Fig. 3.12b, LP-
blended cement paste has a higher compressive strength compared to the M300-blended 
cement paste and Portland cement paste for a given CC contact area. It appears that in 
the LP-blended cement paste not only the contact area between hydrating cement 
particles (CC contact area), but also the contact area between hydrating cement particle 
and filler particle (CF contact area) contributes to the compressive strength. The shaded 
area as shown in the Fig. 3.12b is assumed to indicate the compressive strength 
contribution of the contact area between hydrating cement particle and filler particle 
(CF contact area) in LP-blended cement paste.  

Fig. 3.12a shows the development of compressive strength of cement pastes. At 
early ages (1 to 3 days) M300-blended cement paste shows slightly higher compressive 
strength than LP-blended cement paste. However, it is soon overtaken by LP-blended 
cement past, even though M300-blended cement paste has more CC contact area than 
LP-blended cement paste at all curing ages (Fig. 3.12c). The ‘gap’ between the 
compressive strength of M300-blended cement paste and that of LP-blended cement 
paste becomes wider with increasing age. To explain this change, we can find the 
answer in Fig. 3.12d. At early ages (1 to 3 days), the amount of CF contact area in LP-
blended cement paste is very low (Fig. 3.12d). So the strength provided by the contact 
area between hydrating cement particle and filler particle (CF contact area) in LP-
blended cement paste cannot bridge the ‘gap’ between the strength offered by the 
contact area between hydrating cement particles (CC contact area) in M300-blended 
cement paste and the strength offered by CC contact area in LP-blended cement paste, 
as shown in Fig 3.12a (for 1 to 3 days). As a result, M300-blended cement paste has 
higher compressive strength. However, at an age of 7 days LP-blended cement paste 
shows slightly higher compressive strength (Fig. 3.12a) due to an increase of CF contact 
area in LP-blended cement paste (Fig. 3.12d). Although the CF contact area in M300-
blended cement paste also increases substantially with increasing CF contact area in LP-
blended cement paste, this increasing CF contact area makes no change to the strength. 
At later ages (>7 days), the compressive strength of LP-blended cement paste largely 
surpasses that of M300-blended cement paste (Fig. 3.12a) as CF contact area in LP-
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blended cement paste continues to increase (Fig. 3.12d). These observations further 
demonstrate that the contact area between hydrating cement particle and filler particle 
(CF contact area) in LP-blended cement paste contributes to the compressive strength, 
but that in M300-blended cement paste does not.  
 
 

 
                   (a) Compressive strength                       (b) Correlation between Specific Effective Contact 

Area and compressive strength  

 
            (c) Specific Effective Contact Area                    (d) CF Specific Effective Contact Area 

 
Fig. 3.12 Effect of the type of filler on the relationship between the measured compressive strength and 
the calculated Specific Effective Contact Area (w/b is 0.4 and the content of filler is 30%). 
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 Discussion 3.4.3

The correlations between the measured compressive strength and the calculated specific 
effective contact area (SECA) of the solid phases in blended cement pastes were 
investigated. From the evaluation of the experiments and simulations, it is concluded 
that the contact area between hydrating cement particle and filler particle in cement 
paste blended with limestone powder has a substantial contribution to the compressive 
strength, but the contact area between hydrating cement particle and filler particle in 
cement paste blended with micronized sand has not. A previous study by de Vries [30] 
showed that the compressive strength of cement paste decreased along with an 
increasing replacement level of Portland cement by micronized sand (Fig. 3.13). Even 
the cement paste blended with 10% of very fine micronized sand M600 (the surface area 
of cement and M600 in this study is 420 m2/kg and 1300 m2/kg, respectively [30]), its 
compressive strength is lower than that of Portland cement paste. By contrast, in the 
study of Tsivilis et al. [31], it was shown that the addition of 10% limestone did not 
significantly alter the compressive strength at any age of cement pastes (Binders have 
fineness up to 340, 380, 410, and 430 m2/kg, respectively). In a study of Voglis et al. 
[32], cement paste produced by inter-grinding 15% limestone shows the same 
compressive strength as the Portland cement paste at the curing age of 28 days. Based 
on these observations, it is believed that the limestone powder has better adhesion 
properties than micronized sand.  
 
 

 
 

Fig. 3.13 Compressive strength of cement pastes blended with different micronized sand at the curing age 
of 1, 7 and 28 days, with the water-to-binder ratio of 0.35 [30]. 
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The mechanical properties of cement paste were directly related to microstructure 
features, more particularly to the simulated contact area in cement paste. The simulated 
contact area was divided into the contact area between hydrating cement particles (CC 
contact area) and the contact area between hydrating cement particle and filler particle 
(CF contact area). Based on this division, the role of the filler-hydrates adhesion 
properties (the quality of the contact area between filler particles and reaction products) 
in the strength of blended cement paste was evaluated. In the following chapters, the 
fundamental explanations for the different performance of limestone powder and 
micronized sand as replacement of Portland cement will be presented.  
  

 Conclusions  3.5

Numerical simulations of the contact area between cement and/or filler particles 
combined with experimental measurements were used to investigate the filler-hydrates 
adhesion properties on the strength of blended cement paste. Based on this study, the 
following conclusions can be drawn: 
 

• The measured compressive strength of Portland cement paste and the cement 
paste blended with inert fillers can directly be related to the calculated contact 
area. The relationship between calculated contact area and measured 
compressive strength was found to be linear.  

• In Portland cement paste the linear relationship between the measured 
compressive strength and the calculated contact area was independent of the 
water-to-cement ratio. In the cement pastes blended with micronized sand the 
linear relationship between the measured compressive strength and the 
calculated CC contact area and that in Portland cement paste can be represented 
with one single line, regardless the water-to-binder ratio, the particle size and the 
content of filler.  

• In the cement pastes blended with limestone powder, the measured compressive 
strength increases as a function of the calculated CC contact area more rapidly 
than that in Portland cement paste and the cement paste blended with micronized 
sand.  

• In the cement pastes blended with micronized sand, the compressive strength 
was determined by CC contact area. The contact area between hydrating cement 
particle and filler particle had no contribution to the compressive strength. In 
contrast, in the cement paste blended with limestone powder the contact area 
between hydrating cement particle and filler particle had a substantial 
contribution to the compressive strength. It is believed that limestone powder 
has much better adhesion properties than micronized sand.   
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  4
Evaluation of Filler-hydrates 

Adhesion Properties* 

The interface between filler particles 
and hydration products can have a 
significant effect on the mechanical 
properties of the cement paste system. 
SEM observation and mechanical 
modelling can be used to study the 
mechanical properties of the interface. 
The fillers used in this study are 
limestone powder and micronized 
sand. Crack paths and fracture surfaces 
of loaded cement pastes were 
investigated by SEM observation. The 
influence of the mechanical properties 
of the interface on crack propagation, tensile strength and fracture energy was studied 
numerically by using a lattice model. Based on the SEM observations and simulation 
results, the mechanical properties of the interface between filler particles and hydration 
products were evaluated. Limestone powder exhibited superior bond characteristics with 
hydration products compared to micronized sand. This study provides a validation of 
the contact area concept and justifies the findings presented in chapter 3. Meanwhile, 
this study provides insight into adhesion mechanisms between filler particles and 
hydration products. The further study of the adhesion mechanisms will be presented in 
chapter 5.  

                                                 
* This chapter based on: 

1. Xiaowei Ouyang, Guang Ye, Klass van Breugel. Experimental and numerical evaluation of mechanical properties 
of interface between filler and hydration products. Construction and Building Materials, 2017. 135: p. 538-549. 

2. Xiaowei Ouyang, Guang Ye, Klaas van Breugel. Characterization of Crack in Cement Paste Incorporating Inert 
Fillers under Compressive Loading. The 3rd International Conferences on Microstructure Related Durability of 
Cementitious Composites (Microdurability2016). Nanjing, China 2016. 
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 Introduction 4.1

The mechanical properties of the interface between filler particles and hydration 
products have a significant influence on the development of the fracture process in 
blended cement pastes. Improvement of the effect of fillers in cementitious materials, 
especially the effect on the mechanical properties of the interface between filler 
particles and hydration products, is a big issue and a challenge today. So far not many 
attempts are known to quantify the mechanical properties of the interface between filler 
and hydration products in cement paste. To evaluate the mechanical properties of this 
interface, a surface analysis technique, i.e., scanning electron microscopy (SEM) 
observation, was used. Scanning electron microscopy is known as an appropriate 
method to characterize the crack paths and the fracture surfaces in cementitious 
materials [1-5]. The mechanical properties of the interface have a strong relationship 
with the resistance to crack propagation. Cracks preferentially propagate along weak 
interfaces [5].  

In order to predict the effect of the mechanical properties of the interface on the 
fracture process and the strength of blended cement pastes, a numerical model was 
applied. This model, called lattice fracture model, was proposed by Schlangen and Van 
Mier in the 1990s and has been further developed by many others [6-8]. In the lattice 
fracture model, the material is represented by a lattice of beam elements. Subsequently, 
the microstructure of the material can be mapped onto these beam elements by 
assigning different properties to them, depending on whether the beam element 
represents a grain, the interface or the matrix. The lattice model has been used 
extensively in the past decades both for mesoscale and, more recently, also microscale 
modelling of concrete and cement paste [8-13]. The numerical results showed that the 
model can reproduce the fracture processes observed in experiments. In this chapter, the 
lattice fracture model was used to study the influence of interface properties on crack 
propagation, strength and fracture energy. The results from a simulated direct tension 
test were compared to experimental results and were used to simulate the 
micromechanical properties of the interface. 
 

 Materials and experimental methods 4.2

 Sample preparation 4.2.1

The cement used in this study is Portland cement (OPC). The fillers used are limestone 
powder (LP) and micronized sand (M6). The chemical composition and physical 
characteristics of these materials were presented in Table 3.1. The mineral composition 
of OPC was presented in Table 3.2. The particle size distribution (PSD) data of OPC, 
LP and M6 was shown in Fig. 3.1. Two series of specimens were prepared, denoted as 
M01 and L01. The percentage of filler and w/b ratio are given in Table 4.1. 
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Table 4.1 Mixture compositions of blended cement pastes. 

Mixtures OPC*(%) M6*(%) LP*(%) w/b 
M01 70 30 - 0.4 
L01 70 - 30 0.4 

* Percentage of the total mass of binder by weight. 
 
 

 Experimental methods 4.2.2

4.2.2.1 Experimental procedures 

The mixtures were prepared in a Hobart mixer according to the standard procedure 
described in ASTM C305 [14]. After mixing and casting, cement pastes were covered 
with a plastic sheet and stored at 20 ± 2°C. After 24 hours all the specimens were 
demolded and then stored in the curing room with a constant temperature of 20 ± 2°C 
and a relative humidity of 95 ± 5% until the designated testing age.  
 
4.2.2.2 SEM analysis 

The scanning electron microscope (SEM) equipped with energy dispersive spectroscopy 
(EDS) with a working voltage of 20 kV was used to observe the fracture surface 
between filler particles and hydration products and the propagation of cracks in the 
loaded cement pastes. Sample preparations for these SEM analyses are as follows: 
 

i) The samples for observation of the fracture surface between filler particles and 
hydration products were loaded in compression at 90% of the peak load. After 
loading, the specimens were crushed into small pieces. Then, crushed samples 
with different sizes were collected. In order to stop the hydration process of the 
specimens, they were submerged in 100% ethanol for 72 hours and placed in a 
35 °C oven during 24 hours. These samples were kept in a desiccator until 
testing. SE mode was adopted for high magnification (20000×) observations. 
The samples for SE observation were coated with carbon. 

ii)  After stopping hydration a part of the samples was selected for observation of 
the propagation of cracks. These samples were submerged in an epoxy resin. 
Afterward the samples were grinded and polished. Again, these samples were 
stored in a desiccator until testing. 

 

 Numerical simulation 4.3

 Build-up of lattice structure 4.3.1

In the lattice approach blended cement paste is considered a material made only of three 
components: the matrix phase, the fillers and interface. The unhydrated cement, 
hydration products and other components are assumed to be part of the matrix phase. 
For the mesh generation the microstructure of the blended cement paste is represented 
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by a pixel-based structure, as shown in Fig. 4.1a. After the generation of a network of 
pixels, a sub-pixel can be defined within each pixels (Fig. 4.1b). A node is randomly 
placed in every sub-pixel of size s in a regular grid with size ɑ, as shown in Fig. 4.1b. In 
order to set a proper pixel size (cell size of mesh, ɑ), its effect on the simulation results 
was analysed and presented in section 4.5.1. The ratio s/ɑ is defined as randomness of a 
lattice. The reason for assigning certain randomness to the lattice mesh is to describe the 
material more realistically. Here randomness is set to be 0.5. To connect the nodes, 
lattice elements are generated using Delaunay triangulation, as shown in Fig. 4.1c. The 
different types of beam are identified by material overlap procedures. Element 
properties depend on the two nodes assigned to an element. If the two element nodes are 
located within filler, the filler element can be identified. If one element node is located 
in the matrix and another element node in filler, the element is called an interface 
element. In Fig. 4.1d, identification of different elements is illustrated. In this model, we 
generated a square specimen with a size of 100 × 100 × 1 µm3 for a 3D lattice model. 
 
 
 

 

 

 

 

 
 (a) Pixel generation           (b) Node placement            (c) Element generation         (d) Overlay procedure 
  
Fig. 4.1 Schematics of the generation of microstructure of the cement paste blended with filler. 
 
 

 Fracture processes simulation 4.3.2

4.3.2.1 Numerical approach 

In the lattice approach the cement paste is discretized as a set of lattice beam elements. 
A lattice beam element is a straight bar of uniform cross-section and can transmit axial 
forces, shear forces, bending moments and torsional moments, as shown in Fig. 4.2. The 
3D lattice beam element has two nodes and each node has six degrees of freedom 
including three translational and three rotational degrees of freedom, as shown in Fig. 
4.3. The displacement ue of the nodes of the beam (Fig. 4.3) in the local domain is: 
 
*� = +*� *, *- *. *' */ *0 *1 *2 *�& *�� *�,34     (4.1) 
 
The local force vector 5� caused by local displacement ue can be computed with the 
following equation: 

Filler  

Matrix   
Interface   ɑ

 s 

Pixel    Sub-pixel    

Lattice node    

Lattice element    
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5�=6�*�           (4.2) 
 

where 6� is the element stiffness matrix in the local domain. The formulation of a lattice 
beam element stiffness matrix is based on the Timoshenko beam theory. It can be 
formulated by assembling an axial component, a torsional component, and bending and 
shear components in the planes xOy and xOz (see Fig. 4.3) and given by: 
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(4.3) 

 
where E is the elastic modulus, G is the shear modulus, A is the cross-sectional area of 
the element, l is the length of the element, Iz and Iy are the moments of inertia about the 
z-axis and the y-axis respectively, J is the polar moment of inertia about the x-axis, Φ1 
and Φ2 are the shear effect adjustment factors in the plane xOy and xOz, respectively, 
and can computed by:  
 

Φ� = �,:>?
D;J�B

Φ, = �,:>C
D;J�B

                    (4.4) 

 
in which As is the shear cross-sectional area and is given by: 
 

KL =	;M           (4.5) 

 
where K is the shear correction factor. A more detailed description of the numerical 
approach can be found in [6].  
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                 (a)                                                              (b)                                                       (c) 

 
Fig. 4.2 Lattice of beam elements (a), definition of forces and degrees of freedom (b), stress-strain 
relation of the beam element (c) [15]. 
 
 
 

 
 
Fig. 4.3 The displacement of a 3D lattice beam element. 
 
 
4.3.2.2 Geometry and boundary conditions  

A uniaxial tensile test can be conjured by fixing all the nodes on the bottom surface of 
the specimen and imposing a uniform surface load on the top surface, as shown in Fig. 
4.4. In the lattice network construction, all the layers close to the surfaces are forced to 
be regularly meshed, irrespective of the material randomness setting, as irregular 
geometry on the boundaries might create some extra stresses, which may have negative 
effect on the fracture processes simulation. In addition all the lattice elements involved 
in the bottom and top layers are not allowed to break, even if the stress in such an 
element has exceeded its strength, as the external loads need a path to be transferred into 
the specimen. In other words, it is assumed that all the restraint elements on the 
boundaries have infinite strength. 
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Fig. 4.4 Uniaxial tensile test setup. 
 
 
4.3.2.3 Fracture law 

In lattice fracture analysis, a linear elastic analysis of the lattice is performed in each 
loading step. An element in which a prescribed fracture criterion is exceeded is removed 
from the mesh. This analysis is subsequently repeated in a step-wise manner, removing 
a single element in which a prescribed fracture criterion is exceeded in each step. 
Multiple analysis steps are performed until the system fails. The step-by-step removal of 
critical lattice elements simulates the microcrack evolution in the specimen.  

In this model, a fracture criterion based on the tensile stress in beams is adopted, 
and can be described as: 
 

σt = NO O
; + NP QRS	�PT,PV�

W 	≤ ƒt, k                   (4.6) 

 
where σt [kPa] is the maximum tensile stress in the beam, N [kN] is the normal force 
acting on the beam element, Mi [kN·m] and Mj [kN·m] are the bending moments in two 
nodes at each end of the element, w [m3] is the cross sectional moment of resistance. NO 
is the normal force influence factor. NP is the bending influence factor. Details about 
the underlying elastic equations and the full computational procedure of the lattice 
model can be found in [6, 8]. 
 

 Model parameters  4.3.3

Specific material parameters are assigned to the lattice beams. In particular, fracture 
properties of the three types of beam elements are needed, including properties of the 
filler, the matrix and the filler-matrix interface. The value of these parameters has 
significant influence on the microscopic mechanical behaviour. In particular, the 
strength of the filler-matrix interface directly affects the final results, i.e. crack patterns, 
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stress-strain curve, Young’s modulus and fracture energy of the simulated specimen 
[15, 16]. In Table 4.2 a summary of the mechanical parameters of chosen fillers and 
matrix is given. The Young’s modulus of limestone powder (LP), micronized sand (M6) 
and matrix were measured using nanoindentation, and their measured average values are 
65.5, 76.2 and 22.0 GPa, respectively. The Young’s modulus of LP is slightly lower 
compared with that of M6, but much higher than that of the matrix. A single value of 71 
GPa (the mean value of LP and M6) is used here for the elastic properties of both of LP 
and M6. The tensile strength of these materials is considered proportional to the 
measured microhardness [6]. No data could be found for the ratio between hardness and 
tensile strength of these materials. Therefore, the tensile strengths are inferred from 
nanoindentation tests. As LP and M6 are much stronger than the matrix, their influence 
on the fracture process is very small compared to that of the matrix and the interface. As 
can be seen in Table 4.2 cases that the interface strength is higher and lower than that of 
the matrix will be considered. The material constants of interfaces and the matrix used 
in the analysis enable us to gain insight into fracture properties of the virtual pastes. 
 
 
Table 4.2 Mechanical properties of filler, matrix and the interface of mature paste. 

Material properties Young’s modulus E [GPa] Tensile strength ƒt [MPa] ν 
Filler (both for LP, M6) 71 2.1 0.2 

Matrix 22 1.4 0.2 
Interface 1 
Interface 2 
Interface 3 
Interface 4 
Interface 5 
Interface 6 
Interface 7 
Interface 8 
Interface 9 
Interface 10 

17 
17 
17 
17 
17 
17 
17 
17 
17 
17 

2.1 
1.7 
1.4 
1.1 
0.8 
0.5 
0.4 
0.3 
0.2 
0.1 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

  
 

 Measure of damage 4.3.4

From the simulation results of the load-displacement response, the crack pattern in the 
final failure state can be obtained. The load-displacement response can be converted to a 
stress-strain diagram and a stress-crack opening diagram. From the stress-strain 
diagram, the tensile strength can be inferred. Fracture energy can be calculated from the 
post peak part of the stress-crack opening diagram. It represents the area under the 
curve. A more detailed description of the measure of damage can be found in [17].  
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 Experimental results 4.4

 Crack propagation 4.4.1

The crack propagation in the cement paste blended with LP and M6 subjected to 
compressive loading is illustrated in Fig. 4.5. Fig. 4.5a shows cracks in cement paste 
blended with 30% LP. Crack patterns in cement paste blended with 30% M6 are shown 
in Fig. 4.5b. As can be observed in Fig. 4.5a, the cracks tend to propagate in the matrix 
and avoid to propagate through the interface between LP particles and hydration 
products. The crack that propagated through LP particles can be seen in Fig. 4.5a. On 
the contrary, tortuous cracks that have a tendency to propagate around the M6 particles 
are observed in the cement paste blended with 30% M6 (Fig. 4.5b). Furthermore, also 
cracks encircling the M6 particles can easily be observed in Fig. 4.5b.  

Parallel with the SEM observations of the crack propagation, the morphology of 
the surface of cracks in cement paste blended with 30% LP and 30% M6 is investigated 
and shown in Fig. 4.6. The locations of SEM images were randomly selected. It is hard 
to find LP particles with clear surface at the fracture surface in the cement paste blended 
with 30% LP (Fig. 4.6a). In the cement paste blended with 30% M6, however, M6 
particles with a clear surface can easily be distinguished, as shown in Fig. 4.6b.  

These differences in crack propagation and morphology of the surface of the 
cracks originate from properties of the interface between filler particles and hydration 
products. According to the previous studies [17, 18], the microcracks are governed by 
local stress distribution and weak links in the system. The weak interfaces have the 
highest probability of breaking. These observations suggest that the interface between 
LP particles and hydration products is much stronger than that between M6 particles 
and hydration products.  
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Fig. 4.5 Cracks in the cement paste blended with 30% LP (a) and the cement paste blended with 30% M6 
(b) at the curing age of 28 days, at the w/b ratio of 0.4.  
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Fig. 4.6 Morphology of the crack surface in the cement paste blended with 30% LP (a) and the cement 
paste blended with 30% M6 (b) at the curing age of 28 days, at the w/b ratio of 0.4. 
 
 

 Fracture surface  4.4.2

Fig. 4.7 presents the fracture surface between filler particles and hydration products in 
the cement paste blended with limestone powder (LP) and coarse micronized sand 
(M6). Fig. 4.7a shows that there are hydration product residues left on the surface of LP 
particle, which indicate that failure of the cement paste system occurs to a large extent 
in the hydrations products. Moreover, there is no interfacial gap between the LP particle 
and surrounding hydration products. This indicates that the bond between LP particle 
and surrounding hydration products is relatively strong. 

 As shown in Fig. 4.7b, an interfacial gap between a M6 particle and surrounding 
hydration products can easily be observed in the micrograph. A similar observation was 
reported earlier by Wang [19]. The M6 particle has a very clear and smooth fracture 
surface. Few hydration products can be found on the M6 surface. These observations 
demonstrate that the bond between LP surfaces and hydration products is stronger than 
that between M6 surfaces and hydration products.  
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(a) Limestone powder-hydrates interface  

 
(b) Micronized sand-hydrates interface  

 
Fig. 4.7 SEM micrograph with EDS pattern of products in filler-hydrates interface of the cement paste 
blended with 30% filler at the curing age of 28 days, with the w/b ratio of 0.4. 
 

To further study the filler-hydrates interface, SEM observations of the fracture 
surface were made with different magnifications. Fig. 4.8a shows the fracture surface 
between an LP particle and hydration products at comparatively low magnification 
(2000×). SE micrographs of the fracture surface at high magnification (20000×) are 
presented in Fig. 4.8b and c, respectively. Fig. 4.8b shows that there are no typical 
residuals of hydration products on the fracture surface. Obviously, it is the fracture 
surface of a broken LP particle. Fig. 4.8c shows that the surface of the LP particle is 
fully covered with broken hydration products, especially C-S-H, and there is no 
interfacial gap between the LP particle and broken hydration products. It indicates a 
strong bond between hydration products and the surface of the LP particle.  

Fig. 4.9a presents the fracture surface between a M6 particle and hydration 
products at comparatively low magnification (2000×). High magnification (20000×) SE 
micrographs of the fracture surface are shown in Fig. 4.9b and c, respectively. As can be 
seen in Fig. 4.9b and c there are a few residuals of hydration products present on the 
surface of M6 particles. Fig. 4.9c shows that the fracture surface is partially covered 
with loose residuals of hydration products. These observations offer further support to 
previous findings that the bond between LP surface and hydration products (mainly, C-
S-H) is much stronger than that between M6 surface and hydration products.  
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Fig. 4.8 SEM photographs with a relatively low magnification (2000×) (a) and a relatively high 
magnification (20000×) (b) and (c) show the LP-hydrates interface in the cement paste blended with 30% 
LP at the curing age of 28 days, with the w/b ratio of 0.4. 
 
 

 
 

Fig. 4.9 SEM photographs with a relatively low magnification (2000×) (a) and a relatively high 
magnification (20000×) (b) and (c) show the M6-hydrates interface in the cement paste blended with 30% 
M6 at the curing age of 28 days, with the w/b ratio of 0.4. 
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 Simulation results  4.5

 Effect of mesh size 4.5.1

Simulation results provide insight into the fracture properties of the interface, how the 
local micromechanical properties govern fracture propagation through the weak 
locations and how this determines the response of the blended cement paste system. In 
order to get a more precise estimation of the mechanical properties of the interface, the 
mesh size should be chosen with care since the adopted mesh size may cause some 
variations in the simulation results, such as crack pattern and strength of the specimen. 
In order to estimate the influence of the mesh size, four meshes with the cell size ɑ of 
0.25, 0.4, 0.5 and 1.0 µm were generated (see Fig. 4.1). A series of numerical tests was 
carried out with these meshes. An interface strength of 1.4 MPa is adopted. Damage 
patterns obtained for different meshes are presented in the Fig. 4.10. It appears that the 
location of the crack remains the same for all simulations. However, in the case of a 
coarse mesh (cell size is equal to 1.0 µm), the crack propagation starts to branch. For the 
fine meshes (cell size is equal to 0.25, 0.4 or 0.5 µm), similar crack patterns are 
observed. 
 
 

 
 
Fig. 4.10 Simulated crack pattern calculated with meshes with different cell size in the cement pastes 
blended with 30% LP at the curing age of 28 days, with the w/b ratio of 0.4 (the cell size is indicated in 
the figures). 
 

For the sample with different cell size the tensile stress-strain curves and the peak 
strengths are shown in Fig. 4.11a and b, respectively. It can be seen in Fig. 4.11a that 
tensile stress-strain curves start to converge with decreasing cell size. For samples with 
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cell sizes of 0.4 and 0.25 µm, a similar stress-strain curve is observed. In Fig. 4.11b, it is 
noted that the peak strength of the sample with cell size of 0.4 µm is also close to that of 
0.25 µm. Therefore, to save some computational time, the cell size for the simulations 
presented in this study is set to 0.4 µm. 
 
 

 
 
Fig. 4.11 Simulated tensile stress-strain curves (a) and peak strength versus cell size (b) of 4 different 
meshes in the cement pastes blended with 30% LP at the curing age of 28 days, with the w/b ratio of 0.4. 
 

 Effect of mechanical properties of the interface 4.5.2

Simulated cracks in the cement paste blended with a filler with the PSD taken from Fig. 
3.1 are shown in Fig. 4.12 and 4.13, respectively. As indicated in in chapter 3, LP shows 
a continuous particle size distribution from very fine particles to very big particles, 
while M6 consists mainly of big particles. As indicated in Fig. 4.12 and 4.13, although 
there is a significant difference in the particle size distribution between LP and M6, the 
damage patterns do not show a big difference between LP and M6 specimens.  

From Fig. 4.12 and 4.13 it can be inferred that when the tensile strength of the 
interface (2.1, 1.7 and 1.4 MPa) is equal to or higher than that of matrix (1.4 MP), the 
simulated crack patterns are similar to the crack patterns of cement paste blended with 
LP from experimental results. From this observation it is concluded that the strength of 
the interface between LP particles and hydration products is equal to or even higher than 
that of hydration products. When the tensile strength of the interface (1.1, 0.8, 0.5, 0.4, 
0.3, 0.2 and 0.1 MPa) is lower than that of the matrix (1.4 MP), the presence of filler 
particles has a significant impact on the crack pattern. There is a tendency for cracks to 
propagate along the filler particle and this tendency becomes more obvious with 
decreasing tensile strength of the interface. When the tensile strength of the interface is 
lower than 0.5 MPa, the cracks begin to propagate around the filler particle. Compared 
with experimental results, cement paste blended with M6 has similar crack patterns as 
the numerical specimens with an interface strength below 0.5 MPa. From this 
observation it is concluded that the strength of the interface between M6 particle and 
hydration products is much lower than that of hydration products.  
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Fig. 4.12 Simulated effect of mechanical properties of the interface on the damage pattern in the cement 
pastes blended with 30% LP at the curing age of 28 days, with the w/b ratio of 0.4 (the interface strength 
is indicated in the figures, the value inside parentheses refers to the tensile strength of the specimen). 
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Fig. 4.13 Simulated effect of mechanical properties of the interface on the damage pattern in the cement 
pastes blended with 30% M6 at the curing age of 28 days, with the w/b ratio of 0.4 (the interface strength 
is indicated in the figures, the value inside parentheses refers to the tensile strength of the specimen). 
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The effect of the strength of the interface on the stress-strain diagram of 
specimens with a filler with the PSD taken from Fig. 3.1 is shown in Fig. 4.14a and b, 
respectively. Tensile strength and fracture energy can be obtained from the stress-strain 
diagrams of Fig. 4.15a and b, respectively. Fig. 4.15 shows that the particle size 
distribution (see Fig. 3.1) of the filler does not have a significant influence on tensile 
strength and fracture energy.   

Fig. 4.15a shows the influence of interface strength on the resulting strength of the 
specimen. When the tensile strength of the interface is between 0.4 MPa and 1.4 MPa, 
the strength of specimens has a linear relationship with the strength of the interface. 
However, when the tensile strength of the interface is lower than 0.4 MPa or higher than 
1.4 MPa, the strength of the specimen is constant, regardless the strength of the 
interface. It means that there is no contribution to the strength of the specimen when the 
tensile strength of interface under 0.4 MPa. As mentioned before, the strength of the 
interface between M6 particles and hydration products is lower than 0.5 MPa. Therefore, 
the interface between M6 particles and hydration products is supposed to have little or 
even no contribution to the strength of the specimen.  

As mentioned previously, when the tensile strength of the interface is over 1.4 
MPa, the strength of the specimens remains almost the same regardless the interface 
strength. Since 1.4 MPa is the strength of the matrix, it seems that the effect of the 
strength of the interface on the strength of the specimen hits a limit when the strength of 
the interface is equal to or higher than that of the matrix. As analysed previously, the 
strength of the interface between LP particles and hydration products is believed to be 
equal to or higher than that of the matrix. Therefore, the contribution of LP to the 
strength of the specimen is very significant.  

 Fig. 4.15b presents the influence of the strength of the interface on the fracture 
energy in specimens with the filler which has the same PSD as LP and M6. The effect 
of the particle size distribution of fillers is not distinct. It is known that propagation of 
more cracks consumes more energy, and less energy is needed to form cracks located at 
a weaker interface. Since more cracks develop with decreasing interface strength, the 
total fracture energy does not change much. As mentioned in section 4.4.1, the strength 
of the interface between M6 particles and hydration products is much lower than that 
between LP particles and hydration products. This weak interface causes more and 
wider cracks. These findings are supported by the observation in Fig. 4.5, which shows 
that the cement paste blended with M6 has more and wider cracks than that with LP. 
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Fig. 4.14 Simulated tensile stress-strain diagram of the specimens with the filler that has the same PSD as 
LP (a) and that with the filler that has the same PSD as M6 (b) at different interface strength. 
 
 

 
 
Fig. 4.15 Simulated influences of the strength of the interface on the strength (a) and fracture energy (b) 
of specimens. 
 
 

 Discussion 4.6

A combined experimental and numerical study was performed on the mechanical 
properties of the interface between filler particles and hydration products. The crack 
patterns and the fracture surfaces in the loaded cement pastes blended with different 
fillers were investigated by SEM observations. It could be confirmed that the interface 
between LP particles and hydration products is much stronger than that between M6 
particles and hydration products. Furthermore, it appears that the interfaces between LP 
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particles and hydration products are superior in strength compared to the hydration 
products themselves. 

To further investigate the mechanical properties of the interface, the effects of the 
interface strength on crack propagation, tensile strength and fracture energy were 
investigated numerically using a lattice model. From a comparison of the experimental 
results with simulations it could be inferred that the strength of the interface between 
M6 particles and hydration products is so low that the interface has almost no 
contribution to the strength of the specimen. This finding is in agreement with previous 
observations in chapter 3 that the interface between M6 does not contribute to the 
strength of cement paste. Termkhajornkit et al. [20] also claimed that fine quartz grains 
have no significant contribution to compressive strength of cementitious materials. On 
the other hand, from the observations it is believed that the strength of the interface 
between LP particles and hydration products is equal to or higher than that of the matrix.  

It is well known that there is an interfacial transition zone (ITZ) between the 
aggregate particles and cement paste in concrete because of a ‘wall effect’, which arises 
due to the packing of cement grains against the larger aggregate particles [21]. In case 
of cement paste blended with fillers, there is no such a ‘wall effect’ as fillers have 
similar grains size as Portland cement. The bonds between filler particles and hydration 
products are the key to understand the differences between the mechanical properties of 
the interface between LP particles and hydration products and that between M6 particles 
and hydration products. Among hydration products, C-S-H is the most important 
component and the main binding phase in the cement paste, and its presence is critical 
for the development of strength of cement paste [22].  

In previous sections, it was found that the bond between limestone particles and 
hydration products is stronger than the bond between micronized sand particles and 
hydration products. However, what type of bond prevails and how the chemistry and 
surface characteristics of fillers affect the bond are still not very clear. From molecular 
simulation studies and direct-force measurements by atomic-force microscopy (AFM), 
it has been inferred that short- and medium-range surface forces, which are caused by 
partially or totally hydrated calcium ions between C-S-H particles, are essential 
components of cement strength, with additional contributions from van der Waals and 
capillary forces [23-25]. Since the surface forces are responsible for the strength of 
hydration products, mainly C-S-H, the surface forces including the van der Waals force, 
the electrostatic force and the ionic-covalent force (see section 2.3.2) are suggested to 
contribute to the bond strength between the surface of filler particles and C-S-H. A 
more detailed study of the bond between the surface of filler particles and C-S-H will be 
presented in the following chapter. 
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 Conclusions and outlook 4.7

To evaluate the mechanical properties of the interface between filler particles and 
hydration products, a combined experimental and numerical investigation was carried 
out. The crack patterns and the fracture surfaces of loaded cement pastes blended with 
fillers were investigated by SEM. Parallel with the SEM observations, the influence of 
the interface strength on crack propagation, tensile strength and fracture energy was 
investigated numerically by using a lattice model. Furthermore, interfacial bonds 
between the surface of the filler particle and hydration products were discussed. Based 
on the study, the following conclusions can be drawn: 
 

• Experimental observations demonstrate that in the cement paste with LP the 
cracks tend to propagate through the matrix and avoid to propagate through the 
interface between LP particles and hydration products. The fracture surface 
between LP particles and hydration products is rough. There are hydration 
product residues left on the surface of LP particles. This indicates that failure 
occurs to a greater extent in the hydrations products. It is inferred that the bond 
between LP particle and surrounding hydration products is relatively strong. 

• In the cement paste with M6 the cracks have a tendency to propagate through the 
interface between M6 particles and hydration products. The M6 particles have a 
smooth fracture surface. Few hydration product residues can be found on the M6 
surfaces, which indicate that failure occurs to a greater extent at the interface 
region. It is inferred that the bond between LP particles and hydration products 
is much stronger than that between M6 particles and hydration products. 

• Numerical simulations suggest that the strength of the interface between M6 
particles and hydration products is so low that it has little contribution to the 
strength of the cement paste. This is in agreement with the experimental results 
from literature [26, 27]. By contrast, the strength of the interface between LP 
particles and hydration products is suggested to be equal to or higher than that of 
the matrix. 

• The findings in this chapter bear out that the observations presented in chapter 3 
that the limestone has better adhesion properties than micronized sand. These 
findings can be considered as a validation for contact area concept for strength 
development which was discussed in chapter 3. Meanwhile, the study also 
provides insight into adhesion mechanisms between filler particles and hydration 
products. The further study of the adhesion mechanisms will be presented in 
chapter 5. 
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  5
Filler-hydrates Adhesion Mechanisms*  

In the previous chapter, it was 
concluded that the interface 
between LP particles and 
hydration products is much 
stronger than that between MS 
particles and hydration 
products, and even stronger 
than the hydration products 
themselves. This is due to the 
different adhesion mechanisms 
between filler particles and 
hydration products. In this 
chapter, the affinity of filler 
surfaces to ions in the pore 
solution of cement paste is 
reported from the viewpoint of 
the governing mechanisms. The various interactions between the filler surfaces and ions 
are illustrated by results from zeta-potential measurements, and further illustrated by 
microscopic observations of the morphology and distribution of hydrates on the filler 
surfaces. The C-S-H/filler adhesion appears to depend on the interactions between a 
filler surface and calcium ions. In the case of calcite, the interactions between a filler 
surface and calcium ions are predominantly determined by acid-base interactions, which 
lead to the formation of a strong bond (most likely ionic-covalent bond). In the case of 
silica, the adhesion is found to be governed by an attractive ion-ion correlation force.  

.  

                                                 
* This chapter based on: 

1. Xiaowei Ouyang, D. A. Koleva, Guang Ye, and K. van Breugel. Understanding the Adhesion Mechanisms 
between C-S-H and Fillers. Cement and Concrete Research 100 (2017): 275-283. 

2. Xiaowei. Ouyang, D. A. Koleva, Guang Ye, and K. van Breugel. Insights into the Mechanisms of Nucleation and 
Growth of C-S-H on Fillers. Materials and Structures, 50 (2017) 213. 
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 Introduction 5.1

In the previous chapter the interface between LP particles and hydration products was 
found to be much stronger than the interface between MS particles and hydration 
products, and even stronger than the hydration products themselves. Mehta and 
Monteiro [1], French and Mokhtarzadeh [2] and Bentz et al. [3] also found that 
limestone exhibited superior bond interactions characteristics with hydrates, if 
compared to those of silica. This result was discussed to be due to the favourable 
physical and chemical properties of the limestone surfaces. However, the effect of the 
filler chemical properties on interfacial bond was not fundamentally approached or 
substantiated. Justification of the exact nature of the effect of fillers in a cement-based 
matrix, and improvement of these (positive) effects are still challenges. This is 
especially the case when mechanical properties of the interfaces between filler particles 
and hydration products are of concern or interest. 

Understanding the cohesion between C-S-H particles is an initial step to study the 
adhesion mechanisms between C-S-H particles and filler particles. The cohesion forces 
in hardened cement-based materials were investigated previously by many researchers 
[4-9]. The results indicate that the inter-layer calcium ions are linked to the tobermoritic 
C-S-H lamellae by a strong ionic-covalent bond. C-S-H lamellae are compactly stacked 
due to this ionic-covalent bond, forming a C-S-H particle with typical dimensions of 60 
× 30 × 5nm3. The cohesion between these C-S-H nanoparticles is a consequence of ion-
ion interactions. As mentioned in section 2.3.3.4, these ion-ion interactions are caused 
by the very high negative charge density of the C-S-H particles and the presence of 
divalent counterions, e.g. Ca2+.  

This chapter reports on the effects of surface properties and related ionic charge 
interactions of filler particles on adhesion between C-S-H particles and filler particles. 
Two types of filler are considered: micronized sand and limestone powder. The nature 
of the various interactions (mainly, the interaction between calcium ions and filler 
surface) is studied via zeta potential measurements in model solutions, simulating the 
pore solution of cement paste. Microscopic observations of the nucleation and growth of 
C-S-H on the surface of these filler particles are performed by scanning electron 
microscopy (SEM) in order to further elucidate these interactions. The influence of the 
chemical properties of the fillers on the strength of the bond between C-S-H and filler 
particles is discussed based on these zeta potential measurements and microscopic 
observations. This discussion provides a deeper insight into the adhesion mechanisms 
between C-S-H and filler particles. 
 

 Materials and experimental methods 5.2

 Materials and mixture 5.2.1

Portland cement (OPC) was used for the study in this Chapter. The fillers used were 
limestone powder (LP) and micronized sand (MS). The chemical composition and 
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physical characteristics of these materials were reported in Table 3.1. The mineral 
composition of OPC was presented in Table 3.2. In order to get more accurate zeta 
potential measurements, the fillers used for the zeta potential test were ground. After 
grinding, the LP particles have an average size of 9 µm, while the MS particles have a 
size of 13 µm. To maintain nucleation and growth of C-S-H on the surface of both filler 
particles in constant solution and identical conditions, only one specimen was prepared 
for microscopic observations of the morphology of hydration products on filler surfaces 
by mixing OPC, LP, MS and water. This mixture was denoted as OLM (OPC+LP+MS). 
The percentage of different filler and the water-to-binder (w/b) ratio are given in Table 
5.1. This mixture was prepared in a Hobart mixer according to the standard procedures 
described in ASTM C305 [10].  
 
 
Table 5.1 Mixture compositions of blended cement paste. 

Mixture OPC*(%) Limestone powder *(%) Micronized sand *(%) w/b 
OLM 60 20 20 0.4 

* Percentage of the total mass of binder by weight. 

 
 

 Cement paste filtrate analysis  5.2.2

A VARIAN Vista 720 ICP-OES was used to analyse the elemental concentrations in 
OLM paste filtrates. The filtrates of the fresh OLM paste were collected at each 
required time by vacuum filtration using 0.22 µm filter paper. The OLM paste filtrates 
were then stored in sealed 20 ml plastic vials until used.  
 

 Zeta potential test 5.2.3

5.2.3.1 Technical background and considerations 

The zeta potential is a measure of the charge of particles suspended in a solution. As 
shown in Fig. 5.1, a charged particle surface attracts a layer (Stern layer [11]) of 
counter-ions (ions of opposite charge). In this layer, the strongly adsorbed counter-ions 
do not fully offset the surface charge. A second layer (diffuse layer) of more loosely 
attracted counter-ions forms subsequently. At a certain distance from the particle 
surface, the surface charge will be fully balanced by counter-ions. Within the diffuse 
layer, there is a notional boundary (the shear plane in Fig. 5.1) where ions and particles 
form a stable entity. The ions beyond the boundary remain in the bulk dispersant. When 
the net electrical charge contained within the boundary is positive or negative, particles 
will migrate towards the oppositely-charged electrode. The higher the net electrical 
charge, the faster the particles will migrate. The potential at the location of this shear 
plane is the zeta potential, which is related to the surface charge of the particle.  

Two important concepts are related to the concept and manner of executing zeta 
potential measurements. One is the point of zero charge (PZC). It corresponds to 
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conditions in which the surface charge of the solid is equal to zero. The PZC does not 
necessarily correspond to a zeta potential ζ=0. Another one is the iso-electric point 
(IEP). It corresponds to a zeta potential ζ=0, and hence to a zero electrophoretic 
mobility, but not necessarily to a zero surface charge [12, 13]. 

The surface charge of particles in a solution is also influenced by the adsorption of 
ions from the solution onto their surfaces. Furthermore, processes such as dissolution of 
mineral phases, precipitation (heterogeneous nucleation and crystal growth) and ion 
exchange are influenced by adsorption [14]. There are mainly two mechanisms of 
adsorption. One is the chemical adsorption of solutes onto the surfaces, by formation of 
coordinative bonds†. The other one concerns electrical adsorption of solutes onto the 
surfaces, such as electrostatics interactions and polarization interactions [16]. With 
regard to the work in this chapter, the following needs to be considered: C-S-H is 
formed by dissolution-precipitation process during the hydration of cement. The 
presence of fillers affects the process of the heterogeneous nucleation and crystal 
growth of C-S-H. Additionally, the molecular (atomic) interface structures are also 
affected by the adsorption of ions on the surface of filler particles. Adsorption of ions, 
in turn, affects the surface charge of these fillers. In other words, the adsorptions 
mechanisms are linked to alterations of surface charge and consequently related to 
nucleation and growth of hydration products and the properties of the interface between 
C-S-H and filler particles.  
 
5.2.3.2 Zeta potential measurements 

The surface charge, or zeta-potential, is determined based on the particle velocity, 
induced by a potential difference applied across a capillary cell containing the sample 
(and particles respectively), as schematically illustrated in Fig. 5.1. Appling a controlled 
electric field by means of electrodes immersed in the sample suspension, the charged 
particles will move towards the electrode of opposite charge. From the known applied 
electric field and measured particle velocity, the particle mobility is determined. Based 
on the particle mobility, the zeta-potential, which is related to the surface charge of the 
particle, can be calculated by using the Smoluchowski model [17]. 

The zeta potential of fillers in the model solutions (see section 5.2.3.3) was 
measured by Malvern Zetasizer Nano (Z-ZS-ZSP) (Malvern instruments Ltd., UK). The 
suspension in the capillary cell (Fig. 5.1) was prepared by dispersing about 0.1 g filler 
in 100 mL of the model solution. Five runs were conducted for each sample, with the 
average value being taken as the final result. This technique is appropriate, but also has 
limitations which restrict the range of ions concentrations in the electrolyte. If these 
concentrations are too high, the electrical conductivity of the electrolyte increases and 
erroneous results can be obtained. In this work, the upper electrolyte concentration limit 
was maintained at roughly 50 mmol/L for the solutions.  
 

                                                 
† Coordinative bond is a type of bond in which the shared pair of electrons are supplied by one of the 
reacting molecules. The molecule which donates the electron is called the donor and the one that accepts 
it is called the acceptor [15].15. Moore, J.W. and C.L. Stanitski, Chemistry: The molecular 
science2014: Cengage Learning. 
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Fig. 5.1 Schematic illustration of the electrical double layer and principle of a zeta potential test. 
 
 
5.2.3.3 Preparation of suspensions 

The zeta potential tests for the various particles in this study were performed in five 
series of model solutions. The detailed chemical composition of the five model 
solutions is shown in Table 5.2. The zeta potential of MS and LP particles was initially 
measured in aqueous NaOH solutions with different concentrations, where the pH of the 
NaOH solutions was 8, 9, 10, 11 and 12, respectively. In order to evaluate the effect of 
different concentrations of Ca2+, Na+, K+ and SO4

2- ions on the surface charge of the 
filler particles, the zeta potential measurements were also performed separately for the 
MS and LP particles suspended in solutions with different concentrations of Ca(OH)2, 
and in mixture solutions of Ca(OH)2 + NaOH, Ca(OH)2 + KOH and Ca(OH)2 + K2SO4 

(Table 5.2).  
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Table 5.2 Preparation of model solutions (concentrations are shown in mmol/l units). 

Solution 1  Solution  2  Solution 3  Solution 4  Solution 5 
NaOH pH  Ca(OH)2 pH  Ca(OH)2 NaOH  Ca(OH)2 KOH  Ca(OH)2 K2SO4 

- 8  0.2 9.2  0.1 10  0.1 10  0.1 10 
- 9  0.4 9.3  0.4 10  0.4 10  0.4 10 
- 10  0.6 9.6  1 10  1 10  1 10 
- 11  0.8 10.1  4 10  4 10  4 10 
- 12  1 10.5  8 10  8 10  8 10 
- -  2 10.8  0.1 50  0.1 50  10 10 
- -  4 10.9  0.4 50  0.4 50  15 10 
- -  6 11.0  1 50  1 50  19.6 10 
- -  8 11.9  4 50  4 50  0.1 50 
- -  10 12.0  8 50  8 50  0.4 50 
- -  15 12.2  - -  - -  1 50 
- -  20 12.3  - -  - -  4 50 
- -  - -  - -  - -  8 50 
- -  - -  - -  - -  10 50 
- -  - -  - -  - -  15 50 
- -  - -  - -  - -  18 50 

 
 

 SEM analysis 5.2.4

ESEM Philips XL 30 was used for morphological investigation of the hydration 
products on the surface of filler and cement particles. The sample preparation for SEM 
analysis was performed according the procedures reported by Berodier and Scrivener 
[18], as follows: at each required time interval, about 1 g of the OLM paste was taken to 
stop hydration by solvent exchange with isopropanol; after stopping cement hydration 
and removing the isopropanol, the paste collapsed to a dried powder; the dried powder 
was then collected and stored under vacuum in a desiccator until used. SEM 
observations were performed on the dried powder coated by carbon. SE mode was used.  
 

 Results  5.3

 Chemical composition of cement paste filtrate 5.3.1

Table 5.3 lists the chemical composition of the filtrates of the OLM paste. It shows that 
upon contact with water ions go into solution quickly. Within 10 minutes, the 
concentration of Na+, K+, SO4

2- and Ca2+ ions increases significantly. The silicate 
concentration is very low and the aluminate concentration is even lower. This is in 
accordance with reported pore solution composition [19]. Since the liquid phase of 
cement paste at early stage mainly consists of Na+, K+, SO4

2- and Ca2+ ions, lime, alkali 
hydroxides, or alkali sulfate solutions were used as the liquid phase to measure the zeta 
potential of MS and LP particles. 
 
  



   Filler-hydrates Adhesion Mechanisms 

 
83 

5 

Table 5.3 Elemental concentrations for cement paste filtrates 

Time Na (mM) K (mM) S (mM) Si (µM) Al (µM) Ca (mM) 
10 min 79.0 180.8 81.3 46.4 < 37.0 11.8 
30 min 79.1 175.5 70.9 39.3 < 37.0 15.7 

1 h 80.1 180.6 65.7 39.3 < 37.0 16.6 
3 h 94.2 200.7 77.5 142.9 < 37.0 16.1 

 
 

 Zeta potential   5.3.2

5.3.2.1 Effect of pH 

The evolution of the zeta potential of MS and LP particles as a function of pH was 
determined in a series of model solutions (Table 5.2). The results for NaOH solution 
(solution 1, as shown in Table 5.2) are presented in Fig. 5.2. The measurements in 
NaOH solution were performed in the pH range from 8 to 12, in order to obtain an 
overall information on the zeta potential values of MS and LP particles from close to 
neutral (pH 7) to an alkaline medium. In an acidic medium, LP particles could dissolve 
and generate CO2. Therefore, no measurements were performed in a solution with the 
pH lower than 8. 
 
 

 
 
Fig. 5.2 Evolution of the zeta potential of MS and LP particles as a function of pH in NaOH solution 
(higher pH → more negative for zeta potential). 
 
 

As can be seen in Fig. 5.2, in the pH range of 8 to 11 the zeta potential of both MS 
and LP particles ranges from -20 to -56 mV. The zeta potential values for LP are stable 
and around -20 mV. The zeta potential for the MS particles reaches -60 mV at pH 11. 
The potential for LP particles remains less negative than that for the MS particles in the 
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full pH range of this test. The values recorded at pH 12 are slightly different from those 
at pH 11: less negative for LP and similar to pH 11 for MS. Since these values could 
have been affected by interferences within the measurement itself (mainly due to a 
normally observed abrupt increase of the ionic strength/conductivity of the solution in 
ranges of pH below 2 and higher than 11.5), the results at pH 12 are considered as 
indicative, rather than as absolute values. 

With regard to MS particles, the main cause of surface charge generation at the 
silicate-solution interface is due to dissociation of the silanol groups at this interface. 
The dissociation is related to gain or loss of a proton, which depends on the pH value of 
the aqueous phase [20, 21]. The silanol groups in pure water dissociate through the 
following reactions [14, 22]: 
  
≡SiOH + H+ ⇌ ≡SiOH2

+          (6.1) 
≡SiOH + OH- ⇌ ≡SiO- + H2O       (6.2) 
 

The H+ and OH- ions are the potential determining ions for silica. With an 
increase of pH, more silanol groups are ionized and the surface charge of silica hence 
becomes more negative (Fig. 5.2). 

Different from the generation of surface charge on silica, which corresponds to 
ionization of surface silanol groups, the surface charge of calcite is associated with 
surface defects. There are three main groups of surface defects [12]: (1) Structural 
defects of the crystal lattice; (2) Defects due to ion exchange, involving ions in the 
crystal lattice and ions in solution; (3) Defects caused by surface chemical reactions 
with constitutive ions or adsorption on the surface. The principal mechanism of charge 
development at the calcite-water interface is assumed to be a preferential hydrolysis of 
surface calcium and carbonate ions, followed by the adsorption of the resulting 
complexes at the surface [23]. Additionally, previous studies [12, 24, 25] showed that 
the zeta potential determining ions for calcite are Ca2 + and CO3

2-, i.e. the crystal-
constituting species, whereas the pH seems to be a second-order controlling parameter 
through its influence on the CO3

2-/HCO3
- and Ca2 +/CaOH+ speciation, both in the 

solution, as well as at the calcite/water interface. Therefore, H+ and OH− are generally 
not considered as zeta potential determining ions for calcite [26].  

As can be seen in Fig. 5.2, the zeta potential of calcite (LP particles) did not 
significantly vary in the range from pH = 8 to pH = 10, while a gradually increasing 
negative charge for the MS particles in identical solutions was observed. Other authors 
have reported a similar result for LP [27]. The variation of zeta potential as a function of 
pH for the LP particles is probably caused by the equilibrium of the dissolution of 
calcium and carbonate ions, and the adsorption of the complexes formed at the 
calcite/water interface. 
 
5.3.2.2 Effect of Ca2+ concentration  

The zeta potential of LP and MS particles in solutions of Ca(OH)2 (solution 2, as shown 
in Table 5.2) was measured as a function of Ca2+ concentration and compared to the 
zeta potential of OPC particles measured by Nachbaur et al. [28] and C-S-H particles 
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measured by Helene et al. [29] and Nachbaur et al. [28], respectively. The results of the 
measured zeta potential are depicted in Fig. 5.3. The figure shows that for OPC, MS and 
C-S-H particles a similar iso-electric point (IEP) was recorded, which was reached at a 
Ca2+ concentration of about 2 mmol/L. This because OPC, MS and C-S-H particles are 
very rich in silicate, as reported by Nachbaur et al. [28]. At very low Ca2+ 
concentrations, the silica layers are partially ionized as SiO- groups, leading to an 
overall negative zeta potential if no counter ions are specifically adsorbed. As outlined 
in section 5.2.3.1, adsorption plays an important role in the surface charge. At higher 
Ca2+ concentrations (but still lower than 2 mmol/L) adsorption of Ca2+ ions on the 
surfaces of OPC, MS and C-S-H particles partially compensates for this negative 
charge, resulting in lower absolute values of the zeta potential. When the Ca2+ 
concentrations are higher than 2 mmol/L, the adsorption of the Ca2+ gradually 
compensates the negative charge on the surface, leading to a ‘reversal’ of the zeta 
potential (to positive values). Hence, the zeta potential of the MS particles, was positive 
for Ca2+ concentration higher than 2 mmol/L.  
 
 

 
 
Fig. 5.3 Evolution of the zeta potential of OPC, MS, C-S-H and LP particles as a function of Ca2+ 
concentration in Ca(OH)2 Solution (pH of 9.2 to 12.3). 
 

For LP particles the evolution of zeta potential versus Ca2+ concentration shows a 
different trend compared to OPC, MS and C-S-H particles. A much lower Ca2+ 
concentration of ca. 0.4 mmol/L was needed for the LP particles to reach the iso-electric 
point (IEP). Compared to the zeta potential of LP particles in NaOH solution at pH of 9, 
10, 11 and 12 (Fig. 5.2), the zeta potential in Ca(OH)2 has a higher positive value for the 
same pH. According to the reported mechanisms of charge development at the 
calcite/solution interface [12, 23-25], in NaOH solution of pH > 8, the zeta potential of 
the LP particles was dominated by hydrolysis of calcium ions on the particles surface, 
leading to an overall negative zeta potential (Fig. 5.2). In other words, at a pH of about 
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9 and very low Ca2+ concentrations (< 0.4 mmol/L for the Ca(OH)2 solution and 0 
mmol/L for the NaOH solution), the hydrolysis of surface calcium ions dominated the 
zeta potential. Upon increase of the Ca2+ concentration, the zeta potential shifted to 
more positive values as a result of Ca2+ adsorption on the particles surface (Fig. 5.3). At 
higher Ca2+ concentrations (> 0.4 mmol/L), adsorption of external Ca2+ ions, rather than 
hydrolysis of surface Ca2+ ions dominated the surface charge, leading to a ‘reversal’ 
(from negative to positive values after IEP) of the zeta potential. As the Ca2+ 
concentration increased from 0.4 to about 6 mmol/L, the amount of Ca2+ ions adsorbed 
onto the LP surface would gradually increase, which was reflected by an increase in the 
zeta potential (Fig. 5.3). The plateau region at concentrations higher than 6.0 mmol/l, as 
shown in Fig. 5.3, indicates stabilization of the zeta potential and independence of 
further increase of the calcium ions concentration. This reflects a stage at which a 
saturation condition was reached for the LP surface. 

At a given Ca2+ concentration, the zeta potential for LP particles appeared to be 
more positive compared to the recorded values for OPC, MS and C-S-H particles. These 
results indicate that the surface of LP particles has more affinity for Ca2+ compared with 
the surface of OPC, MS and C-S-H particles. This point will be discussed in more detail 
in section 5.4.1. 
 
5.3.2.3 Effect of Na+ and K+ concentration  

The evolution of the zeta potential of MS, C-S-H and LP particles in NaOH and KOH 
solutions (solution 3 and 4, as shown in Table 5.2) as a function of calcium content is 
presented in Fig. 5.4 and 5.5, respectively.  

In 10 mmol/L NaOH and KOH solutions, the development of zeta potential for 
the MS, C-S-H and LP particles as a function of Ca2+ concentration (Fig. 5.4 and 5.5) 
are similar to those, measured in the Na+ and K+ - free Ca(OH)2 solutions (Fig. 5.3). For 
the MS and C-S-H particles a similar IEP was recorded, which was reached at a Ca2+ 
concentration of about 2 mmol/L in both NaOH and KOH solutions (Fig. 5.4 and 5.5). 
The IEP for the LP particles was again found at a Ca2+ concentration of ca. 0.4 mmol/L 
in both NaOH and KOH solutions (Fig. 5.4 and 5.5).  

In 50 mmol/L NaOH and KOH solutions, the IEP for MS, C-S-H and LP particles 
shifted slightly towards higher Ca2+ concentrations compared to the IEPs recorded in 10 
mmol/L NaOH and KOH solutions. This result confirms previously reported 
observations from similar experiments, together with the fact that sodium and potassium 
are considered as ‘indifferent’ ions‡ [28]. The zeta potential of LP and MS particles 
varies almost linearly with the log of Ca2+ concentration near the IEP, and shifted to 
higher Ca2+ concentration for the MS particles. This indicates that as the Ca2+ 
concentration increased, the amount of Ca2+ ions, adsorbed on the MS and LP surface, 
increased gradually, accompanied by an increase in the zeta potential. Furthermore, 
these changes suggest that the surface of LP particles have a larger affinity for Ca2+ 
compared to the surface of MS particles, as also mentioned in section 5.3.2.2. This point 
will be discussed in more detail in section 5.4.1. 

                                                 
‡The ‘indifferent’  ions are the ions which have no or very little effect on the zeta potential of tested 
particle.  
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Fig. 5.4 Evolution of the zeta potential of MS, C-S-H and LP particles as a function of Ca2+ concentration 
in 10 mmol/L and 50 mmol/L NaOH solutions. 
 
 

 

 
Fig. 5.5 Evolution of the zeta potential of MS, C-S-H and LP particles as a function of Ca2+ concentration 
in 10 mmol/L and 50 mmol/L KOH solutions. 
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5.3.2.4 Effect of SO4
2- concentration   

The evolution of the zeta potential of MS, C-S-H and LP particles as a function of Ca2+ 
concentration in potassium sulfate solutions (solution 5, Table 5.2) is illustrated in Fig. 
5.6. The figure shows that there is almost no difference between the behaviour of MS 
and C-S-H particles. This is because the MS and C-S-H particles are very rich in 
silicate, as previously mentioned. The zeta potential of MS and C-S-H particles varied 
linearly with the log of Ca2+ concentration and shifted to higher Ca2+ concentration with 
increasing sulfate concentration. With an increase of the sulfate concentration of the 
solution, the IEP for MS and C-S-H particles also shifted to higher Ca2+ concentration. 
It is interesting to note that when the sulfate concentration is 10 mmol/L, the IEP for 
MS and C-S-H is also at a Ca2+ concentration of about 10 mmol/L. This means that 
SO4

2- and Ca2+ are equally adsorbed on MS and C-S-H surfaces. The observed linear 
relation of zeta potential/log Ca2+ concentration and the simultaneously occurring shift 
to higher Ca2+ concentration as the sulfate concentration increased, confirm that the 
adsorption of SO4

2- and Ca2+ onto MS and C-S-H surfaces are similar.  
 
 

  
 
Fig. 5.6 Evolution of the zeta potential of MS, C-S-H and LP particles as a function of Ca2+ concentration 
in 10 mmol/L and 50 mmol/L K2SO4 solutions. 
 
 

By contrast, in the case of LP particles, the zeta potential varied non-linearly with 
the log of Ca2+ concentration. As shown in Fig. 5.6, the zeta-potential values for LP 
slightly changed with an increase of Ca2+ concentration and stabilises around zero in the 
50 mmol/L K2SO4 solution with high Ca2+ concentration (>10 mmol/L). This is due to 
the Langmuir type of adsorption of ions on the calcite surface, as previously discussed 
and reported by Huang et al. [24]. The basic idea of the Langmuir type of adsorption is 
the coverage of the surface by a monomolecularic layer. The adsorption only occurs on 
distinct sites capable of binding the adsorbate.  

-50

-40

-30

-20

-10

0

10

20

30

40

0.1 1 10 100

ze
ta

 p
o

te
n

ti
a

l 
(m

v)

[Ca2+] (mmol/l)

K2SO4_10_C-S-H(Nachbaur et al. 1998)

K2SO4_50_C-S-H(Nachbaur et al. 1998)

K2SO4_10_MS

K2SO4_50_MS

K2SO4_10_LP

K2SO4_50_LP



   Filler-hydrates Adhesion Mechanisms 

 
89 

5 

Furthermore, different from the MS and C-S-H particles, for which the IEP was 
reached at equal SO4

2- and Ca2+ concentration, when the sulfate concentration is 10 
mmol/L, the IEP for LP particles is at a Ca2+ concentration of about 2 mmol/L. This is 
attributed to the fact that calcite surfaces have a higher affinity for Ca2+ ions than for 
SO4

2- ions. This has also been reported by Pourchet et al. [31], who conducted a study 
of adsorption of SO4

2- and Ca2+ ions on calcite. The results of their study showed that 
when both SO4

2- and Ca2+ ions adsorption on calcite reached a saturation point, the 
amount of adsorbed Ca2+ ions much higher than the total adsorbed SO4

2- ions. 

Since the adsorption of Ca2+ and SO4
2-	ions onto MS and C-S-H surfaces is similar, 

while LP surfaces have a higher affinity for Ca2+ ions than SO4
2- ions, it is concluded 

that calcite surfaces have a much higher affinity for Ca2+ ions than MS and C-S-H 
surfaces. This point will be discussed in more detail in section 5.4.1. 
 

 Morphology of hydration products on surface of cement and filler particles 5.3.3

In order to further elucidate the interactions between the filler surfaces and ions, 
microscopic observations of the nucleation and growth of hydration products (mainly, 
C-S-H) on the surface of Portland cement (OPC), micronized sand (MS) and limestone 
(LP) particles were performed by scanning electron microscopy (SEM). Fig. 5.7 shows 
the presence of hydrates on the surface of these particles.  

From the topography of the studied surfaces in the OLM paste, on both MS and 
OPC surfaces hydrates formed in a similar way. There is no evidence for a different 
state or behaviour of the cement and MS surfaces with respect to C-S-H nucleation. Fig. 
5.7a and b show the surface of MS and OPC after 1 h 30 min of hydration. Small 
particles can be seen on both surfaces. The particles seem to be tiny blobs, or clusters of, 
most likely, C-S-H nuclei. The presence of randomly distributed nuclei on micronized 
sand and Portland cement surfaces confirms that these surfaces act as a substrate for the 
heterogeneous nucleation of the hydrates. After 4 h, some of the C-S-H nuclei started to 
grow, presenting a needle shape morphology and several calcium hydroxide particles 
(hexagonal plates) can be identified, as shown in Fig. 5. 7d and e. After hydration for 7 
h and 30 min (Fig. 5.7g and h) the C-S-H crystals were well defined as needles which 
varied in growth orientation. As can be observed clearly, the nucleation and growth of 
C-S-H on micronized sand grains were very similar to that on Portland cement grains. 

The micrographs in Fig. 5.7c, f and i clearly show that limestone had a different 
effect on the nucleation and growth of C-S-H compared to micronized sand and 
Portland cement. After 1.5 h hydration, the limestone surface was covered with a large 
amount and uniform layer of C-S-H nuclei (Fig. 5.7c). In contrast, at equal hydration 
period of 1.5 h, the surfaces of micronized sand and Portland cement presented only a 
few dispersed nuclei (Fig.7a and b). This microstructural observation indicates that C-S-
H nucleates preferentially on the limestone surface. Fig. 5.7f shows a limestone grain 
after 4 h of hydration. C-S-H needles were grown densely perpendicular to the surface, 
while the C-S-H crystals on the Portland cement and micronized sand grains were 
irregular (Fig. 5.7d and e). After hydration for 7 h 30 min (Fig. 5.7i ) the C-S-H needles 
were already larger. The size and length of the C-S-H particles on the surface of 
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Portland cement, micronized sand and limestone grains seemed similar with prolonged 
hydration. However, the layer of hydration products on the LP surface (Fig. 5.7i) 
appeared to be higher amount and more uniformly distributed of the crystallites, 
compared to these in the case of MS and OPC (Fig. 5.7g and h). Similar observations 
were reported by Berodier and Scrivener [18]. 

This difference of the nucleation and growth of C-S-H phase on silica and calcite 
surface seems consistent with the difference of the surface charge properties between 
silica and calcite. The relationship between the surface charge properties and the 
nucleation and growth of C-S-H phase on fillers will be discussed more in detail in the 
section 5.4.2.  
 
 
  

 
 
Fig. 5.7 Morphology of hydration products on surface of Portland cement grain at (a) 1 h 30 min (d) 4 h 
(g) 7 h 30 min, micronized sand grain at (b) 1 h 30 min (e) 4 h (h) 7 h 30 min and limestone grain at (c) 1 
h 30 min (f) 4 h (i) 7h 30 min. 
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 Discussion  5.4

 Zeta potential and surface chemical properties 5.4.1

The molecular (atomic) interface structures which relate to the strength of the interface 
is affected by the adsorption of ions on the surface of filler particles. Adsorption of ions, 
in turn, affects the surface charge of these fillers which relates to zeta potential. 
Therefore, zeta potential measurements are important to understand the interactions 
between the filler surfaces and ions, and filler-hydrates adhesion mechanisms. 
 
5.4.1.1 Interaction between ions and calcite surface 

In section 5.3.2, it was found that LP particle surfaces have a much higher affinity for 
Ca2+ ions than MS and C-S-H particle surfaces. This can be explained by the different 
surface chemist of fillers. In the case of LP, it is believed that the adsorption driving 
force is entirely enthalpy-governed, and the adsorption of Ca2+ ions onto LP surfaces is 
due to a strong acid-base (donor-acceptor) interaction between the adsorbing Ca2+ ion 
and the active surface site [24]. This chemical interaction results in a strong adsorption 
of calcium ions onto calcite surfaces as previously discussed by Pourchet et al. [31]. As 
a result, a more positive zeta potential is expected and was as observed (Fig. 5.3, 5.4, 
5.5 and 5.6). 
 
5.4.1.2 Interaction between ions and silica surface 

The adsorption of Ca2+ ions onto the silica surface is caused by electrostatic and non-
Coulombic interactions [32]. In fact, as already suggested by Jonsson et al. [6] and Jang 
and Fuerstenau [33], electrostatic interaction is the main driving force for adsorption of 
Ca2+ on the surface of silica particles. This relatively weak interaction leads to a weak 
adsorption of Ca2+ and SO4

2-	ions onto MS and C-S-H surfaces. As a result, fewer 
calcium ions are adsorbed onto the MS particle surfaces compared to LP particle 
surface, which cause a lower positive zeta potential. 

These interactions also play an important role in the nucleation and growth of C-
S-H phases, since the liquid phase of cement paste before setting contains a high 
concentration of Ca2+ and SO4

2- ions. Although the concentration of K+ and Na+ ions is 
even higher, these ions are ‘indifferent’ ions. The silicate concentration is very low and 
the aluminate concentration is even lower, as shown in Table 5.2. This will be discussed 
in more detail in the following section. 
 

 Nucleation and growth of C-S-H on fillers 5.4.2

The difference of surface charge properties between silica (MS) and calcite (LP), i.e. 
zeta potential values as depicted in Fig. 5.3, 5.4, 5.5 and 5.6, is consistent with the 
difference in nucleation and growth of C-S-H on the silica and calcite surfaces (Fig. 
5.7). This indicates the strong relationship between the surface charge properties of 
fillers and the mechanisms of C-S-H nucleation and growth.  
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Two types of nucleation are generally known: homogeneous and heterogeneous 
nucleation. Homogeneous nucleation occurs when there are no foreign constituents in a 
phase. Homogeneous nucleation is initiated by the saturation of the solution. In the case 
that foreign constituents are present in a phase, they promote the nucleation process and 
thereby increase the nucleation rate. In this situation the nucleation is called 
heterogeneous [34]. The nucleation of C-S-H on the surface of fillers is heterogeneous. 

The adsorption of nucleus constituents onto the surface of the substrate affects 
heterogeneous nucleation [14]. The overall kinetics of heterogeneous nucleation and 
crystal growth consists of a series of consecutive steps [14]: 
 

i) Adsorption: adsorption (physical or chemical adsorption) of constituent ions 
onto the substrate;  

ii)  Surface nucleation: diffusion of adsorbed ions from the substrate to solution; 
partial dehydration; formation of a two-dimensional nucleus; growth to three-
dimensional nucleus;  

iii)  Crystal growth: each one of these sequential processes consists of more than one 
reaction step. 
 

In this study, when OPC, LP, MS particles and water are mixed, the cement grains 
start to dissolve. The solution soon contains a variety of anions and cations, and ionic 
strength increases. The surfaces of OPC, LP and MS particles are soon charged. The 
cations and anions compete with each other to absorb on these charged surfaces. As 
mentioned before, the concentration of Na+, K+, SO4

2- and Ca2+ ions soon reaches 
concentrations of approximately 0.08, 0.2, 0.08 and 0.015 mol/L (Table 5.2), 
respectively. The concentration of K+ and Na+ ions is very high, but these ions are 
“indifferent” ions. The silicate concentration is very low and the aluminate 
concentration is even lower. The high density divalent ions, such as Ca2+ and SO4

2- ions, 
dominate in this competition. The Ca2+ ions, well known to be the most important factor 
determining the kinetic, morphological and structural features of C-S-H, also control the 
heterogeneous C-S-H nucleation [35].  

As previously discussed in section 5.4.1, the surface of LP particles possesses a 
much higher affinity for Ca2+ ions than that of MS particles. This is due to the fact that 
the driving force for the adsorption of Ca2+ ions onto LP particle surfaces is entirely 
enthalpy-governed. This adsorption is caused by a strong acid-base (donor-acceptor) 
interaction. Because of this chemical bonding of Ca2+ ions (nucleus constituents) to the 
surface of the LP particle, much more calcium ions are adsorbed onto the LP particle 
surfaces and thereby more positive zeta potential are expected. The results of zeta 
potential measurements, as shown in Fig. 5.3, 5.4, 5.5 and 5.6, confirmed it. Besides, 
this chemical interaction enhances the adsorption of calcium ions onto calcite surfaces 
and reduces the mobility of these adsorbed Ca2+ ions, which result in facilitating the 
formation of a ‘stable nuclei’. This ‘stable nuclei’, subsequently, grows to form 
macroscopic particles. As a result, a high density of C-S-H nuclei is generated on the LP 
particle surfaces, which are supported by microscopic observations of morphology and 
distribution of hydration products on the LP particle surfaces, as shown in Fig. 5.7. 
Furthermore, the C-S-H growth orientation is uniform and perpendicular to the LP 
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particle surfaces (Fig. 5.7). This is likely due to the strong chemical interaction, which 
is able to stabilize the C-S-H crystal phase.  

MS, OPC and C-S-H with similar surface properties, have no affinity for Ca2+ 
ions. The adsorption of Ca2+ and SO4

2- ions onto MS, OPC and C-S-H particles surfaces 
is similar, which was confirmed by zeta potential measurements, as shown in Fig. 5.6. 
The adsorption is mainly driven by electrostatic interaction. This relatively weak 
interaction leads to a weak adsorption of Ca2+ and SO4

2- ions onto MS, OPC and C-S-H 
particle surfaces and high mobility of these adsorbed Ca2+, which make these adsorbed 
ions to diffuse into the solution again easily. As a result, less calcium ions are adsorbed 
onto the MS, OPC and C-S-H particle surfaces, which cause less positive zeta-potential. 
These were confirmed by the zeta potential measurements, as shown in Fig. 5.3, 5.4, 5.5 
and 5.6. This relatively weak interaction is unfavourable for the formation of the ‘stable 
nuclei’. Consequently, only a few dispersed nuclei were generated on the MS and OPC 
particle surfaces, which are confirmed by microscopic observations of morphology and 
distribution of hydration products on their surfaces, as shown in Fig. 5.7. Moreover, the 
variation of the C-S-H growth orientation (Fig. 5.7) on MS and OPC particle surfaces is 
probably due to the weak electrostatic interaction, which makes the C-S-H crystal phase 
attached to MS and OPC particle surface insecure. 
 

 Filler-hydrates adhesion mechanisms 5.4.3

In the previous chapter, we found that the bond between LP particles and hydration 
products is much stronger than that between MS particles and hydration products, and 
even stronger than that between hydration products themselves. To understand the 
strength of the bond between filler particles and hydration products, adhesion 
mechanisms between filler particles and C-S-H are the key. As previously outlined 
(section 5.2.3.1), the interactions between ions in the pore solution of cement paste and 
filler surfaces affect the molecular (atomic) interface structures and hence the strength 
of C-S-H/filler bond. The relation between these interactions and the strength of C-S-
H/filler bond is discussed in what follows, emphasizing on the adhesion mechanisms 
between C-S-H and filler particles. 
 
5.4.3.1 Adhesion between C-S-H and silicate 

Since the C-S-H and silicate particles have similar surface charge properties, the electric 
interaction between C-S-H surface and silicate surface is similar to that between C-S-H 
surfaces. From direct-force measurements [7, 36] and simulation studies [4, 6, 37, 38], it 
has been inferred that the cohesion between C-S-H particles is a consequence of ion-ion 
correlation forces. The van der Waals force has only a marginal contribution to the 
strength of C-S-H [5-7, 9, 39]. The existence of the attractive ion-ion correlation force 
between silica particles was also confirmed by Franks [40]. These cohesion mechanisms 
between C-S-H particles and between silicate particles can also be applied to the 
adhesion between C-S-H and silicate particle since the C-S-H and silicate particles have 
the similar surface charge properties.  
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As shown in Fig. 5.8, a dielectric continuum water and ions are in between C-S-H 
surface and silicate surface. In these two surfaces with an intervening electrolyte 
solution, the overwhelming majority of instantaneous ionic configurations lead to 
polarizations of the ionic clouds. For example, the excess of Ca2+ ions in the right of the 
mid-plane leads to a deficit in the left, which results in an overall positive charge in the 
right side, and an overall negative charge in the left side (Fig. 5.8). This charge 
separation gives rise to an attractive ion-ion correlation force, acting in the same way as 
if a correlations between fluctuating electronic dipoles would give rise to the London 
dispersion force. This force mainly depends on the surface charge density and the 
valence of the counterions. More details about ion-ion correlation force can be found in 
section 2.3.3.4.  

However, it seems contrary to the finding that the adhesion between C-S-H 
particle and micronized sand (silicate) particle is very weak. This can be explained by 
the fact that C-S-H have a much larger surface area than micronized sand. The surface 
area of the C-S-H particle is quite variable, with a conservative value of 200 m2/g [41], 
while the specific surface area of the micronized sand (silica) particle is roughly around 
1 m2/g (Table 3.1). As a consequence, there are a few contact points between the 
micronized sand (silica) particle and C-S-H particle. This leads to a weak adhesion 
between the micronized sand (silica) particle and C-S-H particle, even though the 
adhesion force between the micronized sand (silica) particle and C-S-H particle is 
similar as the cohesion force between C-S-H particles. 
 
 

 
 
Fig. 5.8 Schematic representation of two surfaces (silica surface and C-S-H surface) and Ca2+ counterions. 
The two surfaces are separated by a dielectric continuum in which Ca2+ ions are free to move. Additional 
salt pairs have been left out for clarity. In the overwhelming majority of possible configurations, the 
distribution of ions is neither symmetrical with respect to the mid-plane nor homogeneous along the 
vertical axis. The excess of ions in some places leads to a deficit in other places. This generates an 
attractive ion-ion correlation force. D is the interlayer separation. 
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5.4.3.2 Adhesion between C-S-H and calcite 

As mentioned, the surface area of the C-S-H gel is very large, i.e., a conservative value 
of 200 m2/g [41]. The specific surface area of LP particles is roughly less than 1 m2/g 
(Table 3.1). It is obvious that the contact points between the LP particle and C-S-H 
particle are much less than those between C-S-H particles and would be similar to 
MS/C-S-H interactions if only surface area is considered. In spite of this, the adhesion 
between LP particle and hydration products is even stronger than that between the 
hydration products. There should be a much stronger bond between C-S-H particle and 
calcite particle compared to the bond between C-S-H particle and silicate particle.  

As discussed in section 5.4.1, the surface of LP particles has a much higher 
affinity for calcium ions than for sulfate ions due to the fact that the driving force for the 
adsorption of Ca2+ ions onto LP surfaces is entirely enthalpy-governed. This adsorption 
is caused by a strong acid-base (donor-acceptor) interaction. Because of this chemical 
bonding of Ca2+ ions (nucleus constituents), much more calcium ions are adsorbed onto 
the LP surfaces. A more positive zeta potential for LP particles can be expected. These 
results from zeta potential measurements, as shown in Fig. 5.3, 5.4, 5.5 and 5.6, 
confirmed it. Besides, a high density of the C-S-H nuclei generated on the LP surfaces 
(Fig. 5.7) is an additional supportive evidence.  

This very strong bond between C-S-H and LP particles is very likely caused by 
the strong adsorption of calcium ions onto calcite surfaces. It most probably is an ionic-
covalent bond, as schematically illustrated in Fig. 5.9. This mechanism of chemically 
adsorbed Ca2+ ions on calcite surface is similar to the one of inter-layer calcium ions 
linking to the tobermoritic C-S-H lamellae by a strong ionic-covalent bond. More 
details about ionic-covalent bond and the tobermoritic C-S-H lamellae can be found in 
section 2.3.2. The chemically adsorbed Ca2+ ions ‘connect’ the C-S-H lamellae and 
calcite surface by similar ionic-covalent bonds, resulting in an interlayer separation (D, 
Fig. 5.9) at a subnano level. This is probably the reason why the interface between 
hydrates and limestone particles has very high resistance to crack propagation, as shown 
in Fig. 4.5. 
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Fig. 5.9 Schematic representation of calcite surface and C-S-H surface, and Ca2+ ions in the between. The 
two surfaces are separated by a dielectric continuum in which Ca2+ ions have low mobility. Additional 
salt pairs have been left out for clarity. The strong chemical bonding of calcium ions to limestone surface 
results in a very strong filler/C-S-H bond (most likely ionic-covalent bond). D is the interlayer separation. 
 
 

In summary, the strength of the bonds between the filler particles and hydration 
products, and the cement hydration process itself, are strongly affected by the 
adsorption of calcium ions onto the filler surfaces. This adsorption depends on the 
chemical properties of fillers. Fig. 5.10 shows an overview of the influence of the 
chemical properties of fillers on the adsorption of calcium ions, the heterogeneous C-S-
H nucleation and crystal growth, and strength development of the interface between the 
filler surface and hydration products. 
 

i) As shown in Fig. 5.10a, at the beginning of the hydration process, much more 
calcium ions are adsorbed on LP surfaces than on MS surfaces, which were 
supported by results from zeta-potential tests. This is attributed to the fact that 
the adsorption driving force is a chemical interaction for LP but it is a relatively 
weak electrostatic interaction for MS. 

ii)  As shown in Fig. 5.10b, with the on-going hydration process, a high density of 
adsorbed calcium ions caused a high amount of C-S-H nuclei on LP surfaces. 
By contrast, a relatively low density of adsorbed calcium ions resulted in only a 
few dispersed nuclei on the MS surfaces. This was visualised by SEM 
observations. 

iii)  As shown in Fig. 5.10c, with enhanced hydration and increased amount of 
hydration products (mainly, C-S-H), the cement and filler grains become 
interconnected i.e. bridged by the C-S-H gels, leading to setting and strength 
development. Chemically adsorbed Ca2+ ions onto LP surfaces led to the 
formation of a strong bond (most likely, ionic-covalent bond) and thereby 
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resulted in a strong link between LP particles and C-S-H. By contrast, a 
relatively weak, electrostatically adsorbed Ca2+ ions onto MS surfaces resulted 
in an attractive ion-ion correlation forces and hence a relatively weak 
connection between the MS particles and C-S-H. The SEM observations of the 
crack paths and fracture surfaces of cement pastes after applying a mechanical 
load indicated the strength of the bond between filler particles and C-S-H. 

 
 

 
 
Fig. 5.10 Schematic diagram of the influence of chemical properties of fillers on the processes, such as 
adsorption of calcium ions (a), heterogeneous nucleation and crystal growth (b), and strength 
development of interface between the filler particles and hydration products (c). 
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 Conclusions 5.5

This chapter discussed the adhesion mechanisms between C-S-H and the surface of two 
different filler particles (micronized sand and limestone powder). The surface charge 
properties of the two different fillers were studied using zeta-potential measurements. 
Microscopical observations of nucleation and growth of C-S-H on particle surfaces 
were carried out by SEM. The relation between the surface properties of filler particles 
and the strength of the C-S-H/filler bond was discussed. Based on this study, the 
following conclusions can be drawn: 
 

1. The zeta-potential measurements showed that micronized sand, cement and C-S-
H particles have similar surface properties due to the fact that they are rich in 
silicate. Micronized sand and C-S-H have low affinity for Ca2+ ions. This was 
confirmed by the fact that the adsorption of Ca2+ and SO4

2- ions onto micronized 
sand and C-S-H surfaces is similar. The adsorption of Ca2+ ions onto micronized 
sand and C-S-H surfaces is mainly driven by relatively weak electrostatic 
interaction.  

2. Compared to micronized sand and C-S-H, the surface of a limestone particle has 
a higher affinity for Ca2+ ions due to a moderately strong acid-base (donor-
acceptor) interaction between the adsorbing Ca2+ ion and the active surface site. 
This is supported by the fact that LP surfaces have a much higher affinity for 
Ca2+ ions than SO4

2- ions, which was confirmed by the zeta-potential 
measurement. 

3. Microscopic observations showed that limestone has a different effect on the 
nucleation and growth of C-S-H compared to micronized sand. On the surface of 
limestone, a much higher amount of C-S-H nuclei were generated, whereas only 
a few dispersed nuclei were observed on micronized sand surfaces. These 
observations confirmed the difference of the interaction between the adsorbing 
Ca2+ ions and filler surfaces.  

4. The results showed a strong relation between surface chemical properties and 
the strength of the C-S-H/filler bond. This relation can be explained by the fact 
that the surface chemical properties of fillers govern the adsorption reaction of 
calcium ions on their surfaces. Chemically adsorbed calcium ions onto a 
limestone surface led to the formation of a relatively strong bond (most likely 
ionic-covalent bond) between a limestone particle and C-S-H. By contrast, a 
relatively weak electrostatically adsorbed Ca2+ ions onto micronized sand 
surface resulted in an attractive ion-ion correlation force and hence a relatively 
weak bond between a micronized sand particle and C-S-H.  
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  6
Fracture Behaviour of Cement Paste with 

Different Filler-hydrates Adhesion Properties  

In the previous chapters we 
have seen that limestone 
powder has much better 
adhesion properties than 
micronized sand. With 
different adhesion properties, 
the effect of microstructural 
features (size, shape, surface 
roughness), particle size 
distribution and volume 
fraction of filler on the 
fracture behaviour of blended 
cement paste is supposed to 
be different as well. In order 
to understand the effect of the microstructural features, particle size distribution and 
volume fraction of filler on the fracture behaviour of blended cement paste with either 
strong or weak filler-matrix interface, microscale simulations with a lattice model are 
carried out. The results show that the strength of the filler-matrix interface, rather than 
the microstructural features, particle size distribution and volume fraction of filler, plays 
a dominant role in the crack propagation and the strength of blended cement paste. The 
knowledge acquired here provides a clue, or direction, for improving the performance of 
existing fillers. To improve the performance of fillers in cement paste in terms of 
strength, priority should be given to improving the bond strength between filler particles 
and matrix, not to modifying the microstructural features (i.e., shape and surface 
roughness) of filler.  
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 Introduction 6.1

In previous chapters, it was found that the strength of the interface between micronized 
sand particles and hydration products was so low that it has no noticeable contribution 
to the strength of the paste. By contrast, the strength of the interface between limestone 
particles and hydration products was suggested to be equal to or higher than that of the 
matrix itself. This is because the limestone has better adhesion properties than 
micronized sand. 

Besides adhesion properties, the microstructural features (size, shape, surface 
roughness), particle size distribution and volume fraction of filler may also play an 
important role in the strength and the fracture behaviour of blended cement paste. These 
roles are not easy to measure experimentally. With the lattice fracture model (see 
chapter 4), one can effectively simulate the micro-mechanical behaviour of blended 
cement paste in order to get insight into the effect of microstructural features, particle 
size distribution and volume fraction of filler on the strength and the fracture behaviour 
of blended cement paste. The results of these simulations will enable us to get a better 
understanding of the role of filler-hydrates adhesion properties and its influence on the 
strength of blended cement paste. 

In this chapter microscale simulations with the lattice model are presented. The 
effect of microstructural features, particle size distribution and volume fraction of filler 
on fracture behaviour of blended cement paste with weak and strong filler-matrix 
interfaces will be studied. The strong filler-matrix interface simulates the interface 
between limestone particles and hydration products, whereas the weak interface 
simulates the interface between micronized sand particles and hydration products.  
 

 Numerical simulation approach  6.2

The effect of the following features of filler will be investigated here. 
• Size 
• Shape 
• Surface roughness 
• Particle size distribution 
• Volume fraction 
The lattice model was used. The numerical simulation approach was described in 
section 4.3. In this lattice model, all specimens are of a size of 100 × 100 × 1 µm3. A 
uniaxial tensile test is conjured by fixing all the nodes on the bottom surface of the 
specimen and imposing a uniform surface load on the top surface, as shown in Fig. 4.4. 
The mechanical properties of the interfaces between filler particles and hydration 
products, together with filler and matrix, are given in Table 6.1.  
 
 
  



 Fracture Behaviour of Cement Paste with Different Filler-hydrates Adhesion Properties 

 
103 

6 

Table 6.1 Mechanical properties of filler, matrix and the interfaces of mature paste. 

Material properties Young’s modulus E [GPa] Tensile strength ƒt [MPa] ν 
Filler 71 2.1 0.2 
Matrix 22 1.4 0.2 

Strong interface (SI) 
Weak interface (WI) 

17 
17 

1.4 
0.4 

0.2 
0.2 

 

 Results 6.3

 Effect of filler distribution 6.3.1

The concentration of the filler particles in a localized region may have an effect on the 
strength of cement paste. In this section, five different distributions of filler particles are 
considered and divided into two groups, as shown in Fig. 6.1. The left column in Fig. 
6.1 represents the group with strong interface (SI); The right column is that with weak 
interface (WI). The filler particles in the specimen of Fig. 6.1a and b are uniformly 
distributed. The filler particles in the rest of the specimens are randomly distributed. 
The diameter of filler particles is 10 µm. The filler volume fraction is 25%.  

The micro-crack patterns for the different cement paste specimens with strong 
interface (SI) and weak interface (WI) are shown in Fig. 6.1. Those figures show that in 
the same group (left or right), the crack patterns are similar. This indicates that the filler 
particle distribution has little influence on the crack patterns. However, a big difference 
between the left and right can be observed. A large number of branched and tortuous 
cracks can be seen in the specimens with weak interface (WI). Only one single crack 
occurs in the specimens with strong interface (SI), and the crack pattern does not change, 
regardless the distribution of filler particles. This indicates that the strength of the 
interface has a significant effect on the crack pattern.  

Fig. 6.2 plots the stress-strain relations and variation of the strength and the strain 
at peak stress for different filler particle distributions with strong interface (SI) and 
weak interface (WI). From these graphs it can be inferred that the strength of specimens 
with weak interface (WI) is always much lower compared with that of specimens with 
strong interface (SI). The specimens with the uniformly distributed filler particles have 
the highest strength because stresses are uniformly distributed across the cross section 
of these specimens. However, in practice, it is impossible to achieve such a uniform 
distribution. For the specimens with randomly distributed filler particles, the influence 
of the filler distribution on the strength of the specimens with strong interface (SI) is 
much smaller compared with that with weak interface (WI). The specimen with weak 
interface (WI) and the filler particle distribution 4 has the lowest strength, as shown in 
Fig. 6.2b. This is due to the fact that many filler particles in this specimen are 
concentrated in a small region and very close to each other in the horizontal direction, as 
shown Fig. 6.1h. This facilitates the initiation of cracks and the further propagation of 
cracks leading to lower strength. However, for the specimen with strong interface (SI), 
the initiation of cracks can be stopped due to high local cohesive strength.   
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Strong interface         Weak interface 

      

(a)                                   (b) 

     
(c)                                    (d) 

      
(e)                                    (f) 

     
(g)                                    (h) 

      
(i)                                   (j) 

 
Fig. 6.1 Micro-crack patterns of specimens with strong interface (SI) and that of specimens with weak 
interface (WI) for different filler particle distribution (for SI and WI, see Table 6.1). 
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(a) Stress-strain relation for specimens with strong interface (SI) and that with weak interface (WI) 
 

 
(b) Variation of the strength and the strain at peak stress 

 
Fig. 6.2 Simulated results of the filler distribution effect analyses for specimens with strong interface (SI) 
and that with weak interface (WI) (for SI and WI, see Table 6.1).  
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 Effect of filler size 6.3.2

In this section the effect of the filler particle size on the strength and the fracture 
behaviour of blended cement paste is analysed. Four different particle sizes (5, 10, 15 
and 20 µm) are considered. They are divided into two groups as indicated in Fig. 6.3 
and Fig. 6.4: on the left is the group with strong interface (SI); on the right is that with 
weak interface (WI). The filler volume fraction is kept constant at 25%. With increasing 
particle size, the number of filler particle decreases. The filler particles in Fig. 6.3 are 
randomly distributed. As reference the filler particles presented in Fig. 6.4 are uniformly 
distributed.  

Fig. 6.3 and Fig. 6.4 show the micro-crack patterns for the different cement paste 
specimens with strong filler-matrix interface (SI) and weak filler-matrix interface (WI). 
From these graphs, it can be inferred that the distribution of filler particles has little 
effect on the crack patterns.  

Within the same group (left or right group), the micro-crack patterns are similar 
regardless the particle distribution. This indicates that the particle size has a negligible 
effect on the micro-crack pattern. However, there is a big difference between the micro-
crack patterns of the left and right group. This indicates that the strength of the interface 
plays a more important role in crack propagation than the effect of the particle size of 
the filler. 

Fig. 6.5 plots the stress-strain relations, the strength and the strain at peak stress 
for different filler particle sizes with strong filler-matrix interface (SI) and weak filler-
matrix interface (WI). Fig. 6.5c shows that for the cement paste specimens with strong 
filler-matrix interface (SI) the influence of the particle size on strength of specimen is 
insignificant in the case of uniform distribution of filler particles, whereas in the case of 
random distribution of filler particles the strength of the specimen decrease with 
increasing particle size. This may be caused by the increasing stress concentration due 
to increasing filler size. This stress concentration facilitates the initiation of cracks and 
the further propagation of cracks leading to lower strength. For the specimens with 
weak filler-matrix interface (WI) the effect of particle size on the strength of specimen 
is not apparent regardless the spatial distribution of filler particles.   

It can be seen in Fig. 6.5a and b that the strength of specimens with weak filler-
matrix interface (WI) is always much lower compared with that of specimens with 
strong interface (SI). This indicates that the effect of the particle size on the strength is 
much smaller than the effect of the interface strength on the strength of cement paste 
specimen.   
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Strong interface                              Weak interface 
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Fig. 6.3 Micro-crack patterns of specimens with randomly distributed filler particles and different filler 
particle sizes.       
  

5 µm 

10 µm 

15 µm 

20 µm 



Results  

108 

6 

Strong interface                            Weak interface 
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Fig. 6.4 Micro-crack patterns of specimens with uniformly distributed filler particles and different filler 
particle sizes. 
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(a) Stress-strain relation(uniformly distributed)        (b) Stress-strain relation(randomly distributed) 
 
 

 
                        (c) Strength                                                         (d) Strain at peak stress 

 
Fig. 6.5 Simulated results of the filler size effect analyses for specimens with strong interface (SI) and 
that with weak interface (WI) (for SI and WI, see Table 6.1).  
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 Effect of filler shape  6.3.3

In this section the effect of the filler shape is investigated. Four different filler shapes 
are considered, as indicated in Fig. 6.6. They are divided into two groups: on the left is 
the group with strong interface (SI); on the right is that with weak interface (WI). A 
circular particle shape (shape 1) is used for simplicity. Arbitrary polygonal shapes 
(shape 2, 3 and 4) are considered close to the actual shape of filler particles. The length-
to-width ratio for shape 2, 3 and 4 is about 1.0, 2.0 and 3.0, respectively. The filler 
volume fraction is kept constant at 25%. The diameter of circular filler particles is 10 
µm. 

Micro-crack patterns for the filler shape sensitivity analyses are shown in Fig. 6.6. 
For the specimens with strong filler-matrix interface (SI) (Fig. 6.6a, c, e and g), the 
micro-crack patterns are more or less similar. For the specimens with weak filler-matrix 
interface (WI) (Fig. 6.6b, d, f and h), the micro-crack patterns appear slightly different 
from each other. For the circular shape (Fig. 6.6b), the branched cracks are uniformly 
distributed around the filler particles and tend to encircle the filler particles. For the 
arbitrary polygonal shapes (Fig. 6.6d, f and h), the number of the branched cracks 
around the filler particles decrease with increasing length-to-width ratio of particle 
increases. Moreover, with increasing length-to-width ratio, it becomes increasingly 
difficult for cracks to propagate around and encircle the filler particles. However, the 
difference of the micro-crack pattern between the left and right group is much bigger. 
This indicates that the strength of the interface plays a more important role in the crack 
pattern than the shape of filler particles. 

Fig. 6.7 plots the stress-strain relations (a) and variation of the strength and the 
strain at peak stress (b) of the specimens with filler particles with different shape. It is 
obvious that the filler shape has a small effect on the strength and the strain at peak 
stress of cement paste specimens with strong filler-matrix interface (SI). On the contrary, 
for the cement paste specimens with the weak filler-matrix interface (WI) the filler 
shape has a significant influence on the strength of the specimens. Due to the stress 
concentration at the sharp edges of polygonal particle shape, both the strength and the 
strain at peak stress of the specimens with circular filler particles are much higher than 
those with arbitrary polygonal filler particles. Furthermore, with increasing length-to-
width ratio of the arbitrary polygonal shapes, the strength and the strain at peak stress of 
the cement paste specimens with the weak filler-matrix interface (WI) appear to 
decrease due to the increasing stress concentrations.   

Although the filler shape has a significant influence on the fracture behaviour of 
the cement paste specimens with the weak filler-matrix interface (WI), the strength of 
these specimens is always much lower than that of specimens with the strong interface 
(SI), as shown in Fig. 6.7a. This indicates that the filler-matrix interface strength is the 
dominant influencing factor on the strength of the cement paste specimens compared to 
the influence of filler particle shape. 
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                                     Strong interface                             Weak interface 

      
(a)                                               (b) 

       
(c)                                               (d) 

      
(e)                                               (f)  

       
(g)                                               (h) 

 
Fig. 6.6  Micro-crack patterns of specimens with strong interface (SI) and that of specimens with weak 
interface (WI) for different shapes of filler particles (for SI and WI, see Table 6.1). 
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       (a) Stress-strain relation for specimens with strong interface (SI) and that with weak interface (WI) 

 

  
(b) Variation of the strength and the strain at peak stress for different filler shapes. 

 
Fig. 6.7 Simulated results of the filler shape effect analyses for specimens with strong interface (SI) and 
that with weak interface (WI) (for SI and WI, see Table 6.1).  
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 Effect of surface roughness of filler particles 6.3.4

The surface roughness of the filler particles is one of the important factors determining 
the effect of mechanical interlocking between the filler particles and cement matrix [1]. 
In this section the effect of the surface roughness of the filler particles on the fracture 
properties is analysed. Three different surface roughnesses are considered, as indicated 
in Fig. 6.8. They are divided into two groups: on the left is the group with strong 
interface (SI); on the right is that with weak interface (WI). The circular particle shape 
is used. The diameter of the filler particles is 10 µm. For particles with roughness 1 
(Fig. 6.8a and b) the surface is smooth. For particles with roughness 2 and 3 the surfaces 
are rough. The surface of particles with roughness 3 (Fig. 6.8e and f) is rougher than 
that of the particles with roughness 2 (Fig. 6.8c and d). The filler volume fraction is kept 
constant at 25%.  

Fig. 6.8 shows the micro-crack patterns of specimens with the filler particles at 
different surface roughness. For the specimens with strong filler-matrix interface (SI) 
(Fig. 6.8a, c and e), the micro-crack patterns are more or less similar, although the 
location of the crack for roughness 1 is different. For the specimens with weak filler-
matrix interface (WI) (Fig. 6.8b, d and f), the micro-crack patterns appear similar. 
Therefore, it seems that the surface roughness of the filler has a negligible effect on the 
micro-crack pattern. 

Fig. 6.9 shows the stress-strain relations, the strength and the strain at peak stress 
for different particle surface roughnesses. The figure shows that in the specimens with 
strong filler-matrix interface (SI) the surface roughness of the filler particles has little 
effect on the strength and the strain at peak stress of cement paste specimens. This is 
due to the fact that the interface between the filler particles and the surrounding paste is 
already very strong.  

For the cement paste specimens with weak filler-matrix interface (WI) the surface 
roughness of the filler particles has a significant influence on the mechanical response 
of cement paste specimen. Fig. 6.9b and c show that the strength and strain at peak 
stress of specimens increase with increasing surface roughness.  

From the simulation it is clear that in the specimens with weak filler-matrix 
interface (WI) the surface roughness of the filler particles can enhance the strength of 
the interface between the filler particles and the surrounding paste and hence improve 
the strength of specimens. However, even the filler particles with the highest surface 
roughness, the specimens with weak interface (WI) have a much lower strength than the 
specimens with strong interface (SI), as shown in Fig. 6.9b. This indicates that the 
strength of the interface can be improved by increasing surface roughness of filler 
particles but the improvement is limited.                              
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    Strong interface                            Weak interface 

      
(a)                                         (b) 

      
(c)                                        (d) 

       
(e)                                         (f) 

 
Fig. 6.8 Micro-crack patterns of specimens with strong interface (SI) and that of specimens with weak 
interface (WI) for different surface roughness of filler particles (for SI and WI, see Table 6.1). 
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(a) Stress-strain relation for specimens with strong interface (SI) and that with weak interface (WI) 

 

 
(b) Strength of for specimens with strong interface (SI) and that with weak interface (WI) 

 

 
(c) Strain at peak stress of for specimens with strong interface (SI) and that with weak interface (WI) 

 
Fig. 6.9 Simulated results of the filler surface roughness effect analyses for specimens with strong 
interface (SI) and that with weak interface (WI) (for SI and WI, see Table 6.1).  
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 Effect of filler volume fraction 6.3.5

The effect of the filler content on the fracture behaviour of cement paste specimens is 
examined in this section. Five different volume fractions are considered: 5%, 15%, 
25%, 35% and 45%. They are divided into two groups as indicated in Fig 6.10 and 6.11: 
on the left is the group with strong interface (SI); on the right is that with weak interface 
(WI). The filler particles in Fig. 6.10 are randomly distributed. As reference specimens 
are used with uniformly distributed filler particles (Fig. 6.11). The diameter of the filler 
particles is kept constant at 10 µm.  

Micro-crack patterns of the specimens with different filler content are shown in 
Fig. 6.10 and 6.11. These figures show that the spatial distribution of filler particles has 
little effect on the crack pattern. For the specimens with strong interface (SI), the crack 
patterns in all specimens are more or less similar regardless the filler content. In the 
specimens with high volume of filler, cracking through filler particles can be observed. 
For the specimens with weak interface (WI), the crack patterns are slightly different. 
For the specimen with 5% filler, the crack is not branched. For the specimen with a high 
filler volume fraction (15%, 25%, 35% and 45%), the cracks are distorted and branched.  

The stress-strain relations, the strength and strain at peak stress for different filler 
content are shown in Fig. 6.12. Fig. 6.12c shows that the uniform distribution of filler 
particles improves the strength of specimen, especially for the specimens with strong 
interface. The filler volume has little effect on the strength for specimens with strong 
filler-matrix interface (Fig. 6.12c). However, the strain at peak stress decreases with 
increasing filler volume fraction (Fig. 6.12d). This is because of the Young's modulus of 
cement paste specimens increases with increasing filler content. By contrast, for the 
specimens with weak interface (WI) the filler content has a significant influence on the 
strength. The strength decreases with increasing filler content. This is due to the 
increase of weak filler-matrix interfaces. This promotes propagation of crack and hence 
reduces the strength of the cement paste specimens. 

Although the filler content has a significant influence on the strength of specimens 
with weak filler-matrix interface, the strength of specimens is always lower than that 
with strong filler-matrix interface, as shown in Fig. 6.12c. Even with a filler volume 
fraction of 5%, the strength of the specimens with weak interface (WI) is about 30% 
lower than that of the specimens with strong interface (SI). This indicates that the 
interface strength has more effect on the strength of the cement paste specimens than the 
filler volume fraction (5, 15, 25, 35 and 45%).  
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Fig. 6.10 Micro-crack patterns of specimens with randomly distributed filler particles and different filler 
volume fractions. 
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Strong interface                   Weak interface 
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Fig. 6.11 Micro-crack patterns of specimens with uniformly distributed filler particles and different filler 
volume fractions. 
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(a) Stress-strain relation(uniformly distributed)               (b) Stress-strain relation(randomly distributed) 

 

 
                     (c) Strength                                                            (d) Strain at peak stress 

 
Fig. 6.12 Simulated results of the filler volume effect analyses for specimens with strong interface (SI) 
and that with weak interface (WI) (for SI and WI, see Table 6.1).  
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 Conclusions and outlook  6.4

The influence of particle size distribution, size, shape, surface roughness and volume 
fraction of filler on the tensile strength and micro-crack pattern in blended cement paste 
specimens with strong and weak filler-matrix interfaces were systematically 
investigated by using the lattice model. Based on the numerical analyses, the following 
observations are made. 
 
Strength of cement paste specimens with weak filler-matrix interface: 

• Randomly distributed filler particles can result in stress concentration and hence 
decrease the strength of cement paste.  

• In the investigated range of particle size of the filler (5, 10, 15 and 20 µm), the 
influence of the particle size on the strength of specimens is not noticeable.  

• Due to stress concentrations at the sharp edges of polygonal particles, both the 
resulting tensile strength and the strain at peak stress of the cement paste 
specimens with arbitrary polygonal filler particles are lower than that of 
specimens with circular filler particles. Furthermore, with increasing length-to-
width ratio of arbitrary polygonal particles, the tensile strength and the strain at 
peak stress of the cement paste specimens appear to decrease due to increasing 
stress concentrations.  

• With increasing surface roughness, the effect of mechanical interlocking 
between the filler particles and cement matrix increases. This leads to the 
increase of the strength of the paste, but this increase is limited. 

• With increasing filler content, the strength of the specimens decreases. 
 

Strength of cement paste specimens with strong filler-matrix interface: 
• The particle size distribution has an influence on the strength of specimens but 

the influence is not remarkable. The strength of specimens with uniformly 
distributed filler particles is only a little higher than that of specimens with 
randomly distributed filler particles.  

• In the case of the specimens with uniformly distributed filler particles, the 
influence of the particle size on the strength of specimens is small. However, in 
the case of the specimens with randomly distributed filler particles, the strength 
decreases with increasing filler particle size. 

• The particle shape, roughness and content of filler have little effect on the 
strength of specimens. 

• The influence of particle size distribution, size, shape, surface roughness and 
volume fraction of filler on the strength of the specimens with strong interface is 
much smaller than on the strength of the specimens with weak interface.  
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Micro-crack pattern: 
• With either weak or strong interface, the crack patterns are similar regardless the 

particle size distribution, size, shape, surface roughness and volume fraction of 
filler, although the location of the main cracks may change.  

• The micro-crack patterns of the cement paste specimens with strong filler-matrix 
interface are very different from that of the specimens with weak filler-matrix 
interface.  
 

The numerical simulations indicate that the strength of the filler-matrix interface, 
rather than the particle size distribution, size, shape, surface roughness and volume 
fraction of filler, plays a dominant role in the crack propagation and the strength of 
blended cement paste. These observations support previous findings that the strong 
interfaces between limestone particles and hydration products are due to the superior 
bond between limestone and hydration products rather than microstructural features of 
the filler particles, such as shape and surface roughness. Moreover, this study indicates 
the direction for optimization of the performance of fillers in cement paste in view of 
microcracking and strength. To improve the performance of fillers in blended cement 
paste in term of strength, priority should be given to improving the bond strength 
between filler particles and hydration products, not to modifying the microstructural 
features of filler. 
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  7
Retrospection, Conclusions and Prospects 

 
This chapter summarises the work presented in this thesis. General conclusions and 
prospects are presented. In the end, suggestions for further research are given.  
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 Retrospection 7.1

Use of fillers, such as limestone and quartz powder, as a replacement for Portland 
cement can make concrete cheaper and more environment friendly [1-3]. Additions of 
limestone or quartz powder have been reported to exert a limited chemical effect on 
cement hydration [4, 5]. The main quasi-chemical effect of added limestone and quartz 
powder is that they accelerate cement hydration by facilitating nucleation and growth of 
reaction products at their surfaces [1, 5-8]. Finer fillers in cement paste can result in 
improvements in strength because of a denser packing [9, 10]. However, the use of 
fillers in paste with constant water-to-binder ratio also results in dilution of Portland 
cement particles and their strength-providing reaction products in the paste. This 
‘dilution’ effect will lead to a higher porosity. Above a critical amount of filler, the 
effect of dilution exceeds the effect of packing, resulting in a lower strength of the 
hardened paste or concrete [1, 11]. These effects (porosity, packing and dilution) on the 
strength of cement paste have been studied intensively [1, 9-13]. However, they 
(porosity, packing and dilution) cannot explain the difference in performance of 
different fillers. 

The adhesion strength between filler particles and reaction products, which 
depends on the physical and chemical properties of the filler, also has an influence on 
the strength of blended cement paste. However, the role of filler-hydrates adhesion 
properties in the strength of blended cement paste attracted relatively little attention yet. 
This is attributed to the fact that the gel-space ratio plays the primary role in strength of 
blended cement paste and the contact area between filler particles and reaction products 
is very small. Various studies [14-16] report on the effect of the chemical and physical 
nature of fillers on the adhesion strength. However, the basic questions how the 
chemistry and surface characteristics of fillers affect this adhesion, and why filler 
particles and reaction products adhere to each other in cement paste, are rarely 
addressed yet.  

Improvement of the effect of fillers in cementitious materials, especially their 
effect on the properties of the interface between filler and hydration products, is a big 
issue and challenge today. Clarifying the role of filler-hydrates adhesion properties in 
the strength of blended cement paste and understanding the adhesion mechanisms 
between fillers and hydration products is, therefore, important. The aim of this project 
was to study the filler-hydrates adhesion properties in blended cement paste system. 
Two main subjects were dealt with: the filler-hydrates adhesion mechanisms, and the 
influence of filler-hydrates adhesion properties on the performance of blended cement 
paste in view of strength. 

In chapter 3, the effect of the filler-hydrates adhesion properties on the strength of 
blended cement paste was quantified. The compressive strength of cement paste blended 
with limestone powder and micronized sand was studied experimentally. The contact 
area between hydrating cement particles and that between hydrating cement particles 
and filler particles in blended cement pastes were quantified numerically. The 
relationship between the measured compressive strength and simulated contact area 
between particles was then analysed. Based on this relationship, the influence of the 
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filler-hydrates adhesion properties on the strength of blended cement paste was 
elucidated. This helps us to better understand the role of filler-hydrates adhesion 
properties in the strength of blended cement paste. 

In chapter 4, the filler-hydrates adhesion properties were studied at the microscale. 
Crack paths and fracture surfaces of loaded cement pastes were investigated by 
scanning electron microscopy (SEM) observation. Parallel with the SEM observations, 
the influence of interface’s mechanical properties on crack propagation, tensile strength 
and fracture energy was studied numerically by using a lattice model. Based on these 
SEM observations and simulation results, the mechanical properties of the interface 
between filler particles and hydration products were evaluated. Meanwhile, the study in 
this chapter provided a validation for the concept of the contact area. 

In chapter 5, the filler-hydrates adhesion mechanisms were studied. The influence 
of the chemical properties of filler on the interaction between main ions, e.g., Ca2+, 
SO4

2-, in the pore solution of blended cement paste and filler surfaces was investigated 
via zeta potential measurements. Meanwhile, microscopic observations of the 
nucleation and growth of C-S-H on the surface of these filler particles were performed 
by scanning electron microscopy (SEM) to further elucidate these interactions. The 
important findings of this study concern the influence of surface chemical properties on 
filler-hydrates adhesion properties and information about the bonds between filler 
surface and C-S-H. 

In chapter 6, based on the knowledge obtained in previous chapters, the fracture 
behaviour of blended cement paste with strong and weak filler-matrix interfaces was 
investigated by means of microscale numerical simulations performed with a lattice 
model. The effect of the microstructural features (size, shape, surface roughness), 
particle size distribution and volume fraction of filler on the crack patterns and strength 
of blended cement paste with either strong or weak filler-matrix interface was analysed 
and discussed. 
 

 Conclusions 7.2

The general conclusions of this research are as follows: 
 

• A good correlation was found between the strength and contact area between 
filler particles and reaction products. With this correlation, the influence of the 
filler-hydrates adhesion properties on the strength of blended cement paste has 
been analysed. It was found that the contact area between micronized sand 
particles and hydration products had no contribution to the compressive strength. 
By contrast, the contact area between limestone particles and hydration products 
in cement paste had a substantial contribution to the compressive strength. It 
implies that limestone powder has much better adhesion properties than 
micronized sand. 

• Surface analysis techniques and mechanical modelling were used to evaluate the 
mechanical properties of the interface between filler particles and hydration 
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products. It was found that the bond between limestone particles and hydration 
products is much stronger than that between micronized sand particles and 
hydration products. Meanwhile, it provided a validation for the concept of the 
contact area and justified the findings in chapter 3. 

• From the results of zeta potential measurement it was concluded that micronized 
sand and C-S-H particles have very similar surface properties. This is due to the 
fact that the surfaces of both micronized sand and C-S-H particles are rich in 
silicate. Micronized sand and C-S-H have no affinity for Ca2+ ions. This was 
illustrated by the fact that the adsorption of Ca2+ and SO4

2-	ions onto micronized 
sand and C-S-H surfaces is similar. Only a few dispersed nuclei, generated on 
micronized sand and C-S-H surfaces, further supported it. The reason for this is 
that the adsorption of Ca2+ ions onto micronized sand and C-S-H surfaces is 
mainly driven by relatively weak electrostatic interaction. 

• Compared to micronized sand and C-S-H, the surface of a limestone particle has 
a higher affinity for Ca2+ ions. This was confirmed by the zeta-potential 
measurement. A high amount of C-S-H nuclei, as observed on the limestone 
surfaces, is an additional supportive evidence. This is mainly due to a strong 
acid-base (donor-acceptor) interaction between the adsorbed Ca2+ ions and the 
active surface site.  

• With regard to the relation between surface chemical properties and the strength 
of the C-S-H/filler bond, it was concluded that chemically adsorbed Ca2+ ions at 
limestone surface led to the formation of a relatively strong bond (most likely, 
ionic-covalent bond) between a limestone particle and C-S-H. By contrast, 
relatively weak electrostatically adsorbed Ca2+ ions at micronized sand surface 
resulted in an attractive ion-ion correlation force between a micronized sand 
particle and C-S-H.   

• The fracture behaviour of cement paste with strong and weak filler-matrix 
interfaces was simulated at micro-scale by using a lattice model. The simulation 
results indicated that the strength of the filler-matrix interface plays a more 
important role in the crack propagation and strength of blended cement paste 
compared to the effect of the particle size distribution, size, shape, surface 
roughness and volume fraction of the filler. 

 

 Contributions to science and engineering 7.3

The main contributions of this study to science and engineering are as follows: 
 

• A good correlation was found between the strength and contact area between 
filler particles and reaction products. The strength-contact area correlation was 
used to quantify the effect of fillers on the strength of blended cement paste. It 
was found that the contact area between micronized sand particles and hydrating 
cement particles had no contribution to the compressive strength, whereas the 
contact area between limestone particles and hydrating cement particles had a 
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substantial contribution to the compressive strength. These findings were 
validated. The strength-contact area correlation can be used to quantify the effect 
of inert fillers on the strength of blended cement paste. 

• The mechanical properties of the interface between filler particles and hydration 
products were qualified by using a combined approach of SEM observations and 
mechanical modelling (lattice fracture model). It is concluded that the interface 
between limestone particles and hydration products is much stronger than that 
between micronized sand particles and hydration products, even stronger than 
hydration products themselves.  

• Basic questions why filler particles and reaction products adhere to each other in 
blended cement paste, and how the surface properties of fillers affect this 
adhesion, were addressed in this study. Ca2+ ions chemically adsorbed at 
limestone surface lead to the formation of a relatively strong bond (most likely 
ionic-covalent bond) between a limestone particle and C-S-H. By contrast, Ca2+ 
ions electrostatically adsorbed at micronized sand surface result in an attractive 
ion-ion correlation force and hence a relatively weak bond between micronized 
sand particle and C-S-H.  

• With this research insight is gained into the mechanism of nucleation and 
growth of C-S-H on filler particles. The C-S-H nucleation and growth at the 
filler surface also due to the interactions between a filler surface and calcium 
ions in the pore solution. A strong chemical bond of calcium ions to a limestone 
surface resulted in high volume and uniformly distributed C-S-H nuclei. Ca2+ 
ions electrostatically adsorbed at micronized sand surface led to only a few 
dispersed nuclei on micronized sand surfaces. 

• The approach for the combined use of zeta potential test and SEM observations, 
which were used in this project to study the adhesion mechanisms, can be 
applied to investigate the adhesion properties of other fillers and the adhesion 
forces between these filler particles and reaction products. This approach is 
efficient and less expensive compared to AFM studies on adhesion mechanisms 
between filler particles and reaction products.  

• The information about the filler-hydrates adhesion mechanisms is very 
important for the search for new fillers and for improving the performance of 
existing fillers. For example, based on the knowledge acquired in this study, 
carbonation can improve the performance of hardened cement paste powder 
when it is used as a filler in cement paste. This is because carbonation can turn 
the silicate and CH phase of the surface of the hardened cement paste powder 
into calcite phase. This enhances the adhesion properties between hardened 
cement paste particles and new hydration products.  

• The fracture behaviour of cement paste with strong and weak filler-matrix 
interfaces was analysed by using a lattice model. The simulations indicate that 
the bond strength between filler particles and matrix, rather than the effect of the 
microstructural features, particle size distribution and volume fraction of filler, 
plays a dominant role in the crack propagation and the strength of blended 
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cement paste. The knowledge acquired here can provide a clue, or direction, for 
improving the performance of fillers in blended cement paste. For example, to 
improve the performance of fillers in cement paste in term of strength, priority 
should be given to improving the bond strength between filler particles and 
matrix, not to modifying the microstructural features (i.e. shape, surface 
roughness) of filler.  

 

 Prospects 7.4

From this study several aspects are recommended for further research: 
 

• The adhesion forces between filler surface and hydration products were studied 
indirectly in this thesis. The direct experimental investigation on the adhesion 
forces at nanoscale requires more advanced techniques. 

• In this thesis, only two types of filler (micronized sand and limestone powder) 
were used to study the filler-hydrates adhesion mechanisms in blended cement 
paste system. In further research, more fillers need to be studied, such as 
recycled concrete powder. 

• Investigating the adhesion mechanisms between filler particles and reaction 
products in cementitious materials blended with other binder materials, such as 
fly ash and slag, is needed, since reaction products of these materials are 
different from that of Portland cement hydration.  

• Recently, geopolymer has become a research focus in view of developing green 
cementitious materials. Different from the cement gel (C-S-H), the geopolymer 
gel is sodium aluminosilicate hydrate (N-A-S-H). It is important to get insight 
into the adhesion mechanisms between filler particles and geopolymer gel. 

• It is inferred from this study that the bond between limestone particles and 
hydration products is much stronger than that between micronized sand particles 
and hydration products, and even stronger than hydration products themselves. 
Theoretically, cement paste with a high content of limestone powder can achieve 
the same strength as Portland cement paste. However, if the water-to-binder 
ratio is kept constant, the cement paste with a high content of limestone powder 
has a higher porosity and a lower strength compared to the cement paste with 
less limestone powder. Optimization of packing can reduce porosity. What is 
more, the development of more efficient superplasticizers allows increased 
amount of fillers to be used [17]. Making a cement paste or concrete with high 
content of limestone powder while maintaining proper strength is challenging, 
but doable.    
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Summary  

 
 
Fillers, such as limestone or quartz powder, are used as a replacement of Portland 
cement. Their application can make concrete more environment friendly and possibly 
cheaper. Additions of limestone or quartz powder have been reported to exert a limited 
chemical effect on cement hydration. The main quasi-chemical effect of added 
limestone and quartz powder is that they accelerate cement hydration by facilitating 
nucleation and growth of reaction products at their surfaces.  

Fine fillers in cement paste can result in improvements in strength because of a 
lower porosity and a denser packing. At the same time, however, the use of fillers 
results in dilution of Portland cement particles and their strength-providing reaction 
products in the paste. This ‘dilution’ effect will lead to an increased porosity. Above a 
critical amount of fillers, the effect of dilution exceeds the effect of packing, resulting in 
a lower strength of the hardened paste or concrete. These effects (porosity, packing and 
dilution) on the strength of cement paste have been studied intensively, but they 
(porosity, packing and dilution) cannot explain difference in performance of different 
fillers. Also adhesion between filler particles and reaction products has an influence on 
the strength of blended cement paste. However, filler-hydrates adhesion properties and 
their effect on the strength of blended cement paste are not quite well understood yet. 
The basic questions why filler particles and reaction products adhere to each other in 
blended cement paste, and how the chemistry and surface characteristics of fillers affect 
this adhesion, are rarely addressed and need further research. The aim of this project is 
to study the filler-hydrates adhesion properties in blended cement paste system.  

Firstly, the influence of the filler-hydrates adhesion properties on the strength of 
blended cement paste has been analysed. The compressive strength of cement paste 
blended with limestone powder and micronized sand was studied experimentally. The 
contact area between different solid phases in these cement pastes was quantified 
numerically. The relationship between the measured compressive strength and 
simulated contact area was analysed (“contact area concept”). Based on this relationship, 
the influence of the filler-hydrates adhesion properties on the strength of blended 
cement paste was quantified. It was found that micronized sand-hydrates contact area 
had no contribution to the compressive strength. By contrast, the limestone-hydrates 
contact area in cement paste had a substantial contribution to the compressive strength.  

Secondly, the filler-hydrates adhesion properties were studied at the microscale. 
Crack paths and fracture surfaces of loaded cement pastes were investigated by 
scanning electron microscopy (SEM) observation. Parallel with the SEM observations, 
the influence of interface’s mechanical properties on crack propagation, tensile strength 
and fracture energy was studied numerically by using a lattice model. Based on these 
SEM observations and simulation results, the mechanical properties of the interface 
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between filler particles and hydration products were evaluated. Meanwhile, this 
provided a validation of the ‘contact area concept’. 

Then, the filler-hydrates adhesion mechanisms in blended cement paste system 
were investigated. The influence of the chemical nature of fillers on the interaction 
between main ions, i.e., Ca2+, SO4

2-, in the pore solution of blended cement paste and 
filler surfaces was investigated via zeta potential measurements. Meanwhile, 
microscopic observations of the nucleation and growth of C-S-H on the surface of these 
filler particles were performed by SEM. It was concluded that Ca2+ ions chemically 
adsorbed at limestone surfaces led to the formation of a relatively strong bond (most 
likely, ‘ionic-covalent’ bond) between a limestone particle and C-S-H. By contrast, Ca2+ 
ions electrostatically adsorbed at micronized sand surfaces resulted in an attractive ion-
ion correlation force and hence a relatively weak bond between a micronized sand 
particle and C-S-H. This information about the filler-hydrates adhesion mechanisms is 
very important for the search for new fillers and for improving the performance of 
existing fillers. For example, based on the knowledge acquired in this study, 
carbonation can improve the performance of hardened cement paste powder when it is 
used as a filler in cement paste. This is because carbonation can turn the silicate and CH 
phase of the surface of the recycled hardened cement paste powder into calcite phase. 
This can enhance the adhesion properties between hardened cement paste particle and 
new hydration products.  

Finally, the fracture behaviour of cement paste with strong and weak filler-matrix 
interfaces was simulated at microscale by using a lattice model. The simulations 
indicated that the bond strength between filler particles and C-S-H matrix plays a more 
important role in the crack propagation and the strength of blended cement paste 
compared to the role of the particle size distribution, size (5, 10, 15 and 20 µm), shape, 
surface roughness and volume fraction (5, 15, 25, 35 and 45%) of the filler. These 
findings provided support to the previous findings that the strong interfaces between 
limestone particles and hydration products are due to the superior bond between 
limestone and hydration products rather than the physical surface properties, such as 
shape and surface roughness. Moreover, this study indicated the direction for 
optimization of the performance of fillers in cement paste in view of strength. To 
improve the performance of fillers, priority should be given to improving the bond 
strength between filler particles and hydration products. Modifying microstructural 
features (i.e., shape, surface roughness) of filler is less effective. 
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Samenvatting  

 
 
Vulstoffen, zoals kalksteenmeel en kwartspoeder, kunnen worden gebruikt als 
vervanging van Portland cement. Het toepassen van vulstoffen kan leiden tot meer 
milieuvriendelijke cementen, die misschien ook nog goedkoper zijn. Toevoegen van 
kalksteenmeel en kwartspoeder zou slechts een gering effect hebben op de chemische 
hydratatiereacties. Het belangrijkste quasi-chemische effect van toevoegen van 
kalksteenmeel en kwartspoeder is dat zij cementhydratatie versnellen door nucleatie en 
de groei van reactieproducten op hun oppervlakken.  

Fijne vulstoffen in cementsteen kunnen resulteren in hogere sterktes als gevolg 
van een lagere porositeit, c.q. dichtere korrelpakking. Tegelijkertijd resulteert het 
gebruik van vulstoffen in ‘ruimtelijke verdunning’ van Portlandcementdeeltjes en 
reactieproducten in de verse cementpasta. Dit 'verdunningseffect’  leidt tot een hogere 
porositeit. Boven een kritische hoeveelheid vulstof overtreft het effect van verdunning 
het effect van de korrelpakking, wat vervolgens resulteert in een lagere sterkte van de 
verharde cementsteen of beton. De effecten van korrelpakking, porositeit en verdunning 
op de eigenschappen van cementsteen zijn intensief bestudeerd. Uit die studies blijkt 
echter dat genoemde effecten niet kunnen verklaren waarom het effect van de ene 
vulstof verschilt van het effect van een andere vulstof. Het blijkt dat ook de hechtsterkte 
tussen vulstofdeeltjes en reactieproducten invloed heeft op de sterkteontwikkeling van 
samengestelde cementen. Deze hechtsterkte tussen vulstof en hydratatieproduct is nog 
nauwelijks in detail onderzocht. Fundamentele vragen waarom reactieproducten zich in 
meer of mindere mate aan vulstofdeeltjes hechten vragen dan ook om meer onderzoek. 
Het doel van dit project is het bestuderen van de aanhechting tussen vulstof en 
hydratatieproduct in samengestelde cementen.  

Eerst is de invloed van de aanhechting tussen vulstof en hydratatieproduct op de 
sterkteontwikkeling experimenteel onderzocht. Gekeken is naar de druksterkte van 
cementsteen vervaardigd van samengestelde cementen met kalksteenmeel en 
gemicroniseerd zand als vulstof. De contactvlakken tussen vulstofkorrels en 
hydratatieproducten zijn numeriek gekwantificeerd. De relatie tussen de gemeten 
druksterkte en het gesimuleerde contactvlak is geanalyseerd (“contactvlakconcept”). Op 
basis van deze relatie is de invloed onderzocht van de hechtsterkte tussen vulstof en 
hydratieproduct op de sterkteontwikkeling van samengestelde cementen. Geconstateerd 
is dat het contactvlak tussen korrels van gemicroniseerd zand en hydratieproduct geen 
bijdrage levert aan de druksterkte. Daarentegen draagt het contactvlak tussen 
kalksteenmeel en hydratenproduct wel wezenlijk bij aan de druksterkte.  

Hierna zijn de aanhechteigenschappen van vulstoffen en hydratieproducten op 
microschaal bestudeerd. Scheurgroei en breukvlakken in cementsteen vervaardigd van 
samengestelde cementen werden onderzocht met behulp van een elektronenmicroscoop 
(SEM). Parallel aan het microscopieonderzoek werd de invloed van de mechanische 
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eigenschappen van de interface tussen vulstofkorrels en hydratatieproduct op 
scheurvervorming, treksterkte en breukenergie numeriek bestudeerd met behulp van een 
lattice model. Op basis van de SEM-waarnemingen en de resultaten van de numerieke 
simulaties werden de mechanische eigenschappen van de interface tussen vulstof en 
hydratatieproduct geëvalueerd. Op grond van deze evaluatie kon het 
‘contactvlakconcept’ worden gevalideerd.  

Vervolgens zijn de aanhechtmechanismen tussen vulstofkorrels en 
hydratatieproduct onderzocht met behulp van zeta-potentiaalmetingen. Met deze 
methode is de invloed onderzocht van de chemische eigenschappen van een 
vulstofoppervlak op de interactie tussen de belangrijkste ionen in een kunstmatige 
poriënwateroplossing (Ca2+, SO4

2-) en het vulstofoppervlak. Parallel werden 
microscopie-waarnemingen verricht van nucleatie en groei van C-S-H-deeltjes op het 
oppervlak van vulstofkorrels. Geconcludeerd werd dat Ca2+ ionen een relatief sterke 
binding hebben met het kalksteenoppervlak (meest waarschijnlijk een ‘ion-covalente’ 
binding). Daarentegen bleken Ca2+ ionen elektrostatisch geadsorbeerd te worden aan het 
oppervlak van gemicroniseerde zand. Verondersteld is dat het hier om een relatief 
zwakke ion-ion verbinding gaat. Deze informatie over de aanhechtmechanismen is van 
groot belang voor het onderzoek naar nieuwe vulstoffen en het verbeteren van prestaties 
van bestaande vulstoffen. Bijvoorbeeld, op basis van de verworven kennis kan men 
veronderstellen dat carbonisatie van gerecyclede cementsteen de prestatie van 
cementsteenpoeder verbetert als het wordt gebruikt als vulstof in cementsteen. Dit komt 
omdat door carbonisatie de silicaatfase van het oppervlak van de gerecyclede 
cementsteen wordt omgezet in calciet (CaCO3). Dit verbetert de aanhechting tussen 
gerecyclede cementsteen en nieuwe hydratatieproducten. 

Tenslotte is het scheurgedrag van cementsteen met sterke en zwakke 
aanhechtsterkte tussen vulstof en hydratatieproduct, i.c. matrix, gesimuleerd met behulp 
van een lattice model. De simulaties geven aan dat de sterkte van de vulstof-matrix 
interface een belangrijker rol speelt bij scheurgroei en resulterende sterkte van 
samengestelde cementen dan het effect van deeltjesgrootteverdeling, korrelgrootte, 
korrelvorm, oppervlakte ruwheid en volumefractie van de vulstof. Deze resultaten 
ondersteunen eerdere bevindingen dat de sterke interface tussen kalksteenmeel en 
hydratatieproduct het gevolg is van een superieure (chemische) binding tussen 
kalksteenmeel en reactieproduct en niet het gevolg is van (fysische) micro-structurele 
kenmerken, zoals vorm en oppervlakte ruwheid van de vulstofkorrels. Deze studie heeft 
hiermee een richting gegeven voor het optimaliseren van de prestaties van vulstoffen in 
cementsteen als het om de sterkte gaat. Om de prestaties van vulstoffen te verbeteren 
dient prioriteit te worden gegeven aan het verbeteren van de bindingssterkte tussen 
vulstofdeeltjes en matrix. Het modificeren van micro-structurele kenmerken (d.w.z. 
vorm, oppervlakte-ruwheid) van de vulstof is minder effectief.  
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