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General Introduction

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



Research background

1.1 Research background

Concrete is by far the most widely used buildingterial in the world. A basic
component of concrete that binds the aggregatéclesrttogether is Portland cement
paste. This binder is produced in a process in lhwiniatural lime-bearing rocks and
other materials (such as clay) are burned at ara®00 °C, quenched and ground to a
fine powder that can react with water. This processsesponsible for a high GO
emission and high energy consumption. To make et@anore environment friendly,
and possible cheaper, part of the Portland cemamtbe replaced by fillers, such as
limestone or quartz powder [1-3]. Additions of listene or quartz powder have been
reported to exert a limited chemical effect on cenfe/dration [4, 5]. The main quasi-
chemical effect of added limestone and quartz povigl¢hat they accelerate cement
hydration by facilitating nucleation and growthrefction products at their surfaces [1,
5-7]. These effects are most important in the eathge of hydration when the
microstructure is rapidly developing. The hydratesinly calcium silicate hydrate (C-
S-H), which precipitate and constitute at least 6if%he fully hydrated cement paste,
form connections between the cement and fillerngraleading to setting and strength
development.

Finer fillers in cement paste can result in improeats in strength because of a
lower porosity and a denser packing [8, 9]. Howetlee use of fillers also results in
dilution of Portland cement particles and theiesgth-providing reaction products in
the paste for keeping water-to-binder ratio coesistThis ‘dilution’ effect will lead to
an increased porosity. Above a critical amountilérf the effect of dilution exceeds
the effect of packing, resulting in a lower stréngt the hardened paste or concrete [1,
10]. These ‘packing’ and ‘dilution’ effects on tlstrength of the hardened paste or
concrete mainly depend on the replacement levéiefiller and its fineness. It is well
known that reducing porosity will increase the ipteticle connections in the cement
paste and hence increase the strength of the bjhdéd, 12]. These effects (porosity,
packing and dilution) on the strength of cementt@dmve been studied intensively.
However, they (porosity, packing and dilution) canrexplain the difference in
performance of different fillers.

The affinity of filler particles for cement hydratewhich depends on the physical
and chemical properties of the filler, also inflaea the strength of blended cement
paste by affecting the adhesion strength betwdken fiarticles and reaction products.
However, the role of filler-hydrates adhesion prtips in the strength of blended
cement paste attracted very little attention yisTs attributed to the fact that the gel-
space ratio is assumed to play a primary rolerangth of cement paste and the contact
area between filler particles and reaction produstyery small(the contact area
between gel particles is approximately 5% of thessrsection of a paste having a
porosity of 50% [13], and the contact area betwgsdrparticles and filler particles even
smaller). Various studies [14-16] report on theeefffof the chemical and physical
nature of fillers on the adhesion strength. Howgevbe basic questions how the
chemistry and surface characteristics of fillerge@f this adhesion, and why filler
particles and reaction products adhere to each otleement paste are rarely addressed
yet.
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Improvement of the effect of fillers in cementit®umaterials, especially their

effect on the properties of the interface betweker fparticles and hydration products,
is a big issue and challenge today. Clarifying thke of filler-hydrates adhesion
properties in the strength of cement paste andretadeling the adhesion mechanisms
between filler particles and hydration products #rerefore, important. The knowledge
acquired in this research will provide a stimuloigite search for new fillers.
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Objectives of thisresearch

The main goal of this research is to get a bettedetstanding of the adhesion
mechanisms between fillers and hydration productdended cement paste. The study
contains the following objectives:

As the cement particles continue to hydrate, mamrigles become connected,
and the strength of cement paste increases. A paéegme. the contact area, has
been introduced to describe the interparticle cotimies. This numerical contact
area can be related directly to the measured casipee strength of cement
paste. However, the validation of the concept oftact area in case of blended
systems is still lacking. Therefore, one of theeghyes is to validate the
concept of contact area as strength parameter.

The role of filler-hydrates adhesion propertiesaldy of contact area between
filler particles and reaction products) in the sg# of blended cement paste is
not well described. Therefore, the second object¥ethis research is to
elucidate and quantify the influence of the fillgrdrates adhesion properties on
the strength of blended cement paste.

The third objective is to quantify the mechanicabperties of filler-hydrates
interface or the strength of filler-hydrates adbesat the microscale.

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

Even though the influence of structural featurém®e, surface roughness, etc.)
of aggregateson the mechanical properties of concrete is weitlisd, the
influence of structural features fiflers on the strength of hardened blended
cement paste is still not clear because of theemiffce in size scale. The filler
(2-100 pm) is much finer than the aggregate (1+908). The fifth objective is,
therefore, to investigate the effect of microstmual features (shape, surface
roughness, etc.), particle size distribution anthw@ fraction of fillers on the
strength of hardened blended cement paste andillbehfydrates adhesion
properties.



Scope of this research

1.3 Scope of thisresearch

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

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

1.4 Strategy of thisresearch

The strategy to achieve the objectives of thisaedeis as follows:

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

e Second, microscopic observations of the crack patits fracture surfaces of
loaded blended cement pastes are proposed to enquesally evaluate the
micromechanical properties of the filler-hydratesterface. Lattice type
modelling is used to explain the experimentallyevieed features of cracks. The
mechanical properties of the filler-hydrates irdedf at microscale are
guantified.

* The influence of the chemical properties of fillen the interaction between
main ions in the pore solution of blended cemersteand filler surfaces is
studied via zeta potential measurements in moddltisns. Meanwhile,
microscopic studies of the nucleation and growtiCe®-H on the surface of
these filler particles are performed by scannirectebn microscopy (SEM) to
further elucidate these interactions. Then the ceffef surface chemical
properties on filler-hydrates adhesion propertiessiudied. Based on these
studies, the adhesion mechanisms between C-S-Hllenslare analysed.
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* The lattice model is also used to investigate flextof microstructural features
(shape, surface roughness, etc.), particle sizeldison and volume fraction of
fillers on the strength and fracturing of hardeiéehded cement paste and the
filler-hydrates adhesion properties.

15 Research outline

As shown in Fig. 1.1, this dissertation consists7o€hapters. This current chapter
presents the general introduction. Chapter 2 gnvierature survey of the fundamental
knowledge and background of the effects of fillersthe cement-based materials and
cohesion or adhesion between particles or reagi@uucts in the cement-based
materials, and specifies the knowledge gaps that tabe bridged by this research.

In chapter 3, the compressive strength of cemestepllended with limestone
powder and micronized sand is studied experimsgntRirallel with this experimental
study, the contact area between different solidsptan these blended cement paste is
qguantified numerically. The relationship betweer theasured compressive strength
and the simulated contact area is then analyseth s relationship, the role of the
filler-hydrates adhesion properties in the strength blended cement paste is
investigated and hence better understood.

To explain the results of mesoscale investigatians chapter 3, the
micromechanical properties of the filler-hydrateserface, i.e. the strength of filler-
hydrates adhesion, are evaluated in chapter 4mitr®scopic observations of the crack
paths and fracture surfaces of loaded cement pastgsher with lattice type modelling
of cracking behaviour are performed in this invgegiion.

In chapter 5, the effect of chemical propertie§ltdrs on filler-hydrates adhesion
properties is studied by investigating the intamactbetween filler surfaces and main
ions in the pore solution of blended cement palteés interaction is investigated using
zeta potential measurements of fillers in modeutsohs, together with microscopic
observations of the nucleation and growth of C-®4the surface of these filler
particles. This study leads to a deeper understigndi the adhesion mechanisms
between C-S-H and filler surfaces.

To understand the fracture behaviour of cemenepagh different filler-hydrates
adhesion properties, the effect of microstructdeatures (shape, surface roughness,
etc.), particle size distribution and volume fraantiof fillers on the crack patterns and
strength of blended cement paste is investigated)uslattice model. This is discussed
in chapter 6.

Chapter 7 summarizes the results of this researdlgaves recommendations for
further research.
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Chapter 1 Introduction

Chapter 2 Literature review
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Chapter 3 The effect of
filler-hydrates adhesion

properties on strength of Meso-scale
cement paste

Chapter 4 Evaluation of _ _——
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Chapter 5 Filler-hydrates Nano-scale
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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 eetpaste and the effect of filler on
blended cement paste in view of strength. Firditesature survey of the strength of
cement paste is presented. This is done by pregetiie characteristics of the main
phase (C-S-H) responsible for the strength of cerpaste and the forces controlling
the cohesion of C-S-H. Moreover, the effects (idilution, packing density and
nucleation) of filler on the strength of cementtpaare highlighted.



Introduction

2.1 Introduction

According to CEMBUREAU, cement production has uigdee a tremendous
development. In 1900, the total world production ceiment was about 10 million
tonnes; in 1998 it was 1.6 billion tonnes; in 2015 reached 4.6 billion tonnes.
Meanwhile, the cement industry is facing challengeg., the increase of energy costs,
needs to reduce G@missions, and the supply of raw materials iniciefiit qualities
and amounts. The concrete of tomorrow should beendorable and has to satisfy
socio-economic needs at the lowest environmentghan The binders of tomorrow
will probably contain less clinker. It should besgtble to make more concrete with the
same amount of binder [1].

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

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

2.2 Strength of cement paste

When cement is mixed with water, it undergoes adligion reaction generating
calcium, silicate and aluminate ions. New produtitgdrates) then precipitate when
their solubility limit is reached. The most importaproducts are calcium silicate
hydrate (C-S-H) and calcium hydroxide (CH) [2]. k& hydration reaction proceeds,
more and more anhydrous cement is converted intlvags. At the same time, the
porosity decreases since the volume of hydratedu@iing interlayer water) is more
than twice than that of the initial anhydrous cetri@&h The ‘soft’ state of a cement
paste is transformed to the hardened state (spttihgnvolves two fundamental
processes, namely coagulation and rigidificatioh [Phe coagulation of the slurry
results from the attractive forces between padided leads to the formation of a
mechanically reversible connected network. Theirggtappears to be caused by a
continuous reinforcing process at the connectiata/den particles [2]. This leads to a
mechanically irreversible network of particles [®)}ver time, hardening leads to an
increase in strength due to a continuously fillipgthe pore space.

According to Powers [3] and Taylor [6], porosityaskey factor in deciding the
strength of hardened cement pastes. An assump@bhie relative strength of the paste
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depends on the degree to which gel fills the s@aeelable for it gives an empirical
relationship between the porosity and the streogth paste [3]. The degree to which
gel fills available space can be expressed asaafthe volume of gel to the volume of
available space. A typical relationship between p@ssive strength and the gel-space
ratio is shown in Fig. 2.1. Powers [3] found thiaé tcompressive strength of the
hardened cement paste or mortar was related touthes of the gel-space ratio:

fo=ad (2.1)
wherea is the intrinsic strength of the material at zeapillary porosity, anda the gel-
space ratio. The coefficieatis assumed to be different for different cemeipt [7 -
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Fig. 2.1 Porosity-strength relation in solids: Rortl cement mortars with different mix proportig8s7].

From a micro structural point of view, the hydratjorocess is a process of micro-
structure formation [8]. As the hydration reactfnoceeds, the hydrating particles start
to make contact and the number of contact pointé wwcrease with increasing
hydration. Gradually the earlier formed contactng®iwill change into contact areas.
Over time, the number of contact points and the sfzhe contact surface area between
hydrating particles will increase. At the same tirttee porosity will decrease and the
strength will increase. Several researchers haigqubout that strength develops due
to the increasing number of contact points andrbeeasing size of the contact surface
area between hydrating particles during the hyonatprocess [8-11]. A strong
correlation between the summarized contact area wftual microstructure and the
compressive strength of cement paste was foundl4]2Fig. 2.2). The numerical
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coefficient of this correlation depends principadlg the intrinsic strength of the gel,
and would be different for different cement.

As to the origin of the strength of the gel its&lhwers [3] assumed that strength
arises from two general kinds of cohesive bondgsp(lysical attraction between solid
surfaces and (2) chemical bonds. Since gel poeesray about 0.8 nm wide, it seems
that London-van der Waals forces tend to draw thitases together or at least to hold
the particles in positions of the least potentiargy. Since water cannot disperse gel
particles, it seems that the particles are chelgit@nded to each other (cross-linked).
Such bonds, much stronger than the van der Waaldshadd significantly to the
overall strength. There is a good reason to beliroevever, that only a small fraction
of the surface of a gel particle is chemically bedido neighboring particles and that
physical bonds are more important. Since Powersthgsis, which dates back to the
fifties of the paste century, considerable progtess been made in this field (i.e., the
origin of the strength of the cement gel). In tbdowing section, a brief overview of
the research on the strength of C-S-H gel is given.

Portland Cement Pastes
50 - Temperature=25°C o

40 y = 349.3x - 2.0049 g
R?=0.9853 7

B w/c=0.35
Awlc=0.5
o w/c=0.6

Compressive Strength (MPa)
w
o

S

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Specific Effective Contact Area (um?/pm?)

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

2.3 Cohesion of cement paste

Among the precipitated hydrated phases, the hydliceium silicate (C-S-H) accounts
for more than 60% in the hydrated Portland cemastep It is responsible for setting
and hardening of cement and also for the mechaperdérmances of the cement pastes
[6, 15]. Hardened cement paste has a high compeessiength, whereas its tensile
strength is extremely low [15]. It has been sugggshat this is because the cohesion of
the network of hydration products is due to shartge surface forces between C-S-H
particles [16-19]. A closer look at the main hydrdC-S-H) and at the interparticle
forces controlling the cohesion in cement pastéakisn in what follows.
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2.3.1 Structureof C-S-H

C-S-H is the most important hydrate responsiblectdresion in hardened cement paste
[2]. Morphologically, C-S-H is assumed to be madi®mlered stacks of up to several
tens or even hundreds of nm-thick lamellae. A THMeayvation of the ordered stacks is
presented in Fig. 2.3. Over the years, several taofte this hydrate have been
proposed [3, 20-26], but debates about the streatiC-S-H are still ongoing. Today,
it is generally accepted that the average structir€—S—H is similar to that of
tobermorite and/or jennite. It has been assumetdiliaate anion layers have a net
negative charge and are held together b €ations in the interlayer region (Fig. 2.4).
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Fig. 2.3 TEM micrograph of C-S-H (scale bar: 15 f#Y)].
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Fig. 2.4 Schematic diagram showing the structut®loérmorite-based C-S—H (adapted from [28]).
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In smectite clays, similar structural arrangemesds be found. Both smectite
clays and C-S-H have individual negatively chargewh-thick layers that can
accommodate cations to compensate the deficitangehin the interlayer space [27]. It
has been pointed out that the surface charge dhible layers for smectite clays is 2 to
5 times less significant in comparison to C-S-Hp@eding on the Ca/Si ratio) [29].
When they are immersed in water, a compact of cefmgrates does not disintegrate,
while smectite clays exhibit a quasi-unlimited gase of the interlamellar distance due
to electrical double layer repulsion. However, witiygh valence ions, such as“Ga
smectite clays exhibit restricted swelling [27]. €Bke parallel comparative studies
between smectite clays and C-S-H may provide afoluenderstanding the cohesion of
cement paste.

2.3.2 Origin of cohesion at the (sub)nanoscale

Pelleng and van Damme [2] pointed out that atoenel cohesion of C-S-H can be
simulated at this small length scale. The resulst@mic-level simulations indicate the
ionic character of the bonds in the lamellae isseldo 60%. The charge of the
interlamellar calcium ions is +1.38. This is slighttigher than for the ions within the
lamellae (+1.29), but is still much lower than theue (+2.0) expected for a purely
ionic bond. This indicates that the interlayer zaitions 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, contratyetonobile and exchangeable character
of interlamellar ions in smectite clays [27, 30].31

At the (sub)nanoscale, the inter-layer calcium iars linked to the tobermoritic
C-S-H lamellae by a strong ionic-covalent bond.sTibnic-covalent bond enable C-S-H
lamellae to be compactly stacked and form a C-Satigbe with typical dimensions 60
x 30 x 5 nm. At the nanoscale, these nanoparticles are coegbactd form a gel. The
origin of cohesion between these nano C-S-H padid addressed in what follows.

2.3.3 Origin of cohesion at the nanoscale

Sereda and Soroka [32] conducted an experimentarhpacts’. These authors first
synthesized hydrates by dispersing anhydrous cep@ntler in a large volume of
water and let the hydration reaction take placee Ppowder was then filtered and
compacted. For the same hydration levels and pg@esthis compacted sample and a
sample prepared by mixing cement with water inubkeal way developed essentially
the same strength, as shown in Fig. 2.5. It indxdhat surface forces are considered
responsible for the interparticle cohesion of cehpaste. Several interparticle surface
forces are described in what follows. It includes \der Waals force, electric double
layer force, capillarity force and ion-ion corretet force.

" lonic-covalent bond is the bond having both icamd covalent character.
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Fig. 2.5 Young's modulus vs porosity relationsvarious hydrated cement specimens [32].

2.3.3.1 Van der Waals force

Van der Waals forces include the forces betweemaeent dipoles (Keesom force), the
forces between a permanent dipole and a correspgmaiduced dipole (Debye force),
and the forces between instantaneously inducededigbondon dispersion force) [33].
Van der Waals forces differ from chemical bond lseathey result from fluctuations
in charge density of particles. Van der Waals fozaa be measured by atomic-force
microscopy (AFM). The Hamaker constant can be rbuglefined as a material
property that represents the strength of van deal$Viateractions between particles.
Table 2.1 summarises reported values for the Harmakestants for fillers and C-S-H,
as well as the related adhesion forces betweer fhagicles as measured by AFM. It
has been assumed that the van der Waals forcegdaefferent particles are similar.
If van der Waals forces were the main forces enguhe cohesion of hardened cement
paste, then many kinds of particles with a rougigilar composition and particle size
distribution would have, at the same density, a marable cohesion. This is not
confirmed by common experience. Gmira et al [1€)Jéhq et al [2] and Jonsson et al
[15] suggested that the van der Waals force hag anharginal contribution to the
cohesion of cement pastes.

Table 2.1 Adhesion forces measured between tlea iy 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) 36.8 394 48.8 60.0
Hamaker constant of tip in git0%J) 6.6 6.6 10.1 14
Hamaker constant of tip in water (30) 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 seda€ put in a liquid environment. In
contact with a liquid, surface groups dissociate imms are released into solution. This
results in the development of a surface poteniiblch will attract counterions from the
surrounding solution and exclude co-ions (Fig. .2l6)equilibrium, the surface charge
is balanced by an equal but opposite charge oftedons. The region of counterions is
called the electrical double layer. According t@ t8tern model [35], the electrical
double layer (EDL) is composed of the Stern layet the diffuse layer (Fig. 2.6).

Free electrolyte

Diffuse layer

Stern layer

® Counter-ion
O Co-ion

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

Electric double layer forces occur between two gbdr surfaces when
counterions are present (Fig. 2.7). The strengttiheke forces increases with the
magnitude of the surface charge densiy. or two similarly charged objects, this
force is repulsive and decays exponentially atdadistances [37].

Fig. 2.7 Two negatively charged surfaces of surigtarge density separated by a distance D (a); the
counterions density profile, and electrostatic potentig) (b) [38].
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DLVO theory is a framework for the balance betwéss repulsive double layer
forces and the attractive van der Waals forces 489,(Fig. 2.8). The theory assumes
that the interaction forces can be approximated lsuperposition of electric double
layer forces and van der Waals forces. In a symogystem, van der Waals forces are
attractive and electric double layer forces arailspe. Although DLVO theory works
fairly well for particles with a low surface charge the presence of monovalent
counterions, e.g., Kand N4, there is now ample evidence that it fails to anto
correctly for interparticle forces at short distasand in the presence of divalent or
multivalent ions, e.g., Gaand AP, in the electrolytic solution [19, 41, 42].

Repulsion
! Electric double layer force
Total of potential DLVO
energy /\z/
0 ~———— Distance
/ van der Waals force
Attraction '

Fig. 2.8 Energy diagram for DLVO theory (descriptiof two types of interactive force: van der Waals
attractive and electric double layer repulsive ésic

2.3.3.3 Capillary force

Some cohesion may be detected in finely dividedenes, or in a thin tube (Fig. 2.9),
due to microscopic capillary bridges. The attraztoapillary force is related to the
Laplace pressure across the air/water meniscugtL A3J:

APLaplace= 2yLv/Tk (2.2)

wherey.y is the surface tension of the liquig,is the meniscus radius (Fig. 2.9a). As
the vapour pressure increases, the meniscus rdecreases, so that cohesion goes
through a maximum. In a piece of hardened cemestepthe pressure in the residual
water is negative with respect to the atmospheressure, which leads to (drying)
shrinkage. In narrow pores, this negative pressuag reach very high value. At a
spacing of 1.5 nm between the platelets (Fig. 2.@lgan be as high as -100 MPa [19].
In saturated materials capillary forces are, howewet present. Because hardened
cement paste keeps its strength quasi-indefinitelyater, capillary forces are unable to
provide the general explanation for the cohesioceofient hydrates [19].
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Platelets

v Capillary water

(@) (b)

Fig. 2.9 Example of capillary bridges formed on tie water surface in a tube (a) and formed between
two finely divided platelets (b).

2.3.3.4 lon-ion correlation force

Cohesion of cement paste is mainly controlled bselyuphysical surface forces acting
on a short range [32]. Moreover, neither the vanWlaals force, electrical double layer
force nor capillary force can individually providereasonable explanation for cement
paste cohesion [19, 41, 42]. From molecular sinutatstudies and direct-force
measurements by atomic force microscopy, it has baend that the cohesion between
C-S-H patrticles is a consequence of ion-ion cotimldorces [2, 15, 17, 19, 44].

In previous simulation studies [15, 18, 45, 46§ furfaces of C-S-H patrticles are
treated as homogeneously charged walls. A dietecomtinuum water and ions are in
between these walls, as shown in Fig. 2.10. Ineth@g charged walls with an
intervening electrolyte solution, the overwhelminggjority of instantaneous ionic
configurations lead to polarizations of the ionicutls. For example, the charges of the
excess of C4 ions in the left of the mid-plane (Fig. 2.10) ldada deficit in the right,
which results in an overall positive charge in libi¢, and an overall negative charge in
the right. These polarizations of the ionic clogilge rise to an attractive force, in the
same way as correlations between fluctuating eeitrdipoles give rise to the London
dispersion force. These attractive electrostatices, or ion-ion correlation forces,
mainly depend on the surface charge density andaiemce of the counterions.

The existence of these attractive forces was aoefir by direct-force
measurements using a CSH-covered AFM tip and a &84dred single crystal calcite
surface [17, 47]. In these studies, when the tipssate system was immersed in a
sodium chloride or hydroxide solution, only longrga repulsive forces were measured,
as expected from the DLVO theory. However, whentthevas immersed in a lime
solution in chemical equilibrium with the C-S-H, sérongly attractive force, much
larger than the expected van der Waals forces meassured.
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Fig. 2.10 Top: TEM micrograph of the inner prod@:tS—H in a hardened OPC paste. Inset: cartoon
illustrating the type of imperfect liquid crystalé structure. Bottom: configuration for attractive
electrostatic interactions between two C-S-H pkasicTwo charged C-S-H surfaces are separated by a
dielectric continuum in which ions are free to moyds dielectric constant. D is the interlayer (a@dgpt
from [31, 48]).

2.4 Effect of filler on the strength of cement paste

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

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

Cement

Fig. 2.11 Schematic particle dilution effect ofidil The particle distribution after mixing for #01%
Portland cement system at a water to cement ratiodo(left) and for the same system but with 4006 o
the clinker grains replaced by fillers (right) [52]

2.4.2 Packing effect

A fine filler in cement paste can improve the sgnof blended cement paste due to a
denser packing (Fig. 2.12). The packing effect ilérs on the strength of blended
cement paste comes from the improvement of the gtoveture and a denser packing
structure [53, 54]. Lagerblad and Vogt [58Yestigated the effect of very fine fillers on
concrete strength. It was found that the strengtimdt reduce by replacing cement up
to 40% with ultrafine filler particles.
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100% cement Cement + small particles

Fig. 2.12 Schematic particle packing effect. Smaliticles fit in the voids between the cement phadi,

thus increase maximum packing density [54].

2.4.3 Nucleation effect

The presence of filler particles facilitates C-Saticleation and, hence, accelerates the
hydration of the clinker component [56, 57]. It lsapositive effect on the strength at an
early age. This effect depends on the finenessrepkace percentage and the surface
properties of the fillers [58, 59].

2.4.4 Effect of filler surface properties

The surface properties have a significant influemsehe bond strength between filler
particles and hydration products. This affects dtrength of the blended cement paste
as well. Mehta and Monteiro [7], French and Mokbséaleh [60] and Bentz et al [61]
found that limestone exhibited superior bond cherétic with cement paste compared
to silica. This is due to the favourable physiacadl @hemical properties of the limestone
surfaces. However, the effect of the fillers’ cheahiproperties on interfacial bond and
the overall strength has not been fundamentallyemded yet. Understanding the exact
nature of the fillers’ effect in a cement-basednraand improving the performance of
filler as replacement of cement in view of strengte challenges nowadays.

2.5 Conclusions and outlook

A brief literature survey focusing on the strengthPortland cement paste and the effect
of filler on the paste strength has been presemtdtis chapter. The mechanisms of
strength development of cement paste were briefigcdbed. The ‘gel-space ratio’
theory on the strength development of cement paagementioned. Strength increases
with the cube of the gel-space ratio. From a mstractural point of view, the strength
of cement paste is directly related to the numlb@oatact points and the magnitude of
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the contact surface area between hydrating pestidurthermore, the origin of
cohesion between hydrates particles in cement pastdeen discussed. It is concluded
that at the (sub)nanoscale the cohesion of cenamté s because of the ionic-covalent
bond. At the nanoscale the cohesion of cement padtee consequence of attractive
ion-ion correlation forces. Moreover, the effectsddution, packing, nucleation and
filler surface properties on the strength of cenpagte were addressed.

Various studies report [7, 60, 61] on the effecthaf chemical and physical nature
of the filler on the adhesion strength. The basiestions how the chemistry and surface
characteristics of fillers affect the adhesion lestw filler particles and reaction
products, and why filler particles and reactionducts adhere to each other in cement
paste, are rarely addressed yet. Remaining chakengg., understanding the filler-
hydrates adhesion mechanisms in blended cemerd¢ pgstem, and quantification of
the influence of filler-hydrates adhesion properten the strength of blended cement
paste, need further study.

In the following chapters, the influence of thdefithydrates adhesion properties
on the strength of blended cement paste will beestigated by analysing the
relationship between the measured compressivegstreand simulated contact area.
Microscopic observations of the crack paths andt@r@ surfaces of loaded blended
cement pastes and lattice type modelling will bedu® evaluate the micromechanical
properties of the filler-hydrates interface. Thé&ef of surface chemical properties on
filler-hydrates adhesion properties and the adimesiechanisms between C-S-H and
filler particles will be studied based on zeta ptitd measurements and microscopic
studies of the nucleation and growth of C-S-H angtirface of these filler particles.
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Effect of Filler-hydrates Adhesion Properties
on Strength of Cement Paste

The study presented in this ) 80
chapter is to investigate the :
effect of filler-hydrates

adhesion properties on
strength of cement paste.
In this chapter, the
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parallel with this experimental study, the contata between different solid phases in
these cement pastes was quantified numerically.ré@lagonship between the measured
compressive strength and simulated contact areaanalysed. With this relationship,

the effect of filler-hydrates adhesion properties strength of cement paste was

guantified.
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Introduction

3.1 Introduction

Adding a fine filler to cement paste can resulimmprovements in strength because of a
dense packing. The ‘packing’ effect of a filler aoncrete properties involves
improvement of the pore structure and a denseripagtructure [1]. At the same time,
however, the use of fillers also results in dilatiof Portland cement particles in the
paste. Above a critical amount of fillers, thisltdion’ effect will lead to an increased
porosity, and thus a lower strength of the hardegpeeste [2, 3]. In cement paste the
effect of porosity on the strength has been stuthegzhsively. The adhesion strength
between filler particles and reaction products, cwhdepends on the physical and
chemical properties of the filler, also has anuefice on the strength of blended cement
paste. However, the role of filler-hydrates adhegiooperties in strength of blended
cement paste attracted very little attention and mat well described yet. The objective
of the study in this chapter is to investigate #féect of filler-hydrates adhesion
properties on the strength of blended cement paste.

The approach of combined experimental measuremants microstructural
modelling will be used in this study. The developinef the compressive strength of
Portland cement paste and the cement paste blendldd fillers was studied
experimentally. The development of the mechanioaperties (compressive strength) is
the result of the microstructure evolution due ément hydration. The microstructural
evolution of Portland cement pastes and the blerdeatknt pastes was simulated by a
numerical model, called HYMOSTRUCS3D. This model wigseloped in 1991 and has
been further extended since then [4-7]. In this ehodhydrated cement particles,
unhydrated cement particles and filler particles esnsidered as the solid phase. The
interparticle connections of the solid phase isracial factor that dominates the
development of the mechanical properties of cerbased materials [8]. A parameter,
the contact area, was adopted to describe thisection. Correlations between the
development of the contact area of different sphdses simulated by the model and the
development of compressive strength were investitaBased on these correlations,
mechanical properties of cement paste can be Winedated to its microstructure and
more particularly related to the simulated contaet in cement paste. In this model the
simulated contact area can be divided into two sype., the contact area between
hydrating cement particles and the contact areadsst hydrating cement particle and
filler particle. Based on this concept, the effetfiller-hydrates adhesion properties on
strength of cement paste can be quantified.

3.2 Materialsand experimental methods
3.2.1 Materialsand mixture

3.2.1.1 Raw materials

The cement used in this study is OPC CEM | 42.5pMduced by ENCI, The
Netherlands. The fillers used are limestone powtB) and two types of micronized
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sand (M6 and M300). The chemical composition angsigial characteristics of these
materials are listed in Table 3.1. The mineral cosmpn of OPC was calculated by the

Bogue equation [9] and is reported in Table 3.2.adeed and fitted particle size
distribution (PSD) data of materials are shownim B.1.

Table 3.1 Chemical compositions (% by mass) andiphi/characteristics of Portland cement and §ller

Name OPC LP M6 M300
Chemical composition
CaO 64.40 - 0.02 0.02
Sio, 20.36 0.34 99.5 99.5
Al,05 4.96 0.2 0.20 0.20
Fe0; 3.17 0.07 0.03 0.03
K,0O 0.64 0.01 0.04 0.05
Na,O 0.14 0.02 - -
SO, 2.57 0.05 - -
MgO 2.09 0.27 - -
CaCQ - 97.46 - -
Physical properties
Density (g/cm) 3.15 2.67 2.65 2.65
Surface area (ffg) 0.80 0.75 0.81 1.20
Dsc(um) 44.5 34.6 62.3 23.9

Table 3.2 Mineral compositions of Portland ceméfthy weight).

Phase S GS GA C.AF
Weight (%) 67.1 5.9 7.8 9.6
100 -

80 -
60 -

40 -

Cumulative weight[%]

10
Particile size [um]

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

Eight series of specimens were prepared with diffetypes of fillers, replacement
level of fillers and water-to-binder (w/b) ratioh& percentage of different filler and the
w/b ratio are given in Table 3.3. In order to idignthe different mixtures easily,
mixtures are denoted by their substitution levghet of materials and w/b ratio. For
example, 30%M300_0.3 corresponds to the mixturetaboing 30% M300 with a
water-to-binder ratio of 0.3. Finally, this studyneprises:

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

i) For blended compositions, six samples were predayedrying the substitution
level, filler size and type, and water-to-binddiaasystematically.

Table 3.3 Mixture compositions of OPC and the béshdement pastes.

Mixtures OPC*(%) M300%(%) M6*(%) LP*(%) wib
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.

3.2.2 Experimental methods

Particle size distribution
To determine the PSD, laser diffraction method @®IPO00) was applied. Three
measurements were done and the average value @@s us

Experimental procedures

The mixtures were prepared in a Hobart mixer agongrdo the standard procedure
described in ASTM C305 [10]. After mixing and casti cement pastes were covered
with a plastic sheet and stored in the laboratdr0a+ 2 °C. After 24 hours, all the
specimens were demolded and then stored in thexgcuidom with a constant
temperature of 20 + 2 °C and a relative humidit@sf+ 5% until the designated testing
age.

Compressive strength test

The compressive strength of cubic (40 x 40 x 40%rspecimens was measured as
described in ASTM C109 [11] at 1, 3, 7, 14, 28 @0ddays. 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 ement that has fully reacted with
water relative to the total amount of cement in shenple [12]. It can be obtained by
determining the non-evaporable water content dgvisi[13]:

a(t) - [WnT(t)] / [(%)complete] (3.1)

(Wi/C)compete IS the non-evaporable water content per gramefuly hydrated sample.
The non-evaporable water content for the major gdhasf Portland cement at full
hydration can be found in [14]. Based on the miheoanposition of the plain Portland
cement (Table 3.2), the value 0.25 was determise@v#c)compete here.wy(t)/c is the
non-evaporable water per gram of the sample atuhag age of.

For Portland cement paste and the cement pastddaenith micronized sand,
Wn(t)/c can be calculated as follows:

Wn(t) _ Wiosec—W1o00°C (3 2)

c (1-9)W1000°c

Because CQis leaving the limestone filler at ignition, fang cement paste blended
with limestone powder, the Eq. (3.2) is correctedadiows:

: . 0.44-g
Wh(t) _ Wio0s°c=W1o000 C(1+ 1—0.44—-g) (3 3)
c (1- )W1000°C '
9) 1044y

wherew; yso¢ IS the weight of paste sample after drying in aaroat 105 °C for at least
12 hourswyygoec IS the weight of dried paste after igniting at 10@in a furnace for 3
hours.g is the ratio of filler to binder. If the sampleR®rtland cement pasig,s equal
to O.

X-ray diffraction analysis (XRD)

X-ray diffraction (XRD) data were collected on tpewder samples using a Philips
X'Pert diffractometer applying Culradiation § = 1.54 A). The samples were scanned
between 5° and 70° 2-theta, with a step size 02°0Btheta and a dwell time of 2
seconds per step.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) on the powder s@spvas done using a heating
rate of 10 °C/min from 40 °C to 1100 °C with a theanalyzer TG-449-F3-Jupiter
instrument. The measurements were carried out srgon atmosphere at 1.5 bars. The
TGA curve can provide the weight loss of each imtliel phase with increasing
temperature. For the interpretation of TGA and DigSults of cement paste, most
researchers [15-18] point out that:
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* 30-105 °C: the evaporation of adsorbed water. feserally considered that the
evaporable water is completely evaporated at 120 °C

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

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

* 450-500 °C: the dehydroxylation of the portland@a(OH) — CaO + HO.

* 500-700 °C: a further dehydration and/or dehydratgh occurs.

e 700-900 °C: the decarbonation of calcium carbo(@eCQ — CaO + CQ) with
CO, escaping. The amount of GQescaping from the cement paste can be
calculated exactly from TGA tests. Compared withxtome composition of
limestone powder (Table 3.3) and its chemical casitjpm (Table 3.1), the amount
of limestone powder participated in the chemicaktin during cement hydration
can be calculated.

3.3 Numerical ssmulation
3.3.1 HYMOSTRUC3D

In this study, the HYMOSTRUC3D model was used toudate the development of the
microstructure in cement pastes. In this modeleti@ution of the degree of hydration
is modelled as a function of the particle sizerdistion, the phase composition of
cement, the water-to-cement ratio, and the readgarperature. The cement particles
are modelled as spheres, randomly distributed three-dimensional body and the
hydrating cement grains are simulated as growihgigs. Particles of the same size are
considered to hydrate at the same rate. At fingdirdtion reactions are assumed to be
phase-boundary reactions. At later stages, wheshbls of reaction products around
the particles have reached a certain predefinedkribss, the reactions become
diffusion-controlled. The simulation starts from random distribution of cement
particles in a cubic cell. During hydration, thermant particles gradually dissolve, and a
porous shell of hydration products is formed arowath particle. Neighbouring
particles grow together and smaller particles magome embedded in the outer shells
of larger ones to form a ‘cluster’ (Fig. 3.2). Aydnation proceeds, the growing
particles become more and more connected, and dkexrial changes from the state of a
suspension to the state of a porous solid. Formaptaie description of the original
HYMOSTRUC3D model, details can be found in [4] Al
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embedded
particles

expansion caused by
embedded particles -

outer product

inner product

penetration __
depth 6

mnx

product thickness

Fig. 3.2 Principle of the basic HYMOSTRUC modetelaction mechanism for expanding particles: free
expansion and formation of inner and outer prodlett); embedding of small particles (right).

3.3.2 HYMOSTRUC3D simulation incorporating fillers

In the HYMOSTRUC3D model, the effect of physicateiractions between hydrating
cement particles is taken into account explicigr the resulting kinetic formula the
term ‘integrated kinetic’ was proposed [4]. Thisegrated particle kinetics model was
applied to investigate the microstructure developimine effect of small inert grains on
cement hydration, and the inert particles contactases. Based on this integrated
kinetics model, the hydration process and the retanctural development of cement
pastes blended with filler were simulated.

As the fillers are considered as inert grains, tAeyrepresented by non-reacting
particles in the model. Filler particles do notwrduring hydration but may act as an
accelerator during cement hydration. This ‘accéilegaeffect’ is supposed to affect the
degree of hydration of cement particles. The airthisf study is to quantify the effect of
filler-hydrates adhesion properties on strengthcement paste by analyzing the
relationship between the measured compressivegstramd the simulated contact area.
In order to obtain reliable information from thelateonship between the measured
compressive strength and the simulated contact exe@ave to know the exact degree
of hydration of cement particles and adjust theusation results to measured results.
After adjusting the simulated degree of hydratiesnin good agreement with the
measured degree of hydration, as shown in Fig. 3.3.

A detailed description of the HYMOSTRUC3D simulatiacncorporating fillers
can be found in [19]. Fig. 3.4 shows examples ef shmulated microstructure of the
cement paste blended with 30% of M300 filler arat tf the reference OPC paste.
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Fig. 3.3 Degree of hydration of cement as a fumctibtime of mixtures listed in Table 3.3 (S: siatibn;
Ex: experiment).
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Portland cement paste Blended cement paste

t = 25 hours The cement particles are hydrating Aydration products around the cement graindyfirst
cause the formation of small isolated clusters.
-_

t = 28 days Neighbouring particles grow togethed amaller particles become embedded in the outer
shells of larger ones to form a ‘cluster. The gmogv particles become more and more strongly
connected, and an increasingly rigid porous streatiformed.

Fig. 3.4 Simulated microstructures of OPC pasti) (fnd the cement paste blended with 30% of M300
filler (right) with w/b=0.3. Cyan particles are M@Giller and grey particles are cement. Yellow lais
outer products, and red layer is inner products.
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3.3.3 Concept of contact area

As shown in Fig. 3.4, at time t = 0 hours the fillemd cement particles are separated
from each other. In this stage the cement paste dotehave strength. With progress of
the hydration process, the volume of hydrating agnparticles grows and the initially
separated particles become connected with each. Gthe cement paste starts to gain
strength. As the cement particles continue to Hgdiraore particles become connected,
and the strength of cement paste then increasesdeBoribe this connection, a
parameter, i.e. the contact area, was introducedpdinted out by several researchers
the strength increases due to the increasing nuoflEmtact points and the increasing
magnitude of the contact surface area between tiggrparticles during the hydration
process [20-23]. The linear relationship betweenrtieasured compressive strength of
cement paste and the calculated contact area hemdwlbeen confirmed in several
studies [8, 24, 25].

The strength of cement paste results from the adioms between particles, but
these connections do not necessarily yield strerfgph example, a dense packing of
micronized sand or limestone powder, which hasrgelamount of connections, has
almost no strength. Therefore, the contributiordiffierent types of connection to the
strength is different. In blended cement pastagtiaee two types of connection. One is
the connection between hydration products and anath the connection between
hydration products and filler particles. Accordipgihere are two types of contact area
in the cement paste blended with inert filler, lasven in Fig. 3.5:

i) CC contact area: the contact area between hydregimgnt particles (Fig. 3.5a);

i) CF contact area: the contact area between a hygreg¢iment particle and a filler
particle (Fig. 3.5b).

Cement CC contact CF contact area

D i

Cement Cement

(a) (b)

Fig. 3.5 Concept of the contact area between hiydraement particles (a) and the contact area legtwe
a hydrating cement particle and a filler partidig (
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The contact area is defined as the circular ardéaeaintersection of two spherical
surfaces. Effective Contact Area (ECA) is definadtlze contact area in the direction
normal to the direction of the applied load. Takapad applied in the y direction as an
example, the algorithm and criteria for calculatthg effective contact area are shown
in Fig. 3.6.

(a) (b)

(c) (d)

Fig. 3.6 Effective contact area between differattiples [8].

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

* In case (a), when two particles are interconnerteadirection normal to the y
axis, ECA(y) equals the area of the contact circle.

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

* In case (c), when three or more particles are doterected the double
overlapping contact area has to be subtracted tinentotal contact area.
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* In case (d), when a larger and a smaller particbecbose together, the larger
particle may grow sufficiently as hydration proceefbr it to completely
encapsulate the smaller. In this case, the encapsubarticle has no direct
contribution to the connection. Therefore, ECA.is 0

The total ECA in a specific direction is the sumtleé ECA in that direction for all
particles within the cubic cell. [ECA(X) + ECA(y) ECA(2)]/3 is the final ECA. For
convenience in the data analysis, the concept acip Effective Contact Area
(SECA) is introduced; it is defined as the ECA peit volume of cement paste at a
given age. A more detailed description of the condaea can be found in [8].

3.4 Resultsand discussion
3.4.1 Reactivity of fillersin cement paste

In the model, the fillers are considered as inextrg. They do not grow during cement
hydration. In reality the fillers may not be inamnd possibly participate in a chemical
reaction in cement paste. This will affect thersgte of blended cement paste. In order
to obtain reliable information from the relationsthietween the measured compressive
strength and the simulated contact area, it is mapbto know the reactivity of fillers in
cement paste. X-ray diffraction analysis combinath whermals 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 fillercement paste. As shown in Fig. 3.7,
compared with the pure Portland cement paste, trer@o different products found in
cement paste blended with micronized sand, no mati@n early age or at an age of 28
days.

As has been reported [26], the dissolution of litmes in Portland cement paste is
very low. Substantial reactions betweepACand carbonate provided by carbonate-
based fillers in Portland cement paste are not @gpde[27, 28]. These reported
observations are confirmed by the XRD patterns showrig. 3.7. The formation of
monocarbonate in the cement paste blended with &8 et observed at the age of 7
days. At the age of 28 days, there is a very wesdnsity of monocarbonate, which
indicates the presence of monocarbonate in minuaetgies.
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1. Ca(OH),

2. CagzAlL(SO,);(OH),26H,0
3. CaCO,
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8 5. Ca,(AlFe),04

6. Ca;AlLLO4

7. SiO,(Quartz)

8. CayAl,O,CO;11H,0
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Fig. 3.7 XRD patterns of Portland cement pastethadlended cement pastes at 7 and 28 days.

3.4.1.2 Thermals analysis

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

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

Table 3.4 Proportion of limestone in the mixtunes1i TGA and theoretical calculations.

ltems TGA Theoretical calculations
30%LP_0.4 (7d) 29.56% 30%
30%LP_0.4 (28d) 30.34% 30%
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3.4.2 Relationship between measured compressive strength and simulated contact
area

The relationship between the measured compressamgsh and the calculated specific
effective contact area (SECA) of the solid phaseenfhent pastes were investigated. As
indicated in section 3.3.2, the effective contaeag ECA) is a microstructure parameter
that can be calculated by HYMOSTRUC3D. The consaet concept is an approach to
not only quantify the connection between the sphdses in the microstructure [8], but
also evaluate the quality of interparticle bondsMeen the solid phases. As mentioned
in section 3.3.2, there are two types of contaeaaCF contact area and CC contact
area. Besides CC contact area, marked with CC awrshbelow, the contact area
discussed below refers to the total contact arbé&hwincludes both CF contact area and
CC contact area. In Portland cement paste theomlis CC contact area. In blended
cement pastes, both CC contact area and CF canta&tappear. The results of four
effects on the relationship between the measuredpessive strength and the
simulated contact area are reported below. Itsstaith the effect of water-to-binder
ratio. Next, the effects of content and size défilare 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 the relationship between the
measured compressive strength and the calculatecifispeffective contact area in
Portland cement pastes and the blended cementspdste compressive strength of
cement pastes is determined according to the metedcribed in section 3.2.2.3 at
ages of 1, 3, 7, 14, 28 and 90 days, and showngin3/@a. As mentioned previously,
the specific effective contact area (SECA) is dedias the contact area per unit volume
of the simulated cement paste at a given degreeyafation. The SECA of cement
pastes is calculated by HYMOSTRUC3D at ages of, 7, 34, 28 and 90 days, and is
presented in Fig. 3.9b. Both contact area and cesspre strength of cement pastes
increase with increasing degree of hydration. Télationship between the SECA and
the compressive strength of cement pastes with-wdi8 and 0.4 are presented in Fig.
3.9c. The black dashed line in Fig. 3.9c illustsathe relationship between the
compressive strength and the total SECA, whichuinhes CC-SECA and CF-SECA in
the cement pastes blended with 30% M300. The oslship between compressive
strength and CC-SECA is represented by the redfige 3.9¢).

From Fig. 3.9c it can be seen that when the SEC®, iall the pastes have the
similar compressive strength of about 6 MPa. This also be seen in Fig. 3.10c, 3.11c
and 3.12b. It could be explained that at the stegen the SECA is 0, the patrticles stay
very close to each other and begin to make contébt each other. In this case, the
capillary forces and van der Waal forces becomengtrenough to hold particles
together and enable the pastes to obtain a smeigsh.
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Fig. 3.9 Effect of water-to-binder ratio (0.3 and4)0on the relationship between the measured
compressive strength and the calculated SpeciffecB¥e Contact Area (Besides CC SECA which

marked with CC as shown in the figure, the reshauit 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 sitigkar relationship between the
measured compressive strength and the calculat€dASHhis suggests that the
compressive strength of cement paste can be dirgethted to the quantity of
interparticle bonds of the solid phase in cemestgsa Moreover, Fig. 3.9¢ also shows
that the linear relationship (the black dashed)lipetween compressive strength and
SECA in blended cement paste with w/b = 0.3 and whith w/b = 0.4 overlap each
other. The same overlap can be found between Rdrdament paste with w/b = 0.3
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and that with w/b = 0.4 (the red line in Fig. 3.9€his overlap implies that the linear
relationships between compressive strength and S&€Andependent of the w/b ratio,
no matter for Portland cement paste or for the cerpaste blended with 30% M300.
Since these relationships are linear, the commessirength is only related to the
magnitude of contact area. It indicates that therparticle bonds in both Portland
cement paste and the cement paste blended withN38@® have stable mechanical
properties which do not change with either therayiage or w/b ratio.

From Fig. 3.9c it is clear that the red line représg the relationship between
CC-SECA and compressive strength has a steeper 8iap the black dashed line that
represents the relationship between total SECAcantpressive strength in the cement
paste blended with 30% M300. Moreover, it is notdhwp that the linear relationship
between the compressive strength and the CC-SEGReicement paste blended with
30% M300 coincides with the relationship betweempressive strength and CC-
SECA in Portland cement paste. It appears thastiength of cement pastes blended
with 30% M300 is determined by the CC contact aesal CF contact area does not
contribute to the strength. In other words, for giyen CC contact area, regardless w/b
ratio and curing age, the addition of M300 does cmrtribute to the compressive
strength of cement paste. This finding is in linéthwan observation made by
Termkhajornkit et al. [29]. Their study showed thhe fine quartz grains had no
noticeable contribution to the compressive stregitementitious materials.

3.4.2.2 Effect of filler content

Fig. 3.10 demonstrates the influence of the con@¥t, 30% and 50%) of filler on the
relationship between the measured compressivegsireand the calculated SECA of
cement pastes. Fig. 3.10a shows the measured cssiy@atrength of cement pastes at
ages of 1, 3, 7, 14, 28 and 90 days. The calculBEsdA is presented in Fig. 3.10b. The
relationships between the calculated SECA and tbasored compressive strength of
cement pastes with w/b = 0.3 are presented in3Fifc. As shown in Fig. 3.10c, the
same linear relationships between compressive gitreand SECA are observed in
Portland cement paste and the cement pastes blevitte0% and 50% M300 filler.
The relationship between compressive strength &8«BECA is represented by the red
line. The black line indicates the relationshipwesn the compressive strength and the
total SECA in cement paste blended with 30% M3@0cément paste blended with
50% M300, the relationship between the compressikength and the total SECA is
illustrated by the black dashed line.

It can be seen in Fig. 3.10c that the linear refetihips between the compressive
strength and the CC-SECA in Portland cement pastetee cement pastes blended with
30% and 50% M300 can be represented with one siitgde(the red line). It further
illustrates that CF contact area does not congilbaitthe strength of cement pastes and
the strength of cement pastes is determined bydact area. As shown in Fig. 3.10c,
the compressive strength of cement paste blendd#d less M300 increases more
rapidly as a function of total SECA. This is beaailse cement paste with a higher
M300 content has less CC-SECA (Fig. 3.10b), whigtexdnines the compressive
strength of cement paste.
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Fig. 3.10 Effect of the content (0%, 30% and 50%jnironized sand on the relationship between the
measured compressive strength and the calculatedf8pEffective 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 oe tielationship between the measured
compressive strength and the calculated SECA okoémastes. Fig. 3.11a shows the
measured compressive strength of cement pasteesatod 1, 3, 7, 14, 28 and 90 days.
The calculated SECA is presented in Fig. 3.11b. Télationships between the
calculated SECA and the measured compressive #trefigement pastes with w/b =
0.4 are presented in Fig. 3.11c. As shown in Fifj, B16 is much coarser than both
M300 and Portland cement, while M300 is finer tiRatland cement. It can be seen in
Fig. 3.11c that the relationships between compressiength and SECA are still linear
in Portland cement paste and the cement pastegddalemith 30% of M6 or M300 filler.
As shown in Fig. 3.11c, the relationship betweemgpeessive strength and CC-SECA is
represented by the red line. The black line dendbes relationship between the
compressive strength and the total SECA in cemasitepblended with 30% M6. In the
cement paste blended with 30% M300, the relatigndletween the compressive
strength and the total SECA is illustrated by tleek dashed line.

It can be seen in Fig. 3.11a that the compresgsremgth of cement paste with
fine filler is higher than that with coarse fillérhis can be explained by the fact that the
cement paste with fine filler has more CC-SECA (Rdl1b), which determines the
compressive strength of cement paste as indicatptevious findings. As can be noted
in Fig. 3.11c, the linear relationship between toenpressive strength and the CC-
SECA in the cement pastes blended with 30% M6 hatdwith 30% M300, and that in
Portland cement paste can be represented withiogke $ine. This fact also illustrates
that the compressive strength of cement pastestésrdined by CC contact area in both
Portland cement paste and the cement paste blemtleesnicronized sand, regardless
the particle size of filler.
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Fig. 3.11 Effect of the size of micronized sandtbha relationship between the measured compressive
strength and the calculated Specific Effective @onArea (w/b is 0.4 and the content of filler 393).

3.4.2.4 Effect of filler type

Fig. 3.12 demonstrates the influence of the fitigre on the relationship between the
measured compressive strength and the calculat@datcarea of cement pastes. Two
types of filler were chosen: limestone powder(LPRy anicronized sand(M300). As

highlighted in 3.4.1, both fillers are inert in cenmt paste. The chemical and physical
properties of these fillers can be found in Tahlk Jhe linear relationships between
compressive strength and the calculated contaet bodd for both blended cement
pastes, as shown in Fig. 3.12b. Like before, tHatiomship between compressive
strength and the contact area between hydratingemreparticles (CC contact area) in
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M300-blended cement paste and that in Portland oepeste can be represented with
one single line (the red solid line). The relatiopsbetween compressive strength and
the contact area between hydrating cement part{(€€s contact area) in LP-blended
cement paste is indicated by the red dashed line.black line shows the relationship
between the compressive strength and the totalhcbarea in cement paste blended
with 30% LP. The relationship between the compuesstrength and the total contact
area in cement paste blended with 30% M300 is sepited by the black dashed line.

As indicated by the red solid line and the red ddshne in Fig. 3.12b, the
compressive strength of the LP-blended cement rasteases more rapidly as function
of CC contact area than that of the M300-blendedere paste. As indicated previously
the contact area between hydrating cement padiudefiller particle (CF contact area)
in M300-blended cement paste does not contributtheéocompressive strength. The
compressive strength is only related to the contaet between hydrating cement
particles (CC contact area). As a result the limegationship between compressive
strength and CC contact area in the M300-blendeaene paste and that in Portland
cement can be represented with one single line.eédew as shown in Fig. 3.12b, LP-
blended cement paste has a higher compressivegttreompared to the M300-blended
cement paste and Portland cement paste for a gi¢nontact area. It appears that in
the LP-blended cement paste not only the contaeh &etween hydrating cement
particles (CC contact area), but also the contaz between hydrating cement particle
and filler particle (CF contact area) contributeshite compressive strength. The shaded
area as shown in the Fig. 3.12b is assumed to atedithe compressive strength
contribution of the contact area between hydratiegent particle and filler particle
(CF contact area) in LP-blended cement paste.

Fig. 3.12a shows the development of compressiengtih of cement pastes. At
early ages (1 to 3 days) M300-blended cement shsters slightly higher compressive
strength than LP-blended cement paste. Howevés,sbon overtaken by LP-blended
cement past, even though M300-blended cement pastenore CC contact area than
LP-blended cement paste at all curing ages (Fi$j2c3. The ‘gap’ between the
compressive strength of M300-blended cement pasdetizat of LP-blended cement
paste becomes wider with increasing age. To exglasm change, we can find the
answer in Fig. 3.12d. At early ages (1 to 3 day®),amount of CF contact area in LP-
blended cement paste is very low (Fig. 3.12d).H&ostrength provided by the contact
area between hydrating cement particle and fillertige (CF contact area) in LP-
blended cement paste cannot bridge the ‘gap’ betwbke strength offered by the
contact area between hydrating cement particles ¢@@act area) in M300-blended
cement paste and the strength offered by CC coataetin LP-blended cement paste,
as shown in Fig 3.12a (for 1 to 3 days). As a teddB00-blended cement paste has
higher compressive strength. However, at an ageé d@éys LP-blended cement paste
shows slightly higher compressive strength (Fi$j28) due to an increase of CF contact
area in LP-blended cement paste (Fig. 3.12d). Aljhothe CF contact area in M300-
blended cement paste also increases substanti#iiynereasing CF contact area in LP-
blended cement paste, this increasing CF contaet rmakes no change to the strength.
At later ages (>7 days), the compressive strenfjibPeblended cement paste largely
surpasses that of M300-blended cement paste (Fi@aBas CF contact area in LP-
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blended cement paste continues to increase (FI@dB. These observations further
demonstrate that the contact area between hydrasingent particle and filler particle
(CF contact area) in LP-blended cement paste dutés to the compressive strength,
but that in M300-blended cement paste does not.
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3.4.3 Discussion

The correlations between the measured compressarggth and the calculated specific
effective contact area (SECA) of the solid phaseslended cement pastes were
investigated. From the evaluation of the experimeantd simulations, it is concluded
that the contact area between hydrating cemeniclegadnd filler particle in cement
paste blended with limestone powder has a subatamntribution to the compressive
strength, but the contact area between hydratingene particle and filler particle in
cement paste blended with micronized sand hasAnptevious study by de Vries [30]
showed that the compressive strength of cemente pdstreased along with an
increasing replacement level of Portland cemenmimyronized sand (Fig. 3.13). Even
the cement paste blended with 10% of very fine amized sand M600 (the surface area
of cement and M600 in this study is 428/kg and 1300 kg, respectively [30]), its
compressive strength is lower than that of Portleechent paste. By contrast, in the
study of Tsivilis et al. [31], it was shown thattladdition of 10% limestone did not
significantly alter the compressive strength at agg of cement pastes (Binders have
fineness up to 340, 380, 410, and 43Ykg respectively). In a study of Voglis et al.
[32], cement paste produced by inter-grinding 15%he$tone shows the same
compressive strength as the Portland cement pasie auring age of 28 days. Based
on these observations, it is believed that the dioree powder has better adhesion
properties than micronized sand.
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Fig. 3.13 Compressive strength of cement pasteslbtewith different micronized sand at the curigg a
of 1, 7 and 28 days, with the water-to-binder rafi®.35 [30].
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Conclusions

The mechanical properties of cement paste weretllireelated to microstructure
features, more particularly to the simulated conémea in cement paste. The simulated
contact area was divided into the contact areadmtvihydrating cement particles (CC
contact area) and the contact area between hygra¢iment particle and filler particle
(CF contact area). Based on this division, the miethe filler-hydrates adhesion
properties (the quality of the contact area betwidken particles and reaction products)
in the strength of blended cement paste was ewmu#t the following chapters, the
fundamental explanations for the different perfonoe of limestone powder and
micronized sand as replacement of Portland cem#itevpresented.

3.5 Conclusons

Numerical simulations of the contact area betweememt and/or filler particles
combined with experimental measurements were us@uvestigate the filler-hydrates
adhesion properties on the strength of blended oepeste. Based on this study, the
following conclusions can be drawn:

* The measured compressive strength of Portland depsmte and the cement
paste blended with inert fillers can directly bé&ated to the calculated contact
area. The relationship between calculated contagta aand measured
compressive strength was found to be linear.

* In Portland cement paste the linear relationshipwéen the measured
compressive strength and the calculated contaet wes independent of the
water-to-cement ratio. In the cement pastes blemnd#d micronized sand the
linear relationship between the measured compressitrength and the
calculated CC contact area and that in Portlandecépaste can be represented
with one single line, regardless the water-to-bindéo, the particle size and the
content of filler.

* In the cement pastes blended with limestone powidermeasured compressive
strength increases as a function of the calcul@@dcontact area more rapidly
than that in Portland cement paste and the cenasie plended with micronized
sand.

* In the cement pastes blended with micronized sHrel,compressive strength
was determined by CC contact area. The contactlet®aeen hydrating cement
particle and filler particle had no contribution tlee compressive strength. In
contrast, in the cement paste blended with limestowder the contact area
between hydrating cement particle and filler p#tidhdad a substantial
contribution to the compressive strength. It isidvadd that limestone powder
has much better adhesion properties than microrszed.
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Evaluation of Filler-hydrates
Adhesion Properties

The interface between filler partlcleum;;:
and hydration products can have :
significant effect on the mechanic
properties of the cement paste syst
SEM observation and mechanic:
modelling can be used to study tt
mechanical properties of the interfacps
The fillers used in this study ari '
limestone powder and micronize’
sand. Crack paths and fracture surfac
of loaded cement pastes ‘
investigated by SEM observation. »_;
influence of the mechanical properties
of the interface on crack propagation, tensilengftie and fracture energy was studied
numerically by using a lattice model. Based on &M observations and simulation

results, the mechanical properties of the intertaetgveen filler particles and hydration

products were evaluated. Limestone powder exhilsitgekrior bond characteristics with
hydration products compared to micronized sands Bhudy provides a validation of

the contact area concept and justifies the findipigsented in chapter 3. Meanwhile,
this study provides insight into adhesion mechasidmtween filler particles and

hydration products. The further study of the adbhesnechanisms will be presented in
chapter 5.
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Introduction

4.1 Introduction

The mechanical properties of the interface betweker particles and hydration
products have a significant influence on the dgwelent of the fracture process in
blended cement pastes. Improvement of the effeflefs in cementitious materials,
especially the effect on the mechanical propertiésthe interface between filler
particles and hydration products, is a big issug amchallenge today. So far not many
attempts are known to quantify the mechanical ptageeof the interface between filler
and hydration products in cement paste. To evaliimganechanical properties of this
interface, a surface analysis technique, i.e., réngnelectron microscopy (SEM)
observation, was used. Scanning electron microsgéspgnown as an appropriate
method to characterize the crack paths and thdufecsurfaces in cementitious
materials [1-5]. The mechanical properties of thiernface have a strong relationship
with the resistance to crack propagation. Crackdepentially propagate along weak
interfaces [5].

In order to predict the effect of the mechanicalparties of the interface on the
fracture process and the strength of blended cemastes, a numerical model was
applied. This model, called lattice fracture moaeds proposed by Schlangen and Van
Mier in the 1990s and has been further developechayy others [6-8]. In the lattice
fracture model, the material is represented byttecéaof beam elements. Subsequently,
the microstructure of the material can be mappetb dhese beam elements by
assigning different properties to them, dependimg whether the beam element
represents a grain, the interface or the matrixe Tditice model has been used
extensively in the past decades both for mesostale more recently, also microscale
modelling of concrete and cement paste [8-13]. fitmerical results showed that the
model can reproduce the fracture processes obsaregberiments. In this chapter, the
lattice fracture model was used to study the imfageof interface properties on crack
propagation, strength and fracture energy. Thelteefwm a simulated direct tension
test were compared to experimental results and wésed to simulate the
micromechanical properties of the interface.

4.2 Materialsand experimental methods
4.2.1 Sample preparation

The cement used in this study is Portland cemeR)OThe fillers used are limestone
powder (LP) and micronized sand (M6). The chemicamposition and physical
characteristics of these materials were presemtddble 3.1. The mineral composition
of OPC was presented in Table 3.2. The patrticle digtribution (PSD) data of OPC,
LP and M6 was shown in Fig. 3.1. Two series of spens were prepared, denoted as
MO1 and LO1. The percentage of filler and w/b ratie given in Table 4.1.

54



Evaluation of Filler-hydrates Adhesion Properties

Table 4.1 Mixture compositions of blended cemerstes

Mixtures OPC*(%) M6*(%) LP*(%) wib
MO1 70 30 - 0.4
LO1 70 - 30 0.4

* Percentage of the total mass of binder by weight.

4.2.2 Experimental methods

4.2.2.1 Experimental procedures

The mixtures were prepared in a Hobart mixer agogrdo the standard procedure
described in ASTM C305 [14]. After mixing and casti cement pastes were covered
with a plastic sheet and stored at 20 + 2°C. Aérhours all the specimens were
demolded and then stored in the curing room witloastant temperature of 20 + 2°C
and a relative humidity of 95 + 5% until the desitpd testing age.

4.2.2.2 SEM analysis

The scanning electron microscope (SEM) equippel ariergy dispersive spectroscopy
(EDS) with a working voltage of 20 kV was used tbserve the fracture surface
between filler particles and hydration products anel propagation of cracks in the
loaded cement pastes. Sample preparations for 8telgkeanalyses are as follows:

i) The samples for observation of the fracture surtzeteveen filler particles and
hydration products were loaded in compression &b @D the peak load. After
loading, the specimens were crushed into smallegiethen, crushed samples
with different sizes were collected. In order topsthe hydration process of the
specimens, they were submerged in 100% ethandZdrours and placed in a
35 °C oven during 24 hours. These samples were ikept desiccator until
testing. SE mode was adopted for high magnifica{@®000x) observations.
The samples for SE observation were coated withocar

i) After stopping hydration a part of the samples walected for observation of
the propagation of cracks. These samples were ggechen an epoxy resin.
Afterward the samples were grinded and polishedaiygthese samples were
stored in a desiccator until testing.

4.3 Numerical ssimulation
4.3.1 Build-up of lattice structure

In the lattice approach blended cement paste isidered a material made only of three
components: the matrix phase, the fillers and fatexr The unhydrated cement,
hydration products and other components are asstinbd part of the matrix phase.
For the mesh generation the microstructure of teaded cement paste is represented
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Numerical simulation

by a pixel-based structure, as shown in Fig. 4Ateer the generation of a network of
pixels, a sub-pixel can be defined within each IsiX€ig. 4.1b). A node is randomly
placed in every sub-pixel of size s in a regulad gnth sizea, as shown in Fig. 4.1b. In
order to set a proper pixel size (cell size of meghits effect on the simulation results
was analysed and presented in section 4.5.1. Tioesia is defined as randomness of a
lattice. The reason for assigning certain randomibeshe lattice mesh is to describe the
material more realistically. Here randomness istgebe 0.5. To connect the nodes,
lattice elements are generated using Delaunayguiation, as shown in Fig. 4.1c. The
different types of beam are identified by mater@terlap procedures. Element
properties depend on the two nodes assigned tearest. If the two element nodes are
located within filler, the filler element can beerdtified. If one element node is located
in the matrix and another element node in fillére Element is called an interface
element. In Fig. 4.1d, identification of differeglements is illustrated. In this model, we
generated a square specimen with a size of 10@> II0un for a 3D lattice model.

Pixel N Sub-pixel Lattice element Matrix
A
® un. o )
o
L °
[ )

o
Lattice node

(a) Pixel generation (b) Node placement  (c) Element generation (d) Oagnprocedure

Fig. 4.1 Schematics of the generation of microstmecof the cement paste blended with filler.

4.3.2 Fracture processes simulation

4.3.2.1 Numerical approach

In the lattice approach the cement paste is digecttas a set of lattice beam elements.
A lattice beam element is a straight bar of unifamoss-section and can transmit axial
forces, shear forces, bending moments and torsmoalents, as shown in Fig. 4.2. The
3D lattice beam element has two nodes and each hasesix degrees of freedom

including three translational and three rotatioterees of freedom, as shown in Fig.
4.3. The displacemenf of the nodes of the beam (Fig. 4.3) in the locahdin is:

ué=[u U Uz Uy Us Ug U; Ug Ug Ujg Uyq Upp]T 4.1)

The local force vectore caused by local displacemerit ean be computed with the
following equation:
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fe=keu¢ 4.2)
wherek?® is the element stiffness matrix in the local damadihe formulation of a lattice
beam element stiffness matrix is based on the Thewso beam theory. It can be
formulated by assembling an axial component, adoa component, and bending and
shear components in the plax€y andxOz (see Fig. 4.3and given by:

<) 0 0 0 0 - 0 0 0 0 0
12E1, 6El, 12E1, 6El,
B(1+®4) 0 0 0 12(14®4) 0 B(1+®4) 0 0 0 12(14®4)
12El, __6El _ 1261 __GEl
13(1+®4) 0 12(14®D5) 0 0 0 B(14+D,) 0 12(14®D5) 0
o 0 0 0 0 0 o 0 0
(4+D2)El, 61y (2-D2)El,
1(1+d3) 0 0 0 12(1+®5) 0 1(1+D3) 0
(4+®1)El, 6El, (2—-®,)El,
ke_ 1(1+®,) 0 12(1+®4) 0 0 0 1(1+@,) (4 3)
- EA .

whereE is the elastic modulus, G is the shear moduluis, the cross-sectional area of

0

12E1,
B(14+D,)

0
0

12E1,
3(14D3)

0
0

61y
12(1+®3)
0
(4+®P,)EL,
1(1+P3)

0

6El,
12(1+®4)

0

0
0

(4+D1)EI,

1(1+P,) 4

the elementl is the length of the element,and |, are the moments of inertia about the
z-axis and the y-axis respectively, J is the polament of inertia about the x-axi®;
and @, are the shear effect adjustment factors in theepl®y andxOz, respectively,

and can computed by:

12EI,
Py = GAl2
(4.4)
_ 12E1L,
P, = GAgl2
in which A is the shear cross-sectional area and is given by:
A
As = K (4.5)

where K is the shear correction factor. A more itedadescription of the numerical
approach can be found in [6].
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Fig. 4.2 Lattice of beam elements (a), definitiohferces and degrees of freedom (b), stress-strain
relation of the beam element (c) [15].
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Fig. 4.3 The displacement of a 3D lattice beam elgm

4.3.2.2 Geometry and boundary conditions

A uniaxial tensile test can be conjured by fixingtlhe nodes on the bottom surface of
the specimen and imposing a uniform surface loathertop surface, as shown in Fig.
4.4. In the lattice network construction, all tlagdrs close to the surfaces are forced to
be regularly meshed, irrespective of the matersmldomness setting, as irregular
geometry on the boundaries might create some skiases, which may have negative
effect on the fracture processes simulation. Intamidall the lattice elements involved
in the bottom and top layers are not allowed tcakreeven if the stress in such an
element has exceeded its strength, as the exteats need a path to be transferred into
the specimen. In other words, it is assumed thlatha 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 sl of the lattice is performed in each
loading step. An element in which a prescribedténaccriterion is exceeded is removed
from the mesh. This analysis is subsequently repeiat a step-wise manner, removing
a single element in which a prescribed fracturéegdn is exceeded in each step.
Multiple analysis steps are performed until theeysfails. The step-by-step removal of
critical lattice elements simulates the microcragklution in the specimen.

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

N max (M;,M ;)
Gt:aNZ+aM+§ft,k (46)

whereo; [kPa] is the maximum tensile stress in the beanfkN is the normal force
acting on the beam element; [MN-m] and M [KN-m] are the bending moments in two
nodes at each end of the elemenfm”] is the cross sectional moment of resistange.

is the normal force influence factaery, is the bending influence factor. Details about
the underlying elastic equations and the full cotaponal procedure of the lattice
model can be found in [6, 8].

4.3.3 Mode parameters

Specific material parameters are assigned to ttiedabeams. In particular, fracture
properties of the three types of beam element@eeled, including properties of the
filler, the matrix and the filler-matrix interfac&he value of these parameters has
significant influence on the microscopic mechanit&haviour. In particular, the
strength of the filler-matrix interface directlyf@€ts the final results, i.e. crack patterns,
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stress-strain curve, Young’s modulus and fracturergy of the simulated specimen
[15, 16]. In Table 4.2 a summary of the mechanpalameters of chosen fillers and
matrix is given. The Young’'s modulus of limestorevoer (LP), micronized sand (M6)
and matrix were measured using nanoindentationfre@idmeasured average values are
65.5, 76.2 and 22.0 GPa, respectively. The Youngislulus of LP is slightly lower
compared with that of M6, but much higher than tifahe matrix. A single value of 71
GPa (the mean value of LP and M6) is used herthtoelastic properties of both of LP
and M6. The tensile strength of these material€assidered proportional to the
measured microhardness [6]. No data could be féonthe ratio between hardness and
tensile strength of these materials. Therefore,témsile strengths are inferred from
nanoindentation tests. As LP and M6 are much saotitan the matrix, their influence
on the fracture process is very small comparetidbdf the matrix and the interface. As
can be seen in Table 4.2 cases that the interfesrggsh is higher and lower than that of
the matrix will be considered. The material contgaf interfaces and the matrix used
in the analysis enable us to gain insight intotfree properties of the virtual pastes.

Table 4.2 Mechanical properties of filler, matrndathe interface of mature paste.

Material properties Young’'s modulus E [GPa] Tenstlength f[MPa] v
Filler (both for LP, M6) 71 2.1 0.2
Matrix 22 1.4 0.2
Interface 1 17 2.1 0.2
Interface 2 17 1.7 0.2
Interface 3 17 1.4 0.2
Interface 4 17 1.1 0.2
Interface 5 17 0.8 0.2
Interface 6 17 0.5 0.2
Interface 7 17 0.4 0.2
Interface 8 17 0.3 0.2
Interface 9 17 0.2 0.2
Interface 10 17 0.1 0.2

4.3.4 Measureof damage

From the simulation results of the load-displacetmesponse, the crack pattern in the
final failure state can be obtained. The load-dispinent response can be converted to a
stress-strain diagram and a stress-crack openiagrain. From the stress-strain
diagram, the tensile strength can be inferred.tBra@nergy can be calculated from the
post peak part of the stress-crack opening diagtamepresents the area under the
curve. A more detailed description of the meastidamage can be found in [17].
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4.4 Experimental results
4.4.1 Crack propagation

The crack propagation in the cement paste blendigd WP and M6 subjected to
compressive loading is illustrated in Fig. 4.5..FHdba shows cracks in cement paste
blended with 30% LP. Crack patterns in cement palsteded with 30% M6 are shown
in Fig. 4.5b. As can be observed in Fig. 4.5a,citaeks tend to propagate in the matrix
and avoid to propagate through the interface betweR particles and hydration
products. The crack that propagated through LRgbestcan be seen in Fig. 4.5a. On
the contrary, tortuous cracks that have a tendemgyopagate around the M6 particles
are observed in the cement paste blended with 3@4RW. 4.5b). Furthermore, also
cracks encircling the M6 particles can easily bgepbed in Fig. 4.5b.

Parallel with the SEM observations of the crackpagmation, the morphology of
the surface of cracks in cement paste blended3@#% LP and 30% M6 is investigated
and shown in Fig. 4.6. The locations of SEM imagese randomly selected. It is hard
to find LP particles with clear surface at the fume surface in the cement paste blended
with 30% LP (Fig. 4.6a). In the cement paste blendé&h 30% M6, however, M6
particles with a clear surface can easily be disiished, as shown in Fig. 4.6b.

These differences in crack propagation and morgyolof the surface of the u

cracks originate from properties of the interfastwzen filler particles and hydration

products. According to the previous studies [17, i microcracks are governed by
local stress distribution and weak links in thetsys The weak interfaces have the
highest probability of breaking. These observatisnggest that the interface between
LP particles and hydration products is much strorigan that between M6 particles

and hydration products.
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Fig. 4.5 Cracks in the cement paste blended wi# B® (a) and the cement paste blended with 30% M6
(b) at the curing age of 28 days, at the w/b rati0.4.
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Fig. 4.6 Morphology of the crack surface in the eetnpaste blended with 30% LP (a) and the cement
paste blended with 30% M6 (b) at the curing age8flays, at the w/b ratio of 0.4.

442 Fracturesurface

Fig. 4.7 presents the fracture surface betweesr fdhrticles and hydration products in
the cement paste blended with limestone powder @) coarse micronized sand
(M6). Fig. 4.7a shows that there are hydration pobdesidues left on the surface of LP
particle, which indicate that failure of the cemeatte system occurs to a large extent
in the hydrations products. Moreover, there ismterfacial gap between the LP particle
and surrounding hydration products. This indicdtes the bond between LP particle
and surrounding hydration products is relativetprsg.

As shown in Fig. 4.7b, an interfacial gap betwadvi6 particle and surrounding
hydration products can easily be observed in theragraph. A similar observation was
reported earlier by Wang [19]. The M6 particle laasery clear and smooth fracture
surface. Few hydration products can be found onMBesurface. These observations
demonstrate that the bond between LP surfaces ydrdtlon products is stronger than
that between M6 surfaces and hydration products.
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(b) Micronized sand-hydrates interface

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

To further study the filler-hydrates interface, SEMservations of the fracture
surface were made with different magnificationsy. #.8a shows the fracture surface
between an LP particle and hydration products ampavatively low magnification
(2000x). SE micrographs of the fracture surfacdénigh magnification (20000x) are
presented in Fig. 4.8b and c, respectively. Figb4hows that there are no typical
residuals of hydration products on the fracturdama. Obviously, it is the fracture
surface of a broken LP patrticle. Fig. 4.8c showat the surface of the LP patrticle is
fully covered with broken hydration products, esag C-S-H, and there is no
interfacial gap between the LP particle and brokgdration products. It indicates a
strong bond between hydration products and theserf the LP particle.

Fig. 4.9a presents the fracture surface between6aphtticle and hydration
products at comparatively low magnification (20Q0)gh magnification (20000x) SE
micrographs of the fracture surface are shown gn 4£0b and c, respectively. As can be
seen in Fig. 4.9b and c there are a few residualg/dration products present on the
surface of M6 particles. Fig. 4.9c shows that taetlire surface is partially covered
with loose residuals of hydration products. Thebseovations offer further support to
previous findings that the bond between LP surtaw hydration products (mainly, C-
S-H) is much stronger than that between M6 suréackehydration products.
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Fig. 4.8 SEM photographs with a relatively low miigation (2000x) (a) and a relatively high

magnification (20000x) (b) and (c) show the LP-fatds interface in the cement paste blended with 30%
LP at the curing age of 28 days, with the w/b rafi@.4. 4

(a) (b)

10 ym

Fig. 4.9 SEM photographs with a relatively low magnificatigg000x) (a) and a relatively high
magnification (20000x) (b) and (c) show the M6-tatds interface in the cement paste blended with 30%
M6 at the curing age of 28 days, with the w/b rafi®.4.
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45 Simulation results
45.1 Effect of mesh size

Simulation results provide insight into the fraetyroperties of the interface, how the
local micromechanical properties govern fractur@ppgation through the weak
locations and how this determines the responsheoblended cement paste system. In
order to get a more precise estimation of the machbproperties of the interface, the
mesh size should be chosen with care since thetediopesh size may cause some
variations in the simulation results, such as craattern and strength of the specimen.
In order to estimate the influence of the mesh, Sér meshes with the cell sizeof
0.25, 0.4, 0.5 and 1.0 pm were generated (seetHiy.A series of numerical tests was
carried out with these meshes. An interface sttengtl.4 MPa is adopted. Damage
patterns obtained for different meshes are predantthe Fig. 4.10. It appears that the
location of the crack remains the same for all $atons. However, in the case of a
coarse mesh (cell size is equal to 1.0 um), thekqueopagation starts to branch. For the
fine meshes (cell size is equal to 0.25, 0.4 or |pm®), similar crack patterns are
observed.

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

For the sample with different cell size the tenstiess-strain curves and the peak
strengths are shown in Fig. 4.11a and b, respégtiltecan be seen in Fig. 4.11a that
tensile stress-strain curves start to converge dettreasing cell size. For samples with
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cell sizes of 0.4 and 0.25 um, a similar stressssturve is observed. In Fig. 4.11b, it is
noted that the peak strength of the sample withscag of 0.4 um is also close to that of
0.25 um. Therefore, to save some computational, tiheecell size for the simulations
presented in this study is set to 0.4 pm.

1 0.9
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——0.5um a 0.8 ]
T ] 2
% 0.6 - —1.0 um = i
= 07 ]
a ] s’
204 - = 1
o ] ~ ]
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Fig. 4.11 Simulated tensile stress-strain curvgsata peak strength versus cell size (b) of 4 diffe
meshes in the cement pastes blended with 30% the auring age of 28 days, with the w/b ratio &.0. u

4.5.2 Effect of mechanical propertiesof theinterface

Simulated cracks in the cement paste blended witleawith the PSD taken from Fig.
3.1 are shown in Fig. 4.12 and 4.13, respectiva$yindicated in in chapter 3, LP shows
a continuous particle size distribution from vemyef particles to very big particles,
while M6 consists mainly of big particles. As indied in Fig. 4.12 and 4.13, although
there is a significant difference in the partialeesdistribution between LP and M6, the
damage patterns do not show a big difference betwBeand M6 specimens.

From Fig. 4.12 and 4.13 it can be inferred that mwiiee tensile strength of the
interface (2.1, 1.7 and 1.4 MPa) is equal to ohérghan that of matrix (1.4 MP), the
simulated crack patterns are similar to the craaftepns of cement paste blended with
LP from experimental results. From this observattaas concluded that the strength of
the interface between LP particles and hydratiadpets is equal to or even higher than
that of hydration products. When the tensile stiierad the interface (1.1, 0.8, 0.5, 0.4,
0.3, 0.2 and 0.1 MPa) is lower than that of therixdgfl.4 MP), the presence of filler
particles has a significant impact on the crackepat There is a tendency for cracks to
propagate along the filler particle and this termyetnecomes more obvious with
decreasing tensile strength of the interface. Wthertensile strength of the interface is
lower than 0.5 MPa, the cracks begin to propagetera the filler particle. Compared
with experimental results, cement paste blended Wi has similar crack patterns as
the numerical specimens with an interface strengéiow 0.5 MPa. From this
observation it is concluded that the strength ef ititerface between M6 particle and
hydration products is much lower than that of htidraproducts.
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2.1 (0.75) MPa 1.7 (0.77) MPa

1.4 (0.72) MPa

1.1 (0.65) MPa

0.8 (0.49) MPa

0.5 (0.35) MPa

0.4 (0.28) MPa 0.3 (0.25) MPa

0.2 (0.24) MPa 0.1 (0.24) MPa

Fig. 4.12 Simulated effect of mechanical properti€the interface on the damage pattern in the oéme
pastes blended with 30% LP at the curing age alé8, with the w/b ratio of 0.4 (the interface syt
is indicated in the figures, the value inside pHreses refers to the tensile strength of the sgagim
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2.1 (0.80) MPa 1.7 (0.77) MPa

1.4 (0.78) MPa

1.1 (0.64) MPa

0.8 (0.52) MPa 0.5 (0.36) MPa

0.4 (0.29) MPa 0.3 (0.24) MPa

0.2 (0.24) MPa 0.1 (0.24) MPa

Fig. 4.13 Simulated effect of mechanical properti€the interface on the damage pattern in the oéme
pastes blended with 30% M6 at the curing age ad&@8, with the w/b ratio of 0.4 (the interface st
is indicated in the figures, the value inside pHreses refers to the tensile strength of the sgagim
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The effect of the strength of the interface on #teess-strain diagram of
specimens with a filler with the PSD taken from.RdL is shown in Fig. 4.14a and b,
respectively. Tensile strength and fracture eneagybe obtained from the stress-strain
diagrams of Fig. 4.15a and b, respectively. Fig.54shows that the particle size
distribution (see Fig. 3.1) of the filler does n@ve a significant influence on tensile
strength and fracture energy.

Fig. 4.15a shows the influence of interface stremgt the resulting strength of the
specimen. When the tensile strength of the interfadoetween 0.4 MPa and 1.4 MPa,
the strength of specimens has a linear relationslitip the strength of the interface.
However, when the tensile strength of the interiadewer than 0.4 MPa or higher than
1.4 MPa, the strength of the specimen is constagardless the strength of the
interface. It means that there is no contributmthe strength of the specimen when the
tensile strength of interface under 0.4 MPa. As tineed before, the strength of the
interface between M6 particles and hydration preslisclower than 0.5 MPa. Therefore,
the interface between M6 particles and hydratiadpcts is supposed to have little or
even no contribution to the strength of the spenime

As mentioned previously, when the tensile strergjtithe interface is over 1.4
MPa, the strength of the specimens remains alnm@ssame regardless the interface
strength. Since 1.4 MPa is the strength of the imaitr seems that the effect of the
strength of the interface on the strength of thexspen hits a limit when the strength of
the interface is equal to or higher than that ef mmatrix. As analysed previously, the
strength of the interface between LP particles laydfration products is believed to be
equal to or higher than that of the matrix. Therefadhe contribution of LP to the
strength of the specimen is very significant.

Fig. 4.15b presents the influence of the stremjtthe interface on the fracture
energy in specimens with the filler which has thene PSD as LP and M6. The effect
of the particle size distribution of fillers is ndistinct. It is known that propagation of
more cracks consumes more energy, and less ereengeded to form cracks located at
a weaker interface. Since more cracks develop détreasing interface strength, the
total fracture energy does not change much. Asiomed in section 4.4.1, the strength
of the interface between M6 particles and hydrapooducts is much lower than that
between LP particles and hydration products. Theakvinterface causes more and
wider cracks. These findings are supported by tieevation in Fig. 4.5, which shows
that the cement paste blended with M6 has morenéahel cracks than that with LP.
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Fig. 4.14 Simulated tensile stress-strain diagrath® specimens with the filler that has the sai8® Rs
LP (a) and that with the filler that has the sarB&®Rs M6 (b) at different interface strength.
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Fig. 4.15 Simulated influences of the strengthhaf interface on the strength (a) and fracture gnéo)
of specimens.

4.6 Discussion

A combined experimental and numerical study wadopmed on the mechanical

properties of the interface between filler parscknd hydration products. The crack
patterns and the fracture surfaces in the loadeteot pastes blended with different
fillers were investigated by SEM observations.dtild be confirmed that the interface
between LP particles and hydration products is matobnger than that between M6
particles and hydration products. Furthermoreppgears that the interfaces between LP
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particles and hydration products are superior mengfth compared to the hydration
products themselves.

To further investigate the mechanical propertiethefinterface, the effects of the
interface strength on crack propagation, tensitength and fracture energy were
investigated numerically using a lattice model.rirra comparison of the experimental
results with simulations it could be inferred thla¢ strength of the interface between
M6 particles and hydration products is so low thia¢ interface has almost no
contribution to the strength of the specimen. Timding is in agreement with previous
observations in chapter 3 that the interface batweé does not contribute to the
strength of cement paste. Termkhajornkit et al] f#6o claimed that fine quartz grains
have no significant contribution to compressiversgth of cementitious materials. On
the other hand, from the observations it is belietleat the strength of the interface
between LP particles and hydration products is kguar higher than that of the matrix.

It is well known that there is an interfacial traim zone (ITZ) between the
aggregate particles and cement paste in concretabe of a ‘wall effect’, which arises
due to the packing of cement grains against thgetaaggregate particles [21]. In case
of cement paste blended with fillers, there is nohsa ‘wall effect’ as fillers have
similar grains size as Portland cement. The boetisden filler particles and hydration
products are the key to understand the differebetseen the mechanical properties of
the interface between LP particles and hydrati@dpcts and that between M6 particles
and hydration products. Among hydration productsS-8 is the most important
component and the main binding phase in the cepaste, and its presence is critical
for the development of strength of cement pastg [22

In previous sections, it was found that the bontivben limestone particles and
hydration products is stronger than the bond betweé&ronized sand particles and
hydration products. However, what type of bond pisvand how the chemistry and
surface characteristics of fillers affect the bamd still not very clear. From molecular
simulation studies and direct-force measurementatbsnic-force microscopy (AFM),
it has been inferred that short- and medium-rangtace forces, which are caused by
partially or totally hydrated calcium ions betwe€hrS-H particles, are essential
components of cement strength, with additional oations from van der Waals and
capillary forces [23-25]. Since the surface fore@e responsible for the strength of
hydration products, mainly C-S-H, the surface fergeluding the van der Waals force,
the electrostatic force and the ionic-covalent dofsee section 2.3.2) are suggested to
contribute to the bond strength between the surtdciller particles and C-S-H. A
more detailed study of the bond between the sudéa&éler particles and C-S-H will be
presented in the following chapter.
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4.7 Conclusons and outlook

To evaluate the mechanical properties of the iaterfbetween filler particles and
hydration products, a combined experimental anderigal investigation was carried
out. The crack patterns and the fracture surfatésaded cement pastes blended with
fillers were investigated by SEM. Parallel with t8&M observations, the influence of
the interface strength on crack propagation, tensiiength and fracture energy was
investigated numerically by using a lattice modeurthermore, interfacial bonds
between the surface of the filler particle and lyidn products were discussed. Based
on the study, the following conclusions can be araw

* Experimental observations demonstrate that in #aent paste with LP the
cracks tend to propagate through the matrix anddawopropagate through the
interface between LP particles and hydration prtglu€he fracture surface
between LP particles and hydration products is mouthere are hydration
product residues left on the surface of LP pasiclEhis indicates that failure
occurs to a greater extent in the hydrations prisducis inferred that the bond
between LP particle and surrounding hydration petslis relatively strong.

* In the cement paste with M6 the cracks have a tenyd® propagate through the
interface between M6 particles and hydration présitithe M6 particles have a
smooth fracture surface. Few hydration productiess can be found on the M6
surfaces, which indicate that failure occurs toreatgr extent at the interface
region. It is inferred that the bond between LPtipes and hydration products
is much stronger than that between M6 particleshsaidation products.

* Numerical simulations suggest that the strengthhef interface between M6
particles and hydration products is so low thatas little contribution to the
strength of the cement paste. This is in agreenvéhtthe experimental results
from literature [26, 27]. By contrast, the strengththe interface between LP
particles and hydration products is suggested teqo@l to or higher than that of
the matrix.

* The findings in this chapter bear out that the oletens presented in chapter 3
that the limestone has better adhesion propeti@s tmicronized sand. These
findings can be considered as a validation for acindrea concept for strength
development which was discussed in chapter 3. Meéewthe study also
provides insight into adhesion mechanisms betwilen pparticles and hydration
products. The further study of the adhesion medmasiwill be presented in
chapter 5.
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Filler-hydrates Adhesion M echanisms

In the previous chapter, it was
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hydration products. In this o arpe -

chapter, the affinity of filler ol %

surfaces to ions in the pore g B W = %

solution of cement paste is gy

reported from the viewpoint of

the governing mechanisms. The various interactimtaeen the filler surfaces and ions
are illustrated by results from zeta-potential neasents, and further illustrated by
microscopic observations of the morphology andrithstion of hydrates on the filler
surfaces. The C-S-H/filler adhesion appears to miépen the interactions between a
filler surface and calcium ions. In the case otiteJ the interactions between a filler
surface and calcium ions are predominantly detegthlyy acid-base interactions, which
lead to the formation of a strong bond (most likielyic-covalent bond). In the case of
silica, the adhesion is found to be governed bgtamactive ion-ion correlation force.
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Introduction

5.1 Introduction

In the previous chapter the interface between Liffigkes and hydration products was
found to be much stronger than the interface betwe& particles and hydration

products, and even stronger than the hydration ymtsdthemselves. Mehta and
Monteiro [1], French and Mokhtarzadeh [2] and Beetzal. [3] also found that

limestone exhibited superior bond interactions abi@ristics with hydrates, if

compared to those of silica. This result was disedsto be due to the favourable
physical and chemical properties of the limestaméases. However, the effect of the
filler chemical properties on interfacial bond wast fundamentally approached or
substantiated. Justification of the exact naturéhefeffect of fillers in a cement-based
matrix, and improvement of these (positive) effeatr® still challenges. This is
especially the case when mechanical propertieseointerfaces between filler particles
and hydration products are of concern or interest.

Understanding the cohesion between C-S-H partislas initial step to study the
adhesion mechanisms between C-S-H particles ded fidrticles. The cohesion forces
in hardened cement-based materials were invedtigatviously by many researchers
[4-9]. The results indicate that the inter-layelczan ions are linked to the tobermoritic
C-S-H lamellae by a strong ionic-covalent bond.-@-famellae are compactly stacked
due to this ionic-covalent bond, forming a C-S-Hitigke with typical dimensions of 60
x 30 x 5nmi. The cohesion between these C-S-H nanoparticlesimsequence of ion-
ion interactions. As mentioned in section 2.3.8¥#se ion-ion interactions are caused
by the very high negative charge density of the-B-Barticles and the presence of
divalent counterions, e.g. €a

This chapter reports on the effects of surface gnitgs and related ionic charge
interactions of filler particles on adhesion betwéaS-H particles and filler particles.
Two types of filler are considered: micronized samdl limestone powder. The nature
of the various interactions (mainly, the interactibetween calcium ions and filler
surface) is studied via zeta potential measurementsodel solutions, simulating the
pore solution of cement paste. Microscopic obsematof the nucleation and growth of
C-S-H on the surface of these filler particles pexformed by scanning electron
microscopy (SEM) in order to further elucidate tha@steractions. The influence of the
chemical properties of the fillers on the strengttihe bond between C-S-H and filler
particles is discussed based on these zeta pdteméiasurements and microscopic
observations. This discussion provides a deepgghhito the adhesion mechanisms
between C-S-H and filler particles.

52 Materialsand experimental methods
521 Materialsand mixture

Portland cement (OPC) was used for the study s @hapter. The fillers used were
limestone powder (LP) and micronized sand (MS). Themical composition and
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physical characteristics of these materials weponted in Table 3.1. The mineral
composition of OPC was presented in Table 3.2.rtteloto get more accurate zeta
potential measurements, the fillers used for the petential test were ground. After
grinding, the LP particles have an average siz@ pim, while the MS particles have a
size of 13 um. To maintain nucleation and growtlCeb-H on the surface of both filler
particles in constant solution and identical cands, only one specimen was prepared
for microscopic observations of the morphology wdtation products on filler surfaces
by mixing OPC, LP, MS and water. This mixture wasated as OLM (OPC+LP+MS).
The percentage of different filler and the watetboder (w/b) ratio are given in Table
5.1. This mixture was prepared in a Hobart mixewading to the standard procedures
described in ASTM C305 [10].

Table 5.1 Mixture compositions of blended cememt@a

Mixture OPC*(%) Limestone powder *(%) Micronized sand *(%) w/b

OLM 60 20 20 0.4

* Percentage of the total mass of binder by weight.

5.2.2 Cement pastefiltrate analysis

A VARIAN Vista 720 ICP-OES was used to analyse #hemental concentrations in
OLM paste filtrates. The filtrates of the fresh OLpaste were collected at each
required time by vacuum filtration using 0.22 pefi paper. The OLM paste filtrates

were then stored in sealed 20 ml plastic vialsl uised. -

5.2.3 Zetapotential test

5.2.3.1 Technical background and considerations

The zeta potential is a measure of the charge niclgs suspended in a solution. As
shown in Fig. 5.1, a charged particle surface etra layer (Stern layer [11]) of

counter-ions (ions of opposite charge). In thistayhe strongly adsorbed counter-ions
do not fully offset the surface charge. A secongeigdiffuse layer) of more loosely

attracted counter-ions forms subsequently. At daterdistance from the particle

surface, the surface charge will be fully balanbgdcounter-ions. Within the diffuse

layer, there is a notional boundary (the sheareplarFig. 5.1) where ions and particles
form a stable entity. The ions beyond the boundanyain in the bulk dispersant. When
the net electrical charge contained within the laauy is positive or negative, particles
will migrate towards the oppositely-charged eled#&roThe higher the net electrical
charge, the faster the particles will migrate. Pogential at the location of this shear
plane is the zeta potential, which is related todtarface charge of the particle.

Two important concepts are related to the concegtraanner of executing zeta
potential measurements. One is the point of zemrgeh (PZC). It corresponds to

79



Materials and experimental methods

conditions in which the surface charge of the sdiequal to zero. The PZC does not
necessarily correspond to a zeta poted#@l Another one is the iso-electric point
(IEP). It corresponds to a zeta potenfr), and hence to a zero electrophoretic
mobility, but not necessarily to a zero surfacerghdl2, 13].

The surface charge of particles in a solutiongs atfluenced by the adsorption of
ions from the solution onto their surfaces. Funtin@re, processes such as dissolution of
mineral phases, precipitation (heterogeneous ntimteand crystal growth) and ion
exchange are influenced by adsorption [14]. Thewre raainly two mechanisms of
adsorption. One is the chemical adsorption of sslainto the surfaces, by formation of
coordinative bonds The other one concerns electrical adsorptionotiftes onto the
surfaces, such as electrostatics interactions afaripation interactions [16]. With
regard to the work in this chapter, the followingeds to be considered: C-S-H is
formed by dissolution-precipitation process duritige hydration of cement. The
presence of fillers affects the process of the rbgeneous nucleation and crystal
growth of C-S-H. Additionally, the molecular (atarpiinterface structures are also
affected by the adsorption of ions on the surfdctller particles. Adsorption of ions,
in turn, affects the surface charge of these §lldn other words, the adsorptions
mechanisms are linked to alterations of surfacegehand consequently related to
nucleation and growth of hydration products andptaperties of the interface between
C-S-H and filler particles.

5.2.3.2 Zeta potential measurements

The surface charge, or zeta-potential, is deterhip@sed on the particle velocity,
induced by a potential difference applied acrossallary cell containing the sample
(and particles respectively), as schematicallysitated in Fig. 5.1. Appling a controlled
electric field by means of electrodes immersedhim $ample suspension, the charged
particles will move towards the electrode of opposharge. From the known applied
electric field and measured patrticle velocity, gaaticle mobility is determined. Based
on the particle mobility, the zeta-potential, whishrelated to the surface charge of the
particle, can be calculated by using the Smoluckomsdel [17].

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

" Coordinative bond is a type of bond in which theared pair of electrons are supplied by one of the
reacting molecules. The molecule which donatesetbetron is called the donor and the one that dscep
it is called the acceptor [15].
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Fig. 5.1 Schematic illustration of the electricalidle layer and principle of a zeta potential test.

5.2.3.3 Preparation of suspensions

The zeta potential tests for the various partiateghis study were performed in five

series of model solutions. The detailed chemicahmusition of the five model

solutions is shown in Table 5.2. The zeta potewtidlS and LP particles was initially

measured in agueous NaOH solutions with differententrations, where the pH of the -
NaOH solutions was 8, 9, 10, 11 and 12, respegtitelorder to evaluate the effect of

different concentrations of &4 Na', K" and SQ” ions on the surface charge of the

filler particles, the zeta potential measuremengsenalso performed separately for the

MS and LP particles suspended in solutions witfedkiht concentrations of Ca(OHl)

and in mixture solutions of Ca(OH} NaOH, Ca(OH)+ KOH and Ca(OH)+ K,SO,

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

Solution 1 Solution 2 Solution 3 Solution 4 8omn 5
NaOH pH Ca(OH) pH Ca(OH) NaOH Ca(OH) KOH Ca(OH) K,SO,
- 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

524 SEM analysis

ESEM Philips XL 30 was used for morphological invgation of the hydration

products on the surface of filler and cement plagicThe sample preparation for SEM
analysis was performed according the proceduresrtexp by Berodier and Scrivener
[18], as follows: at each required time intervdloat 1 g of the OLM paste was taken to
stop hydration by solvent exchange with isopropaafier stopping cement hydration
and removing the isopropanol, the paste collapseddried powder; the dried powder
was then collected and stored under vacuum in acader until used. SEM

observations were performed on the dried powdetedday carbon. SE mode was used.

5.3 Reaults
5.3.1 Chemical composition of cement pastefiltrate

Table 5.3 lists the chemical composition of thediles of the OLM paste. It shows that
upon contact with water ions go into solution glyckWithin 10 minutes, the
concentration of Na K", SQ* and C&" ions increases significantly. The silicate
concentration is very low and the aluminate conegioin is even lower. This is in
accordance with reported pore solution composifit®]. Since the liquid phase of
cement paste at early stage mainly consists 8f Kig SO and C&" ions, lime, alkali
hydroxides, or alkali sulfate solutions were usedhe liquid phase to measure the zeta
potential of MS and LP particles.
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Table 5.3 Elemental concentrations for cement ({fdstges

Time Na (mM) K (mM) S (mM) Si (UM) Al (UM) 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
1h 80.1 180.6 65.7 39.3 <37.0 16.6
3h 94.2 200.7 77.5 142.9 <37.0 16.1

5.3.2 Zetapotential

5.3.2.1 Effect of pH

The evolution of the zeta potential of MS and LRtipkes as a function of pH was
determined in a series of model solutions (Tab®).5The results for NaOH solution
(solution 1, as shown in Table 5.2) are presenteéig. 5.2. The measurements in
NaOH solution were performed in the pH range frono8l2, in order to obtain an
overall information on the zeta potential valuesv$ and LP patrticles from close to
neutral (pH 7) to an alkaline medium. In an aciiedium, LP particles could dissolve
and generate COTherefore, no measurements were performed irfutico with the
pH lower than 8.
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Fig. 5.2 Evolution of the zeta potential of MS auié particles as a function of pH in NaGidlution
(higher pH— more negative for zeta potential).

As can be seen in Fig. 5.2, in the pH range of Bltthe zeta potential of both MS
and LP particles ranges from -20 to -56 mV. Tha peitential values for LP are stable
and around -20 mV. The zeta potential for the M8iglas reaches -60 mV at pH 11.
The potential for LP particles remains less neggtinan that for the MS patrticles in the
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full pH range of this test. The values recordegdhtl2 are slightly different from those
at pH 11: less negative for LP and similar to pHfa1MS. Since these values could
have been affected by interferences within the oreasent itself (mainly due to a
normally observed abrupt increase of the ionicngjil@conductivity of the solution in

ranges of pH below 2 and higher than 11.5), thelt®st pH 12 are considered as
indicative, rather than as absolute values.

With regard to MS particles, the main cause ofaefcharge generation at the
silicate-solution interface is due to dissociatmmthe silanol groups at this interface.
The dissociation is related to gain or loss of@an, which depends on the pH value of
the aqueous phase [20, 21]. The silanol groupsune water dissociate through the
following reactions [14, 22]:

=SiOH + H = =SiOH," (6.1)
=SiOH + OH = =SiO + H,0 (6.2)

The H and OH ions are the potential determining ions for silis&ith an
increase of pH, more silanol groups are ionized tedsurface charge of silica hence
becomes more negative (Fig. 5.2).

Different from the generation of surface chargesdita, which corresponds to
ionization of surface silanol groups, the surfabarge of calcite is associated with
surface defects. There are three main groups dacurdefects [12]: (1) Structural
defects of the crystal lattice; (2) Defects dueido exchange, involving ions in the
crystal lattice and ions in solution; (3) Defeceused by surface chemical reactions
with constitutive ions or adsorption on the surfatlee principal mechanism of charge
development at the calcite-water interface is agslito be a preferential hydrolysis of
surface calcium and carbonate ions, followed by #usorption of the resulting
complexes at the surface [23]. Additionally, prexdcstudies [12, 24, 25] showed that
the zeta potential determining ions for calcite &#*and CQ%, i.e. the crystal-
constituting species, whereas the pH seems todee@nd-order controlling parameter
through its influence on the GOHCO; and C&*/CaOH speciation, both in the
solution, as well as at the calcite/water interfabieerefore, Fland OH are generally
not considered as zeta potential determining ionsdicite [26].

As can be seen in Fig. 5.2, the zeta potentialabdite (LP particles) did not
significantly vary in the range from pH = 8 to pH18, while a gradually increasing
negative charge for the MS patrticles in identieGdlisons was observed. Other authors
have reported a similar result for LP [27]. Theiatwon of zeta potential as a function of
pH for the LP particles is probably caused by theildrium of the dissolution of
calcium and carbonate ions, and the adsorptionhef dcomplexes formed at the
calcite/water interface.

5.3.2.2 Effect of C&" concentration

The zeta potential of LP and MS particles in solui of Ca(OHy(solution 2, as shown
in Table 5.2) was measured as a function of' @ancentration and compared to the
zeta potential of OPC patrticles measured by Naahbtal. [28] and C-S-H particles
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measured by Helene et al. [29] and Nachbaur ¢28], respectively. The results of the
measured zeta potential are depicted in Fig. $8.figure shows that for OPC, MS and
C-S-H patrticles a similar iso-electric point (IERas recorded, which was reached at a
C&" concentration of about 2 mmol/L. This because ORS,and C-S-H particles are
very rich in silicate, as reported by Nachbaur &t [28]. At very low C&"
concentrations, the silica layers are partiallyized as SiO groups, leading to an
overall negative zeta potential if no counter ians specifically adsorbed. As outlined
in section 5.2.3.1, adsorption plays an importate in the surface charge. At higher
Cd" concentrations (but still lower than 2 mmol/L) adstion of C&" ions on the
surfaces of OPC, MS and C-S-H particles partialynpensates for this negative
charge, resulting in lower absolute values of thazpotential. When the €a
concentrations are higher than 2 mmol/L, the adimrpof the C&  gradually
compensates the negative charge on the surfaddindeéo a ‘reversal’ of the zeta
potential (to positive values). Hence, the zetapil of the MS particles, was positive
for C&* concentration higher than 2 mmol/L.
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Fig. 5.3 Evolution of the zeta potential of OPC, M3S-H and LP particles as a function of*Ca
concentration in Ca(OH¥polution (pH of 9.2 to 12.3).

For LP particles the evolution of zeta potentiaisus C&" concentration shows a
different trend compared to OPC, MS and C-S-H pladi A much lower Ca
concentration of ca. 0.4 mmol/L was needed forLtRgarticles to reach the iso-electric
point (IEP). Compared to the zeta potential of latiples in NaOH solution at pH of 9,
10, 11 and 12 (Fig. 5.2), the zeta potential inGE4)% has a higher positive value for the
same pH. According to the reported mechanisms afrgeh development at the
calcite/solution interface [12, 23-25], in NaOH wabn of pH > 8, the zeta potential of
the LP particles was dominated by hydrolysis oticah ions on the particles surface,
leading to an overall negative zeta potential (big). In other words, at a pH of about

85



Results

9 and very low C& concentrations (< 0.4 mmol/L for the Ca(QHplution and O
mmol/L for the NaOH solution), the hydrolysis ofrface calcium ions dominated the
zeta potential. Upon increase of the“Ceoncentration, the zeta potential shifted to
more positive values as a result of Cadsorption on the particles surface (Fig. 5.3). At
higher C&" concentrations (> 0.4 mmol/L), adsorption of em&IC&" ions, rather than
hydrolysis of surface G&ions dominated the surface charge, leading teewetsal’
(from negative to positive values after IEP) of theta potential. As the &a
concentration increased from 0.4 to about 6 mmakh,amount of Cd ions adsorbed
onto the LP surface would gradually increase, whiels reflected by an increase in the
zeta potential (Fig. 5.3). The plateau region aicentrations higher than 6.0 mmol/l, as
shown in Fig. 5.3, indicates stabilization of thetaz potential and independence of
further increase of the calcium ions concentratibhis reflects a stage at which a
saturation condition was reached for the LP surface

At a given C&" concentration, the zeta potential for LP particdepeared to be
more positive compared to the recorded values REMS and C-S-H particles. These
results indicate that the surface of LP particles imore affinity for C4 compared with
the surface of OPC, MS and C-S-H particles. Thistpwill 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-HlarP particles in NaOH and KOH
solutions (solution 3 and 4, as shown in Table 82 function of calcium content is
presented in Fig. 5.4 and 5.5, respectively.

In 10 mmol/L NaOH and KOH solutions, the developmehzeta potential for
the MS, C-S-H and LP particles as a function of @ancentration (Fig. 5.4 and 5.5)
are similar to those, measured in thé Biad K - free Ca(OH) solutions (Fig. 5.3). For
the MS and C-S-H particles a similar IEP was reedrdvhich was reached at a’Ca
concentration of about 2 mmol/L in both NaOH andHK8olutions (Fig. 5.4 and 5.5).
The IEP for the LP particles was again found ag& €oncentration 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 M&S-H and LP particles
shifted slightly towards higher &aconcentrations compared to the IEPs recorded in 10
mmol/L NaOH and KOH solutions. This result confirmmeviously reported
observations from similar experiments, togethehuhie fact that sodium and potassium
are considered as ‘indifferent’ iohi28]. The zeta potential of LP and MS particles
varies almost linearly with the log of Eaconcentration near the IEP, and shifted to
higher C&" concentration for the MS particles. This indicatbst as the Ca
concentration increased, the amount of*Gans, adsorbed on the MS and LP surface,
increased gradually, accompanied by an increaghdnzeta potential. Furthermore,
these changes suggest that the surface of LP Iparti@ave a larger affinity for €a
compared to the surface of MS particles, as alsttioreed 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 aovery little effect on the zeta potential of &bt
particle.
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Fig. 5.4 Evolution of the zeta potential of MS, @4Sand LP particles as a function of®Caoncentration
in 10 mmol/L and 50 mmol/L NaOH solutions.
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Fig. 5.5 Evolution of the zeta potential of MS, @4Sand LP particles as a function of®Caoncentration
in 10 mmol/L and 50 mmol/L KOH solutions.
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5.3.2.4 Effect of S§’” concentration

The evolution of the zeta potential of MS, C-S-Hi &P particles as a function of €a
concentration in potassium sulfate solutions (smtub, Table 5.2) is illustrated in Fig.
5.6. The figure shows that there is almost no dbfiee between the behaviour of MS
and C-S-H particles. This is because the MS andHC4&articles are very rich in
silicate, as previously mentioned. The zeta patiofi MS and C-S-H particles varied
linearly with the log of C& concentration and shifted to higher’Caoncentration with
increasing sulfate concentration. With an increalséhe sulfate concentration of the
solution, the IEP for MS and C-S-H particles alkifted to higher C& concentration.

It is interesting to note that when the sulfate agmration is 10 mmol/L, the IEP for
MS and C-S-H is also at a €aconcentration of about 10 mmol/L. This means that
SO% and C&" are equally adsorbed on MS and C-S-H surfaces.obiserved linear
relation of zeta potential/log €aconcentration and the simultaneously occurring shi
to higher C&" concentration as the sulfate concentration ineasonfirm that the
adsorption of S and C&" onto MS and C-S-H surfaces are similar.

40 3 OK2504_10_C-S-H(Nachbaur et al. 1998)
30 1 WK2S504_50_C-S-H(Nachbaur et al. 1998)
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Fig. 5.6 Evolution of the zeta potential of MS, @4Sand LP particles as a function of®Caoncentration
in 10 mmol/L and 50 mmol/L ¥SO, solutions.

By contrast, in the case of LP particles, the pet@ntial varied non-linearly with
the log of C&" concentration. As shown in Fig. 5.6, the zeta-midé values for LP
slightly changed with an increase of"Caoncentration and stabilises around zero in the
50 mmol/L K,SO, solution with high C& concentration (>10 mmol/L). This is due to
the Langmuir type of adsorption of ions on the italsurface, as previously discussed
and reported by Huang et al. [24]. The basic idethe® Langmuir type of adsorption is
the coverage of the surface by a monomoleculayerlarhe adsorption only occurs on
distinct sites capable of binding the adsorbate.
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Furthermore, different from the MS and C-S-H pé#et¢c for which the IEP was
reached at equal SO and C&" concentration, when the sulfate concentration(s 1
mmol/L, the IEP for LP particles is at aa@oncentration of about 2 mmol/L. This is
attributed to the fact that calcite surfaces havegaer affinity for C&" ions than for
SO ions. This has also been reported by Pourchdt {814, who conducted a study
of adsorption of S and C&" ions on calcite. The results of their study showreat
when both SG and C&' ions adsorption on calcite reached a saturatidntpthe
amount of adsorbed €zons much higher than the total adsorbed’S6ns.

Since the adsorption of €aand SG* ions onto MS and C-S-H surfaces is similar,
while LP surfaces have a higher affinity for®#ns than S¢ ions, it is concluded
that calcite surfaces have a much higher affinity €£* ions than MS and C-S-H
surfaces. This point will be discussed in more itletasection 5.4.1.

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

In order to further elucidate the interactions kew the filler surfaces and ions,
microscopic observations of the nucleation and ¢now¥ hydration products (mainly,

C-S-H) on the surface of Portland cement (OPC)yaonized sand (MS) and limestone
(LP) particles were performed by scanning electrocroscopy (SEM). Fig. 5.7 shows
the presence of hydrates on the surface of theselps.

From the topography of the studied surfaces inQh& paste, on both MS and
OPC surfaces hydrates formed in a similar way. @herno evidence for a different
state or behaviour of the cement and MS surfactsrespect to C-S-H nucleation. Fig.
5.7a and b show the surface of MS and OPC after3D min of hydration. Small
particles can be seen on both surfaces. The ptselem to be tiny blobs, or clusters of,
most likely, C-S-H nuclei. The presence of randoufistributed nuclei on micronized
sand and Portland cement surfaces confirms thaetherfaces act as a substrate for the
heterogeneous nucleation of the hydrates. Aftergbme of the C-S-H nuclei started to
grow, presenting a needle shape morphology andaevalcium hydroxide particles
(hexagonal plates) can be identified, as showngn3: 7d and e. After hydration for 7
h and 30 min (Fig. 5.7g and h) the C-S-H crysta¢ésemvell defined as needles which
varied in growth orientation. As can be observezhdy, the nucleation and growth of
C-S-H on micronized sand grains were very simiahat on Portland cement grains.

The micrographs in Fig. 5.7c, f and i clearly shibvt limestone had a different
effect on the nucleation and growth of C-S-H comepato micronized sand and
Portland cement. After 1.5 h hydration, the limastsurface was covered with a large
amount and uniform layer of C-S-H nuclei (Fig. 9.70 contrast, at equal hydration
period of 1.5 h, the surfaces of micronized samdi Rartland cement presented only a
few dispersed nuclei (Fig.7a and b). This micragtral observation indicates that C-S-
H nucleates preferentially on the limestone surf&ig. 5.7f shows a limestone grain
after 4 h of hydration. C-S-H needles were grownseéy perpendicular to the surface,
while the C-S-H crystals on the Portland cement amdronized sand grains were
irregular (Fig. 5.7d and e). After hydration fohB30 min (Fig. 5.7i ) the C-S-H needles
were already larger. The size and length of the-l€-Barticles on the surface of
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Portland cement, micronized sand and limestonengrseemed similar with prolonged
hydration. However, the layer of hydration produots the LP surface (Fig. 5.7i)
appeared to be higher amount and more uniformlyribiged of the crystallites,

compared to these in the case of MS and OPC (Fig &d h). Similar observations
were reported by Berodier and Scrivener [18].

This difference of the nucleation and growth of €&t$hase on silica and calcite
surface seems consistent with the difference ofstiréace charge properties between
silica and calcite. The relationship between thefase charge properties and the
nucleation and growth of C-S-H phase on fillers wé discussed more in detail in the
section 5.4.2.

Fig. 5.7 Morphology of hydration products on suefaf Portland cement grain at (a2) 1 h 30 min (¢) 4
(g) 7 h 30 min, micronized sand grain at (b) 1 m3a (e) 4 h (h) 7 h 30 min and limestone graifcatl
h 30 min (f) 4 h (i) 7h 30 min.
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5.4 Discussion
54.1 Zetapotential and surface chemical properties

The molecular (atomic) interface structures whielate to the strength of the interface
is affected by the adsorption of ions on the s@rfaicfiller particles. Adsorption of ions,
in turn, affects the surface charge of these §llerhich relates to zeta potential.
Therefore, zeta potential measurements are imgottaminderstand the interactions
between the filler surfaces and ions, and filled#ayes adhesion mechanisms.

5.4.1.1 Interaction between ions and calcite surface

In section 5.3.2, it was found that LP particlefaces have a much higher affinity for
C&" ions than MS and C-S-H particle surfaces. This lmamxplained by the different
surface chemist of fillers. In the case of LP,sitbelieved that the adsorption driving
force is entirely enthalpy-governed, and the adsmmpf C&" ions onto LP surfaces is
due to a strong acid-base (donor-acceptor) inierattetween the adsorbing €aon
and the active surface site [24]. This chemicadriattion results in a strong adsorption
of calcium ions onto calcite surfaces as previods$gussed by Pourchet et al. [31]. As
a result, a more positive zeta potential is expkeated 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 Gaions onto the silica surface is caused by elettiosand non-
Coulombic interactions [32]. In fact, as alreadggested by Jonsson et al. [6] and Jang

and Fuerstenau [33], electrostatic interactioésrhain driving force for adsorption of

Cd" on the surface of silica particles. This relatyveleak interaction leads to a weak 5
adsorption of C4 and SQ” ions onto MS and C-S-H surfaces. As a result, fewer
calcium ions are adsorbed onto the MS particleased compared to LP particle
surface, which cause a lower positive zeta potentia

These interactions also play an important rolehariucleation and growth of C-
S-H phases, since the liquid phase of cement fdasfigre setting contains a high
concentration of C4 and SG* ions. Although the concentration of Kind N4 ions is
even higher, these ions are ‘indifferent’ ions. HEilecate concentration is very low and
the aluminate concentration is even lower, as showrable 5.2. This will be discussed
in more detail in the following section.

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

The difference of surface charge properties betwaeea (MS) and calcite (LP), i.e.

zeta potential values as depicted in Fig. 5.3, 5.8,and 5.6, is consistent with the
difference in nucleation and growth of C-S-H on #ikca and calcite surfaces (Fig.
5.7). This indicates the strong relationship betwé®e surface charge properties of
fillers and the mechanisms of C-S-H nucleation guadvth.
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Two types of nucleation are generally known: honmegels and heterogeneous
nucleation. Homogeneous nucleation occurs where thier no foreign constituents in a
phase. Homogeneous nucleation is initiated by &lration of the solution. In the case
that foreign constituents are present in a phasg, promote the nucleation process and
thereby increase the nucleation rate. In this 8doathe nucleation is called
heterogeneous [34]. The nucleation of C-S-H orstlréace of fillers is heterogeneous.

The adsorption of nucleus constituents onto théaserof the substrate affects
heterogeneous nucleation [14]. The overall kinetEheterogeneous nucleation and
crystal growth consists of a series of consecdieps [14]:

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

i) Surface nucleation: diffusion of adsorbed ions frma substrate to solution;
partial dehydration; formation of a two-dimensiomaicleus; growth to three-
dimensional nucleus;

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

In this study, when OPC, LP, MS patrticles and watermixed, the cement grains
start to dissolve. The solution soon contains &tsof anions and cations, and ionic
strength increases. The surfaces of OPC, LP andoMticles are soon charged. The
cations and anions compete with each other to bBbsorthese charged surfaces. As
mentioned before, the concentration of NK*, SQ® and C&' ions soon reaches
concentrations of approximately 0.08, 0.2, 0.08 &m@15 mol/L (Table 5.2),
respectively. The concentration of Kind N4 ions is very high, but these ions are
“indifferent” ions. The silicate concentration isery low and the aluminate
concentration is even lower. The high density dimaions, such as €aand SQ* ions,
dominate in this competition. The €aons, well known to be the most important factor
determining the kinetic, morphological and struatdeatures of C-S-H, also control the
heterogeneous C-S-H nucleation [35].

As previously discussed in section 5.4.1, the serfaf LP particles possesses a
much higher affinity for C& ions than that of MS particles. This is due to féuet that
the driving force for the adsorption of €dons onto LP particle surfaces is entirely
enthalpy-governed. This adsorption is caused byrang acid-base (donor-acceptor)
interaction. Because of this chemical bonding of'@ans (nucleus constituents) to the
surface of the LP particle, much more calcium ians adsorbed onto the LP particle
surfaces and thereby more positive zeta potent@leapected. The results of zeta
potential measurements, as shown in Fig. 5.3,%%and 5.6, confirmed it. Besides,
this chemical interaction enhances the adsorptforalzium ions onto calcite surfaces
and reduces the mobility of these adsorbed" @ms, which result in facilitating the
formation of a ‘stable nuclei’. This ‘stable nuc¢lesubsequently, grows to form
macroscopic particles. As a result, a high dereit@-S-H nuclei is generated on the LP
particle surfaces, which are supported by microgcopservations of morphology and
distribution of hydration products on the LP pddisurfaces, as shown in Fig. 5.7.
Furthermore, the C-S-H growth orientation is unifioand perpendicular to the LP
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particle surfaces (Fig. 5.7). This is likely dueth@ strong chemical interaction, which
is able to stabilize the C-S-H crystal phase.

MS, OPC and C-S-H with similar surface propertieaye no affinity for C&
ions. The adsorption of €aand SG* ions onto MS, OPC and C-S-H particles surfaces
is similar, which was confirmed by zeta potenti®asurements, as shown in Fig. 5.6.
The adsorption is mainly driven by electrostati¢eraction. This relatively weak
interaction leads to a weak adsorption of ‘Gand SG* ions onto MS, OPC and C-S-H
particle surfaces and high mobility of these adedrB&*, which make these adsorbed
ions to diffuse into the solution again easily. sAsesult, less calcium ions are adsorbed
onto the MS, OPC and C-S-H particle surfaces, whase less positive zeta-potential.
These were confirmed by the zeta potential measemtsnas shown in Fig. 5.3, 5.4, 5.5
and 5.6. This relatively weak interaction is unfarable for the formation of the ‘stable
nuclei’. Consequently, only a few dispersed nualere generated on the MS and OPC
particle surfaces, which are confirmed by microscapservations of morphology and
distribution of hydration products on their surfacas shown in Fig. 5.7. Moreover, the
variation of the C-S-H growth orientation (Fig. boh MS and OPC particle surfaces is
probably due to the weak electrostatic interactwinich makes the C-S-H crystal phase
attached to MS and OPC particle surface insecure.

5.4.3 Filler-hydrates adhesion mechanisms

In the previous chapter, we found that the bondveen LP particles and hydration
products is much stronger than that between MScpestand hydration products, and
even stronger than that between hydration prodtiesmselves. To understand the
strength of the bond between filler particles angdration products, adhesion
mechanisms between filler particles and C-S-H aee key. As previously outlined
(section 5.2.3.1), the interactions between iorthépore solution of cement paste and
filler surfaces affect the molecular (atomic) iféee structures and hence the strength
of C-S-Hffiller bond. The relation between theseeractions and the strength of C-S-
H/filler bond is discussed in what follows, emplzasyj 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 sinsilaface charge properties, the electric
interaction between C-S-H surface and silicateaséris similar to that between C-S-H
surfaces. From direct-force measurements [7, 36Jsanulation studies [4, 6, 37, 38], it
has been inferred that the cohesion between C-&rtitles is a consequence of ion-ion
correlation forces. The van der Waals force hay @anmarginal contribution to the
strength of C-S-H [5-7, 9, 39]. The existence & #ttractive ion-ion correlation force
between silica particles was also confirmed by ksgA0]. These cohesion mechanisms
between C-S-H particles and between silicate pestican also be applied to the
adhesion between C-S-H and silicate particle sineeC-S-H and silicate particles have
the similar surface charge properties.
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As shown in Fig. 5.8, a dielectric continuum wadad ions are in between C-S-H
surface and silicate surface. In these two surfagils an intervening electrolyte
solution, the overwhelming majority of instantangownic configurations lead to
polarizations of the ionic clouds. For example, ¢fieess of Cd ions in the right of the
mid-plane leads to a deficit in the left, whichuks in an overall positive charge in the
right side, and an overall negative charge in thi¢ $ide (Fig. 5.8). This charge
separation gives rise to an attractive ion-iona@atron force, acting in the same way as
if a correlations between fluctuating electronipales would give rise to the London
dispersion force. This force mainly depends on shdace charge density and the
valence of the counterions. More details abouticganeorrelation force can be found in
section 2.3.3.4.

However, it seems contrary to the finding that twhesion between C-S-H
particle and micronized sand (silicate) particlevesy weak. This can be explained by
the fact that C-S-H have a much larger surface @r@a micronized sand. The surface
area of the C-S-H particle is quite variable, watkonservative value of 200%y [41],
while the specific surface area of the micronizadds(silica) particle is roughly around
1 nfl/g (Table 3.1). As a consequence, there are a fawact points between the
micronized sand (silica) particle and C-S-H pagticThis leads to a weak adhesion
between the micronized sand (silica) particle an&-B particle, even though the
adhesion force between the micronized sand (silpzajicle and C-S-H particle is
similar as the cohesion force between C-S-H padicl
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Fig. 5.8 Schematic representation of two surfasiisg surface and C-S-H surface) and Gaunterions.
The two surfaces are separated by a dielectriGrmanh in which C&' ions are free to move. Additional
salt pairs have been left out for clarity. In theexwvhelming majority of possible configurationsgth
distribution of ions is neither symmetrical withspect to the mid-plane nor homogeneous along the
vertical axis. The excess of ions in some placasldeto a deficit in other places. This generates an
attractive ion-ion correlation force. D is the iféger 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 geérg large, i.e., a conservative value
of 200 nf/g [41]. The specific surface area of LP partideesoughly less than 1 7y
(Table 3.1). It is obvious that the contact poib&tween the LP particle and C-S-H
particle are much less than those between C-S-kclear and would be similar to
MS/C-S-H interactions if only surface area is cdased. In spite of this, the adhesion
between LP particle and hydration products is eseganger than that between the
hydration products. There should be a much strobged between C-S-H particle and
calcite particle compared to the bond between Cy&iticle and silicate particle.

As discussed in section 5.4.1, the surface of LRigkes has a much higher
affinity for calcium ions than for sulfate ions digethe fact that the driving force for the
adsorption of C& ions onto LP surfaces is entirely enthalpy-goverrighis adsorption
is caused by a strong acid-base (donor-accepttmaiction. Because of this chemical
bonding of C&" ions (nucleus constituents), much more calciuns mre adsorbed onto
the LP surfaces. A more positive zeta potentialLférparticles can be expected. These
results from zeta potential measurements, as shawhig. 5.3, 5.4, 5.5 and 5.6,
confirmed it. Besides, a high density of the C-3uktlei generated on the LP surfaces
(Fig. 5.7) is an additional supportive evidence.

This very strong bond between C-S-H and LP pagigevery likely caused by
the strong adsorption of calcium ions onto calstigaces. It most probably is an ionic-
covalent bond, as schematically illustrated in F@. This mechanism of chemically
adsorbed C4 ions on calcite surface is similar to the onerdéi-layer calcium ions
linking to the tobermoritic C-S-H lamellae by aastg ionic-covalent bond. More
details about ionic-covalent bond and the tobertico@-S-H lamellae can be found in
section 2.3.2. The chemically adsorbedf’Oans ‘connect’ the C-S-H lamellae and
calcite surface by similar ionic-covalent bondsuléng in an interlayer separation (D, -
Fig. 5.9) at a subnano level. This is probably tbason why the interface between
hydrates and limestone particles has very higlstaaste to crack propagation, as shown
in Fig. 4.5.
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Fig. 5.9 Schematic representation of calcite serfaud C-S-H surface, and Cions in the between. The
two surfaces are separated by a dielectric contmiruwhich C&" ions have low mobility. Additional
salt pairs have been left out for clarity. The strahemical bonding of calcium ions to limestondaze
results in a very strong filler/C-S-H bond (mogely ionic-covalent bond). D is the interlayer seytion.

In summary, the strength of the bonds betweenillee particles and hydration
products, and the cement hydration process itsei, strongly affected by the
adsorption of calcium ions onto the filler surfac@$is adsorption depends on the
chemical properties of fillers. Fig. 5.10 shows @rerview of the influence of the
chemical properties of fillers on the adsorptiorcalcium ions, the heterogeneous C-S-
H nucleation and crystal growth, and strength dgselent of the interface between the
filler surface and hydration products.

1) As shown in Fig. 5.10a, at the beginning of therhtidn process, much more
calcium ions are adsorbed on LP surfaces than onsifaces, which were
supported by results from zeta-potential testss Thiattributed to the fact that
the adsorption driving force is a chemical intei@cfor LP but it is a relatively
weak electrostatic interaction for MS.

i) As shown in Fig. 5.10b, with the on-going hydratmocess, a high density of
adsorbed calcium ions caused a high amount of C#sidtei on LP surfaces.
By contrast, a relatively low density of adsorbettitim ions resulted in only a
few dispersed nuclei on the MS surfaces. This wesialised by SEM
observations.

i) As shown in Fig. 5.10c, with enhanced hydration amteased amount of
hydration products (mainly, C-S-H), the cement dillgér grains become
interconnected i.e. bridged by the C-S-H gels, ileado setting and strength
development. Chemically adsorbed ?Caons onto LP surfaces led to the
formation of a strong bond (most likely, ionic-cterat bond) and thereby
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resulted in a strong link between LP particles &w$-H. By contrast, a

relatively weak, electrostatically adsorbed?Cians onto MS surfaces resulted
in an attractive ion-ion correlation forces and dena relatively weak

connection between the MS particles and C-S-H. SIBM observations of the

crack paths and fracture surfaces of cement pafttrsapplying a mechanical
load indicated the strength of the bond betweder fdarticles and C-S-H.
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Fig. 5.10 Schematic diagram of the influence ofngical properties of fillers on the processes, sash
adsorption of calcium ions (a), heterogeneous mtide and crystal growth (b), and strength
development of interface between the filler pagschnd hydration products (c).
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5.5

Conclusions

This chapter discussed the adhesion mechanisme&et@-S-H and the surface of two
different filler particles (micronized sand and éstone powder). The surface charge
properties of the two different fillers were stutliesing zeta-potential measurements.
Microscopical observations of nucleation and growthC-S-H on patrticle surfaces
were carried out by SEM. The relation between tiréase properties of filler particles
and the strength of the C-S-H/filler bond was désad. Based on this study, the
following conclusions can be drawn:

1.
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The zeta-potential measurements showed that mizgdrgand, cement and C-S-
H particles have similar surface properties dughtofact that they are rich in
silicate. Micronized sand and C-S-H have low affirfor C&* ions. This was
confirmed by the fact that the adsorption of Cand SG* ions onto micronized
sand and C-S-H surfaces is similar. The adsorgtid®&* ions onto micronized
sand and C-S-H surfaces is mainly driven by reddyiweak electrostatic
interaction.

Compared to micronized sand and C-S-H, the sudaedimestone particle has

a higher affinity for C& ions due to a moderately strong acid-base (donor-
acceptor) interaction between the adsorbing @m and the active surface site.
This is supported by the fact that LP surfaces raweuch higher affinity for
Cd" ions than SGF ions, which was confirmed by the zeta-potential
measurement.

Microscopic observations showed that limestone dakfferent effect on the
nucleation and growth of C-S-H compared to micredizand. On the surface of
limestone, a much higher amount of C-S-H nucleienggnerated, whereas only
a few dispersed nuclei were observed on micronigaadd surfaces. These
observations confirmed the difference of the inteoam between the adsorbing
C&* ions and filler surfaces.

The results showed a strong relation between saréhemical properties and
the strength of the C-S-H/filler bond. This relatican be explained by the fact
that the surface chemical properties of fillers govthe adsorption reaction of
calcium ions on their surfaces. Chemically adsorigattium ions onto a

limestone surface led to the formation of a rektivstrong bond (most likely

ionic-covalent bond) between a limestone particid &€-S-H. By contrast, a

relatively weak electrostatically adsorbed “Caons onto micronized sand
surface resulted in an attractive ion-ion correlatiorce and hence a relatively
weak bond between a micronized sand particle aBdHC-
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Fracture Behaviour of Cement Paste with
Different Filler-hydrates Adhesion Properties

In the previous chapters w
have seen that limeston

’ " Distribution
powder has much bette
adhesion properties tha \
micronized sand. With
different adhesion properties
the effect of microstructura . g
features (size, shape, surfar Shape
roughness), particle  siz:
distribution and  volume
fraction of filler on the
fracture behaviour of blende
cement paste is supposed

be different as well. In order
to understand the effect of the microstructuratuess, particle size distribution and
volume fraction of filler on the fracture behavioafrblended cement paste with either
strong or weak filler-matrix interface, microscaienulations with a lattice model are
carried out. The results show that the strengttheffiller-matrix interface, rather than
the microstructural features, particle size disttitn and volume fraction of filler, plays
a dominant role in the crack propagation and thength of blended cement paste. The
knowledge acquired here provides a clue, or dmecfior improving the performance of
existing fillers. To improve the performance ofldis in cement paste in terms of
strength, priority should be given to improving thend strength between filler particles
and matrix, not to modifying the microstructuralatieres (i.e., shape and surface
roughness) of filler.

Surface roughness




Introduction

6.1 Introduction

In previous chapters, it was found that the stiemgtthe interface between micronized
sand particles and hydration products was so l@awitrhas no noticeable contribution
to the strength of the paste. By contrast, thengtreof the interface between limestone
particles and hydration products was suggestee teqoal to or higher than that of the
matrix itself. This is because the limestone hasiebeadhesion properties than
micronized sand.

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

In this chapter microscale simulations with theid¢at model are presented. The
effect of microstructural features, particle sizstribution and volume fraction of filler
on fracture behaviour of blended cement paste widak and strong filler-matrix
interfaces will be studied. The strong filler-matiinterface simulates the interface
between limestone particles and hydration produetsereas the weak interface
simulates the interface between micronized saniicfess and hydration products.

6.2 Numerical smulation approach

The effect of the following features of filler witle investigated here.

* Size

* Shape

» Surface roughness

» Particle size distribution

* Volume fraction

The lattice model was used. The numerical simulatpproach was described in
section 4.3. In this lattice model, all specimers &f a size of 100 x 100 x 1 A
uniaxial tensile test is conjured by fixing all thedes on the bottom surface of the
specimen and imposing a uniform surface load ondpesurface, as shown in Fig. 4.4.
The mechanical properties of the interfaces betwiar particles and hydration
products, together with filler and matrix, are givia Table 6.1.
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Table 6.1 Mechanical properties of filler, matrndathe interfaces of mature paste.

Material properties Young’s modulus E [GPa] Tenstlength f[MPa] v
Filler 71 2.1 0.2
Matrix 22 1.4 0.2
Strong interface (SI) 17 1.4 0.2
Weak interface (WI) 17 0.4 0.2
6.3 Results

6.3.1 Effect of filler distribution

The concentration of the filler particles in a Ibped region may have an effect on the
strength of cement paste. In this section, fivéed#int distributions of filler particles are
considered and divided into two groups, as showhign 6.1. The left column in Fig.
6.1 represents the group with strong interface; (Big right column is that with weak
interface (WI). The filler particles in the specimef Fig. 6.1a and b are uniformly
distributed. The filler particles in the rest oketspecimens are randomly distributed.
The diameter of filler particles is 10 um. Theellivolume fraction is 25%.

The micro-crack patterns for the different cemeastp specimens with strong
interface (SI) and weak interface (WI) are showirigy 6.1. Those figures show that in
the same group (left or right), the crack pattemwessimilar. This indicates that the filler
particle distribution has little influence on theack patterns. However, a big difference
between the left and right can be observed. A lamgaber of branched and tortuous
cracks can be seen in the specimens with weakfaotei(WI). Only one single crack
occurs in the specimens with strong interface @1Jl the crack pattern does not change,
regardless the distribution of filler particles. ihndicates that the strength of the
interface has a significant effect on the craclegat

Fig. 6.2 plots the stress-strain relations andatiam of the strength and the strain
at peak stress for different filler particle dibtrtions with strong interface (Sl) and
weak interface (WI). From these graphs it can leriad that the strength of specimens ﬂ
with weak interface (WI) is always much lower comgzhwith that of specimens with
strong interface (SI). The specimens with the umty distributed filler particles have
the highest strength because stresses are unifalistiyputed across the cross section
of these specimens. However, in practice, it isasgible to achieve such a uniform
distribution. For the specimens with randomly dstted filler particles, the influence
of the filler distribution on the strength of thpesimens with strong interface (Sl) is
much smaller compared with that with weak interf@4). The specimen with weak
interface (WI) and the filler particle distributighhas the lowest strength, as shown in
Fig. 6.2b. This is due to the fact that many fillearticles in this specimen are
concentrated in a small region and very close th @gher in the horizontal direction, as
shown Fig. 6.1h. This facilitates the initiation @ficks and the further propagation of
cracks leading to lower strength. However, for $pecimen with strong interface (Sl),
the initiation of cracks can be stopped due to taghl cohesive strength.
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Strong interface Weak interface
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Fig. 6.1 Micro-crack patterns of specimens witlosty interface (SlI) and that of specimens with weak
interface (WI) for different filler particle distsution (for SI and WI, see Table 6.1).

(i)

104



Fracture Behaviour of Cement Paste with Diffeif@tier-hydrates Adhesion Properties

09 N SI_Distribution 1
0.8 g SI_Distribution 2
] e SI_Distribution 3
07 4 g SI_Distribution 4
Y AR SI_Distribution 5
— 0.6 1 . ——— WI_Distribution 1
£ 05 - ; ——— WI_Distribution 2
27 /! —— WI_Distribution 3
804 - fi¢ —— WI_Distribution 4
= ] Y. ——— WI_Distribution 5
0.3 ,
0.2 -
0.1 -
0 "5 =
0 0.02 0.04 0.06 0.08 0.1

Strain [%o]

(a) Stress-strain relation for specimens with gjrimerface (Sl) and that with weak interface (WI)

1.0 g
0.8 - é
()
=
£ 06 A
©
I,
‘© _
€04
o
=z i
1 ={F=WI_tensile strength
0.2 | =O==SI_tensile strength
| ===\N|_strain at peak stress
0.0 | ==C==S|_strain at peak stress

1 2 3 4 5
Filler Distribution

(b) Variation of the strength and the strain atkpteess

Fig. 6.2 Simulated results of the filler distrilkanieffect analyses for specimens with strong iataf(SI)
and that with weak interface (WI) (for SI and WaesTable 6.1).

105



Results

6.3.2 Effect of filler size

In this section the effect of the filler particlezes on the strength and the fracture
behaviour of blended cement paste is analysed. #ffferent particle sizes (5, 10, 15

and 20 um) are considered. They are divided into gwoups as indicated in Fig. 6.3
and Fig. 6.4: on the left is the group with stronggrface (SI); on the right is that with

weak interface (WI). The filler volume fractionkept constant at 25%. With increasing
particle size, the number of filler particle de@es The filler particles in Fig. 6.3 are
randomly distributed. As reference the filler pads presented in Fig. 6.4 are uniformly
distributed.

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

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

Fig. 6.5 plots the stress-strain relations, thengfth and the strain at peak stress
for different filler particle sizes with strong [8r-matrix interface (SI) and weak filler-
matrix interface (WI). Fig. 6.5¢ shows that for ttement paste specimens with strong
filler-matrix interface (Sl) the influence of theicle size on strength of specimen is
insignificant in the case of uniform distributiohfdler particles, whereas in the case of
random distribution of filler particles the strengof the specimen decrease with
increasing particle size. This may be caused byritieasing stress concentration due
to increasing filler size. This stress concentrafiacilitates the initiation of cracks and
the further propagation of cracks leading to loweength. For the specimens with
weak filler-matrix interface (WI) the effect of gele size on the strength of specimen
is not apparent regardless the spatial distributidiiler particles.

It can be seen in Fig. 6.5a and b that the streofy#pecimens with weak filler-
matrix interface (WI) is always much lower compamdh that of specimens with
strong interface (Sl). This indicates that the efief the particle size on the strength is
much smaller than the effect of the interface gjtieron the strength of cement paste
specimen.
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Fig. 6.3 Micro-crack patterns of specimens withd@mly distributed filler particles and differentldr
particle sizes.
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Fig. 6.4 Micro-crack patterns of specimens withfammly distributed filler particles and differenitiér
particle sizes.
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Fig. 6.5 Simulated results of the filler size effanalyses for specimens with strong interface &
that with weak interface (WI) (for SI and WI, seable 6.1).
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6.3.3 Effect of filler shape

In this section the effect of the filler shape nséastigated. Four different filler shapes
are considered, as indicated in Fig. 6.6. Theydaneled into two groups: on the left is
the group with strong interface (Sl); on the rightthat with weak interface (WI). A
circular particle shape (shape 1) is used for soipl Arbitrary polygonal shapes
(shape 2, 3 and 4) are considered close to thalattape of filler particles. The length-
to-width ratio for shape 2, 3 and 4 is about 1.0, &d 3.0, respectively. The filler
volume fraction is kept constant at 25%. The diamef circular filler particles is 10
pm.

Micro-crack patterns for the filler shape sensiyivanalyses are shown in Fig. 6.6.
For the specimens with strong filler-matrix inteda(SIl) (Fig. 6.6a, ¢, e and @), the
micro-crack patterns are more or less similar.tRerspecimens with weak filler-matrix
interface (WI) (Fig. 6.6b, d, f and h), the micn@ck patterns appear slightly different
from each other. For the circular shape (Fig. 6.€@iy branched cracks are uniformly
distributed around the filler particles and tendettircle the filler particles. For the
arbitrary polygonal shapes (Fig. 6.6d, f and hg ttumber of the branched cracks
around the filler particles decrease with incregsiength-to-width ratio of particle
increases. Moreover, with increasing length-to-tvidatio, it becomes increasingly
difficult for cracks to propagate around and erleirthe filler particles. However, the
difference of the micro-crack pattern between #fe dand right group is much bigger.
This indicates that the strength of the interfaleg/a more important role in the crack
pattern than the shape of filler particles.

Fig. 6.7 plots the stress-strain relations (a) aadation of the strength and the
strain at peak stress (b) of the specimens wikkr fparticles with different shape. It is
obvious that the filler shape has a small effectttoa strength and the strain at peak
stress of cement paste specimens with strong-fillgrix interface (Sl). On the contrary,
for the cement paste specimens with the weak -illatrix interface (WI) the filler
shape has a significant influence on the strenftthe specimens. Due to the stress
concentration at the sharp edges of polygonal gearshape, both the strength and the
strain at peak stress of the specimens with cirdillar particles are much higher than
those with arbitrary polygonal filler particles. fuermore, with increasing length-to-
width ratio of the arbitrary polygonal shapes, shength and the strain at peak stress of
the cement paste specimens with the weak fillerimnanterface (WI) appear to
decrease due to the increasing stress concengation

Although the filler shape has a significant inflaeron the fracture behaviour of
the cement paste specimens with the weak fillerimnaiterface (WI), the strength of
these specimens is always much lower than thapedisiens with the strong interface
(SI1), as shown in Fig. 6.7a. This indicates that fiher-matrix interface strength is the
dominant influencing factor on the strength of teenent paste specimens compared to
the influence of filler particle shape.
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Fig. 6.6 Micro-crack patterns of specimens wittorsg) interface (SlI) and that of specimens with weak
interface (WI) for different shapes of filler patgs (for SI and WI, see Table 6.1).
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Fig. 6.7 Simulated results of the filler shape effenalyses for specimens with strong interfacg &8t
that with weak interface (WI) (for SI and WI, seable 6.1).
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6.3.4 Effect of surfaceroughnessof filler particles

The surface roughness of the filler particles ie ohthe important factors determining
the effect of mechanical interlocking between tilerfparticles and cement matrix [1].
In this section the effect of the surface roughradsthe filler particles on the fracture
properties is analysed. Three different surfacgoesses are considered, as indicated
in Fig. 6.8. They are divided into two groups: dme tleft is the group with strong
interface (Sl); on the right is that with weak ifigee (WI). The circular particle shape
is used. The diameter of the filler particles is | fa. For particles with roughness 1
(Fig. 6.8a and b) the surface is smooth. For gegtiwith roughness 2 and 3 the surfaces
are rough. The surface of particles with roughri¢sig. 6.8e and f) is rougher than
that of the particles with roughness 2 (Fig. 6.8d d). The filler volume fraction is kept
constant at 25%.

Fig. 6.8 shows the micro-crack patterns of specsnaith the filler particles at
different surface roughness. For the specimens stitbng filler-matrix interface (Sl)
(Fig. 6.8a, ¢ and e), the micro-crack patternsraoee or less similar, although the
location of the crack for roughness 1 is differdrr the specimens with weak filler-
matrix interface (WI) (Fig. 6.8b, d and f), the muecrack patterns appear similar.
Therefore, it seems that the surface roughnedsedfilter has a negligible effect on the
micro-crack pattern.

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

For the cement paste specimens with weak fillermatterface (WI) the surface
roughness of the filler particles has a significafiluence on the mechanical response
of cement paste specimen. Fig. 6.9b and c showtligastrength and strain at peak

stress of specimens increase with increasing surtagghness. ﬂ
From the simulation it is clear that in the speaimevith weak filler-matrix

interface (WI) the surface roughness of the fiparticles can enhance the strength of
the interface between the filler particles and sherounding paste and hence improve
the strength of specimens. However, even the fpkaticles with the highest surface

roughness, the specimens with weak interface (\MAlela much lower strength than the
specimens with strong interface (Sl), as shown igm B.9b. This indicates that the

strength of the interface can be improved by ingirea surface roughness of filler

particles but the improvement is limited.
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Fig. 6.8 Micro-crack patterns of specimens witlosty interface (SI) and that of specimens with weak
interface (WI) for different surface roughnessitéf particles (for SI and WI, see Table 6.1).
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Fig. 6.9 Simulated results of the filler surfaceughness effect analyses for specimens with strong
interface (SI) and that with weak interface (WBr(Sl and WI, see Table 6.1).
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6.3.5 Effect of filler volumefraction

The effect of the filler content on the fracturenbeiour of cement paste specimens is
examined in this section. Five different volumecfrans are considered: 5%, 15%,

25%, 35% and 45%. They are divided into two groagp#dicated in Fig 6.10 and 6.11:

on the left is the group with strong interface (8l) the right is that with weak interface

(W1). The filler particles in Fig. 6.10 are randomdistributed. As reference specimens
are used with uniformly distributed filler partisl¢Fig. 6.11). The diameter of the filler

particles is kept constant at 10 um.

Micro-crack patterns of the specimens with différélher content are shown in
Fig. 6.10 and 6.11. These figures show that th&amhstribution of filler particles has
little effect on the crack pattern. For the specimwith strong interface (Sl), the crack
patterns in all specimens are more or less simdgardless the filler content. In the
specimens with high volume of filler, cracking tbgh filler particles can be observed.
For the specimens with weak interface (WI), theckrpatterns are slightly different.
For the specimen with 5% filler, the crack is nadriched. For the specimen with a high
filler volume fraction (15%, 25%, 35% and 45%), titacks are distorted and branched.

The stress-strain relations, the strength andnséitapeak stress for different filler
content are shown in Fig. 6.12. Fig. 6.12c shoves the uniform distribution of filler
particles improves the strength of specimen, egflgdor the specimens with strong
interface. The filler volume has little effect dmetstrength for specimens with strong
filler-matrix interface (Fig. 6.12c). However, tlstrain at peak stress decreases with
increasing filler volume fraction (Fig. 6.12d). $hs because of the Young's modulus of
cement paste specimens increases with increadlag dontent. By contrast, for the
specimens with weak interface (WI) the filler caritbas a significant influence on the
strength. The strength decreases with increasiltgy ftontent. This is due to the
increase of weak filler-matrix interfaces. This mma@tes propagation of crack and hence
reduces the strength of the cement paste specimens.

Although the filler content has a significant irdhce on the strength of specimens
with weak filler-matrix interface, the strength gfhecimens is always lower than that
with strong filler-matrix interface, as shown ingFi6.12c. Even with a filler volume
fraction of 5%, the strength of the specimens witek interface (WI) is about 30%
lower than that of the specimens with strong imtesf (SI). This indicates that the
interface strength has more effect on the streafjthe cement paste specimens than the
filler volume fraction (5, 15, 25, 35 and 45%).
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Strong interface Weak interface
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Fig. 6.10 Micro-crack patterns of specimens withd@mly distributed filler particles and differeriter
volume fractions.
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Fig. 6.11 Micro-crack patterns of specimens witifarmly distributed filler particles and differefitler
volume fractions.
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Fig. 6.12 Simulated results of the filler volumdeet analyses for specimens with strong interfé®ig (
and that with weak interface (WI) (for SI and WagesTable 6.1).
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6.4 Conclusions and outlook

The influence of particle size distribution, siabape, surface roughness and volume
fraction of filler on the tensile strength and not@rack pattern in blended cement paste
specimens with strong and weak filler-matrix indeds were systematically
investigated by using the lattice model. Basedhennumerical analyses, the following
observations are made.

Strength of cement paste specimens with weak ffil&rix interface:

* Randomly distributed filler particles can resultsimess concentration and hence
decrease the strength of cement paste.

* In the investigated range of particle size of tilerf(5, 10, 15 and 20 pum), the
influence of the particle size on the strengthpEcmens is not noticeable.

* Due to stress concentrations at the sharp edgpslggonal particles, both the
resulting tensile strength and the strain at peta#ss of the cement paste
specimens with arbitrary polygonal filler particlese lower than that of
specimens with circular filler particles. Furthemmowith increasing length-to-
width ratio of arbitrary polygonal particles, thensile strength and the strain at
peak stress of the cement paste specimens appdacr@ase due to increasing
stress concentrations.

 With increasing surface roughness, the effect ofcharical interlocking
between the filler particles and cement matrix éases. This leads to the
increase of the strength of the paste, but thiease is limited.

» With increasing filler content, the strength of 8pecimens decreases.

Strength of cement paste specimens with stromeg-filatrix interface:

» The particle size distribution has an influencetloa strength of specimens but
the influence is not remarkable. The strength aécspens with uniformly
distributed filler particles is only a little highehan that of specimens with
randomly distributed filler particles.

* In the case of the specimens with uniformly distréal filler particles, the
influence of the particle size on the strengthpgcmens is small. However, in
the case of the specimens with randomly distribditet particles, the strength
decreases with increasing filler particle size.

» The particle shape, roughness and content of fileve little effect on the
strength of specimens.

* The influence of particle size distribution, sizahape, surface roughness and
volume fraction of filler on the strength of theegpmens with strong interface is
much smaller than on the strength of the specimatisweak interface.
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Micro-crack pattern:

« With either weak or strong interface, the crackgrat are similar regardless the
particle size distribution, size, shape, surfacgghmess and volume fraction of
filler, although the location of the main cracksynthange.

* The micro-crack patterns of the cement paste sg#mwith strong filler-matrix
interface are very different from that of the spsens with weak filler-matrix
interface.

The numerical simulations indicate that the striergftthe filler-matrix interface,
rather than the particle size distribution, sizZieape, surface roughness and volume
fraction of filler, plays a dominant role in theack propagation and the strength of
blended cement paste. These observations suppertops findings that the strong
interfaces between limestone particles and hydrgbimducts are due to the superior
bond between limestone and hydration products rdlf@ microstructural features of
the filler particles, such as shape and surfacghmoeess. Moreover, this study indicates
the direction for optimization of the performandefilers in cement paste in view of
microcracking and strength. To improve the perfaragaof fillers in blended cement
paste in term of strength, priority should be givenimproving the bond strength
between filler particles and hydration productst tw modifying the microstructural
features of filler.
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Retrospection, Conclusions and Prospects

This chapter summarises the work presented inth@sis. General conclusions and
prospects are presented. In the end, suggestiofsfioer research are given.



Retrospection

7.1 Retrospection

Use of fillers, such as limestone and quartz powdsra replacement for Portland
cement can make concrete cheaper and more envinbrirrendly [1-3]. Additions of
limestone or quartz powder have been reported &t éx limited chemical effect on
cement hydration [4, 5]. The main quasi-chemicédatfof added limestone and quartz
powder is that they accelerate cement hydratiofabyitating nucleation and growth of
reaction products at their surfaces [1, 5-8]. Fifiérs in cement paste can result in
improvements in strength because of a denser padRin10]. However, the use of
fillers in paste with constant water-to-binder oa#ilso results in dilution of Portland
cement particles and their strength-providing fieactproducts in the paste. This
‘dilution’ effect will lead to a higher porosity. Wove a critical amount of filler, the
effect of dilution exceeds the effect of packingsulting in a lower strength of the
hardened paste or concrete [1, 11]. These effpor®gity, packing and dilution) on the
strength of cement paste have been studied in&gsit, 9-13]. However, they
(porosity, packing and dilution) cannot explain tbdference in performance of
different fillers.

The adhesion strength between filler particles aeaction products, which
depends on the physical and chemical propertigbeofiller, also has an influence on
the strength of blended cement paste. However rdtee of filler-hydrates adhesion
properties in the strength of blended cement patstacted relatively little attention yet.
This is attributed to the fact that the gel-spat@rplays the primary role in strength of
blended cement paste and the contact area betwleempdrticles and reaction products
is very small. Various studies [14-16] report om #ffect of the chemical and physical
nature of fillers on the adhesion strength. Howgwtbe basic questions how the
chemistry and surface characteristics of fillerge@f this adhesion, and why filler
particles and reaction products adhere to eachr dthecement paste, are rarely
addressed yet.

Improvement of the effect of fillers in cementit®umaterials, especially their
effect on the properties of the interface betweker fand hydration products, is a big
issue and challenge today. Clarifying the roleilbérthydrates adhesion properties in
the strength of blended cement paste and undemstaride adhesion mechanisms
between fillers and hydration products is, themfamportant. The aim of this project
was to study the filler-hydrates adhesion properire blended cement paste system.
Two main subjects were dealt wittie filler-hydrates adhesion mechanisms, and the
influence of filler-hydrates adhesion propertiestbe performance of blended cement
paste in view of strength

In chapter 3, the effect of the filler-hydrates @silon properties on the strength of
blended cement paste was quantified. The compeessi@ngth of cement paste blended
with limestone powder and micronized sand was stlidixperimentally. The contact
area between hydrating cement particles and thstelea hydrating cement particles
and filler particles in blended cement pastes wauantified numerically. The
relationship between the measured compressivegsireand simulated contact area
between particles was then analysed. Based orrdl@sonship, the influence of the
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filler-hydrates adhesion properties on the strengthblended cement paste was
elucidated. This helps us to better understand rtthe of filler-hydrates adhesion
properties in the strength of blended cement paste.

In chapter 4, the filler-hydrates adhesion propsnivere studied at the microscale.
Crack paths and fracture surfaces of loaded cemastes were investigated by
scanning electron microscopy (SEM) observationalRdrwith the SEM observations,
the influence of interface’s mechanical propertiascrack propagation, tensile strength
and fracture energy was studied numerically by gusirlattice model. Based on these
SEM observations and simulation results, the machhmproperties of the interface
between filler particles and hydration productsevevaluated. Meanwhile, the study in
this chapter provided a validation for the cona#phe contact area.

In chapter 5, the filler-hydrates adhesion mechmasiwere studied. The influence
of the chemical properties of filler on the intdfan between main ions, e.g., Ca
SO, in the pore solution of blended cement pastefiled surfaces was investigated
via zeta potential measurements. Meanwhile, miogsc observations of the
nucleation and growth of C-S-H on the surface ek#hfiller particles were performed
by scanning electron microscopy (SEM) to furthaicelate these interactions. The
important findings of this study concern the infige of surface chemical properties on
filler-hydrates adhesion properties and informat@mout the bonds between filler
surface and C-S-H.

In chapter 6, based on the knowledge obtainedernipus chapters, the fracture
behaviour of blended cement paste with strong aedkwiller-matrix interfaces was
investigated by means of microscale numerical satmnis performed with a lattice
model. The effect of the microstructural featuregzd, shape, surface roughness),
particle size distribution and volume fraction dief on the crack patterns and strength
of blended cement paste with either strong or wilek-matrix interface was analysed
and discussed.

7.2 Conclusons

The general conclusions of this research are &snsi

* A good correlation was found between the strengith eontact area between
filler particles and reaction products. With thmrrelation, the influence of the
filler-hydrates adhesion properties on the strerajtblended cement paste has
been analysed. It was found that the contact asteveen micronized sand
particles and hydration products had no contributithe compressive strength.
By contrast, the contact area between limestontec|gar and hydration products
in cement paste had a substantial contributiorhéo dompressive strength. It
implies that limestone powder has much better adhegroperties than
micronized sand.

« Surface analysis techniques and mechanical modeilere used to evaluate the
mechanical properties of the interface betweerrfipparticles and hydration
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73

products. It was found that the bond between liorestparticles and hydration
products is much stronger than that between mizeshisand particles and
hydration products. Meanwhile, it provided a valida for the concept of the
contact area and justified the findings in chapter

From the results of zeta potential measuremenag eoncluded that micronized
sand and C-S-H particles have very similar surfaoperties. This is due to the
fact that the surfaces of both micronized sand @tfstH particles are rich in
silicate. Micronized sand and C-S-H have no affirfir C&* ions. This was
illustrated by the fact that the adsorption of Cand SG? ions onto micronized
sand and C-S-H surfaces is similar. Only a few elised nuclei, generated on
micronized sand and C-S-H surfaces, further supddtt The reason for this is
that the adsorption of &aions onto micronized sand and C-S-H surfaces is
mainly driven by relatively weak electrostatic iraetion.

Compared to micronized sand and C-S-H, the sudéedimestone particle has
a higher affinity for C& ions. This was confirmed by the zeta-potential
measurement. A high amount of C-S-H nuclei, as meseon the limestone
surfaces, is an additional supportive evidences T&imainly due to a strong
acid-base (donor-acceptor) interaction betweenatteorbed C& ions and the
active surface site.

With regard to the relation between surface chelnpicgperties and the strength
of the C-S-Hffiller bond, it was concluded that ctieally adsorbed CGaions at
limestone surface led to the formation of a rektivstrong bond (most likely,
ionic-covalent bond) between a limestone partiahel £-S-H. By contrast,
relatively weak electrostatically adsorbed”Cimns at micronized sand surface
resulted in an attractive ion-ion correlation forlocetween a micronized sand
particle and C-S-H.

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

Contributions to science and engineering

The main contributions of this study to science andineering are as follows:
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A good correlation was found between the strengith eontact area between
filler particles and reaction products. The strérgintact area correlation was
used to quantify the effect of fillers on the stgggnof blended cement paste. It
was found that the contact area between microrsaed particles and hydrating
cement particles had no contribution to the congivesstrength, whereas the
contact area between limestone particles and hgdraement particles had a
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substantial contribution to the compressive sttengthese findings were
validated. The strength-contact area correlationbsaused to quantify the effect
of inert fillers on the strength of blended cemgauste.

The mechanical properties of the interface betwiélen particles and hydration

products were qualified by using a combined apgradcSEM observations and
mechanical modelling (lattice fracture model).dtconcluded that the interface
between limestone particles and hydration prodigctauch stronger than that
between micronized sand particles and hydratiomlysts, even stronger than
hydration products themselves.

Basic questions why filler particles and reactiooducts adhere to each other in
blended cement paste, and how the surface properfidillers affect this
adhesion, were addressed in this study’*Gans chemically adsorbed at
limestone surface lead to the formation of a reddyi strong bond (most likely
ionic-covalent bond) between a limestone particleé &-S-H. By contrast, G&
ions electrostatically adsorbed at micronized ssuntace result in an attractive
ion-ion correlation force and hence a relativelyalwdond between micronized
sand particle and C-S-H.

With this research insight is gained into the medda of nucleation and
growth of C-S-H on filler particles. The C-S-H neation and growth at the
filler surface also due to the interactions betwaeetiller surface and calcium
ions in the pore solution. A strong chemical bofhdalcium ions to a limestone
surface resulted in high volume and uniformly distted C-S-H nuclei. Ga
ions electrostatically adsorbed at micronized saadace led to only a few
dispersed nuclei on micronized sand surfaces.

The approach for the combined use of zeta potetatshland SEM observations,
which were used in this project to study the adiresnechanisms, can be
applied to investigate the adhesion propertiestbérofillers and the adhesion
forces between these filler particles and reacpooducts. This approach is
efficient and less expensive compared to AFM stidie adhesion mechanisms
between filler particles and reaction products.

The information about the filler-hydrates adhesiamechanisms is very

important for the search for new fillers and forproving the performance of

existing fillers. For example, based on the knogkdcquired in this study,

carbonation can improve the performance of harderedent paste powder

when it is used as a filler in cement paste. Thibacause carbonation can turn
the silicate and CH phase of the surface of theldraad cement paste powder
into calcite phase. This enhances the adhesionepiep between hardened
cement paste particles and new hydration products.

The fracture behaviour of cement paste with strang weak filler-matrix
interfaces was analysed by using a lattice moda¢ Jimulations indicate that
the bond strength between filler particles and matather than the effect of the
microstructural features, particle size distribntand volume fraction of filler,
plays a dominant role in the crack propagation #rel strength of blended
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Prospects

7.4

cement paste. The knowledge acquired here canda&@clue, or direction, for

improving the performance of fillers in blended @nhpaste. For example, to
improve the performance of fillers in cement pastéerm of strength, priority

should be given to improving the bond strength leetwfiller particles and

matrix, not to modifying the microstructural featar (i.e. shape, surface
roughness) of filler.

Prospects

From this study several aspects are recommendddrtber research:
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The adhesion forces between filler surface anddtiar products were studied
indirectly in this thesis. Thelirect experimental investigation on the adhesion
forces at nanoscale requires more advanced teasiqu

In this thesis, only two types of filler (micronzesand and limestone powder)
were used to study the filler-hydrates adhesionhaeisms in blended cement
paste system. In further research, more fillersdnte be studied, such as
recycled concrete powder.

Investigating the adhesion mechanisms betweerr faketicles and reaction
products in cementitious materials blended witheothinder materials, such as
fly ash and slag, is needed, since reaction predottthese materials are
different from that of Portland cement hydration.

Recently, geopolymer has become a research focuswnof developing green
cementitious materials. Different from the cemesit (§-S-H), the geopolymer
gel is sodium aluminosilicate hydrate (N-A-S-H).idtimportant to get insight
into the adhesion mechanisms between filler pagieind geopolymer gel.

It is inferred from this study that the bond betwdemestone particles and
hydration products is much stronger than that betwaicronized sand particles
and hydration products, and even stronger thanatigar products themselves.
Theoretically, cement paste with a high conterinoéstone powder can achieve
the same strength as Portland cement paste. Howéwudie water-to-binder

ratio is kept constant, the cement paste with & bantent of limestone powder
has a higher porosity and a lower strength comptodtie cement paste with
less limestone powder. Optimization of packing caduce porosity. What is
more, the development of more efficient superplastrs allows increased
amount of fillers to be used [17]. Making a cempaste or concrete with high
content of limestone powder while maintaining propength is challenging,
but doable.
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Summary

Fillers, such as limestone or quartz powder, arduss a replacement of Portland
cement. Their application can make concrete mov&armment friendly and possibly
cheaper. Additions of limestone or quartz powderehiaeen reported to exert a limited
chemical effect on cement hydration. The main guhemical effect of added
limestone and quartz powder is that they accelesateent hydration by facilitating
nucleation and growth of reaction products at teerfaces.

Fine fillers in cement paste can result in improeais in strength because of a
lower porosity and a denser packing. At the sammeetihowever, the use of fillers
results in dilution of Portland cement particlesd aheir strength-providing reaction
products in the paste. This ‘dilution’ effect Wiad to an increased porosity. Above a
critical amount of fillers, the effect of diluticexceeds the effect of packing, resulting in
a lower strength of the hardened paste or concfékese effects (porosity, packing and
dilution) on the strength of cement paste have bs&tedied intensively, but they
(porosity, packing and dilution) cannot explainfeliénce in performance of different
fillers. Also adhesion between filler particles amaction products has an influence on
the strength of blended cement paste. Howeveeyilydrates adhesion properties and
their effect on the strength of blended cementepast not quite well understood yet.
The basic questions why filler particles and reactproducts adhere to each other in
blended cement paste, and how the chemistry afaceucharacteristics of fillers affect
this adhesion, are rarely addressed and need fudgbearch. The aim of this project is
to study the filler-hydrates adhesion propertieslended cement paste system.

Firstly, the influence of the filler-hydrates adioesproperties on the strength of
blended cement paste has been analysed. The c@mprasrength of cement paste
blended with limestone powder and micronized saad studied experimentally. The
contact area between different solid phases inetlesnent pastes was quantified
numerically. The relationship between the measuoednpressive strength and
simulated contact area was analysed (“contact@meeept”). Based on this relationship,
the influence of the filler-hydrates adhesion prtipe on the strength of blended
cement paste was quantified. It was found that onized sand-hydrates contact area
had no contribution to the compressive strength.cBgtrast, the limestone-hydrates
contact area in cement paste had a substantiailmaiin to the compressive strength.

Secondly, the filler-hydrates adhesion propertiesenstudied at the microscale.
Crack paths and fracture surfaces of loaded cemastes were investigated by
scanning electron microscopy (SEM) observationalRdrwith the SEM observations,
the influence of interface’s mechanical properbascrack propagation, tensile strength
and fracture energy was studied numerically by gusirlattice model. Based on these
SEM observations and simulation results, the machamproperties of the interface
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between filler particles and hydration products evexvaluated. Meanwhile, this
provided a validation of the ‘contact area concept’

Then, the filler-hydrates adhesion mechanisms @nd¢d cement paste system
were investigated. The influence of the chemicalmaof fillers on the interaction
between main ions, i.e., €aSQ?, in the pore solution of blended cement paste and
filler surfaces was investigated via zeta potentrakasurements. Meanwhile,
microscopic observations of the nucleation and ¢inaa¥ C-S-H on the surface of these
filler particles were performed by SEM. It was chmied that C& ions chemically
adsorbed at limestone surfaces led to the formaifoa relatively strong bond (most
likely, ‘ionic-covalent’ bond) between a limestoparticle and C-S-H. By contrast, €a
ions electrostatically adsorbed at micronized ssaurfaces resulted in an attractive ion-
ion correlation force and hence a relatively weakd between a micronized sand
particle and C-S-H. This information about theefithydrates adhesion mechanisms is
very important for the search for new fillers arat fmproving the performance of
existing fillers. For example, based on the knog&dacquired in this study,
carbonation can improve the performance of hardeeetent paste powder when it is
used as a filler in cement paste. This is becaad®uoation can turn the silicate and CH
phase of the surface of the recycled hardened depaste powder into calcite phase.
This can enhance the adhesion properties betweelerted cement paste particle and
new hydration products.

Finally, the fracture behaviour of cement pastdsirong and weak filler-matrix
interfaces was simulated at microscale by usingaticé model. The simulations
indicated that the bond strength between filletipl®s and C-S-H matrix plays a more
important role in the crack propagation and thersgth of blended cement paste
compared to the role of the particle size distidnutsize (5, 10, 15 and 20 um), shape,
surface roughness and volume fraction (5, 15, ZaRd 45%) of the filler. These
findings provided support to the previous findirthat the strong interfaces between
limestone particles and hydration products are tlughe superior bond between
limestone and hydration products rather than thgsiphl surface properties, such as
shape and surface roughness. Moreover, this studicated the direction for
optimization of the performance of fillers in cemgraste in view of strength. To
improve the performance of fillers, priority shoub@ given to improving the bond
strength between filler particles and hydrationdoicts. Modifying microstructural
features (i.e., shape, surface roughness) of fdlkrss effective.
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Samenvatting

Vulstoffen, zoals kalksteenmeel en kwartspoedernnkn worden gebruikt als

vervanging van Portland cement. Het toepassen wdstoifen kan leiden tot meer

milieuvriendelijke cementen, die misschien ook rgmedkoper zijn. Toevoegen van
kalksteenmeel en kwartspoeder zou slechts eenggefiact hebben op de chemische
hydratatiereacties. Het belangrijkste quasi-chehgiseffect van toevoegen van
kalksteenmeel en kwartspoeder is dat zij cementhstie versnellen door nucleatie en
de groei van reactieproducten op hun opperviakken.

Fijne vulstoffen in cementsteen kunnen resultereinagere sterktes als gevolg
van een lagere porositeit, c.q. dichtere korrelpakk Tegelijkertijd resulteert het
gebruik van vulstoffen in ‘ruimtelijke verdunning’an Portlandcementdeeltjes en
reactieproducten in de verse cementpasta. Dituveridgseffect’ leidt tot een hogere
porositeit. Boven een kritische hoeveelheid vulsteértreft het effect van verdunning
het effect van de korrelpakking, wat vervolgensltegrt in een lagere sterkte van de
verharde cementsteen of beton. De effecten varlpatking, porositeit en verdunning
op de eigenschappen van cementsteen zijn intebsstideerd. Uit die studies blijkt
echter dat genoemde effecten niet kunnen verklaraarom het effect van de ene
vulstof verschilt van het effect van een anderstadl Het blijkt dat ook de hechtsterkte
tussen vulstofdeeltjes en reactieproducten invioeeft op de sterkteontwikkeling van
samengestelde cementen. Deze hechtsterkte tusktaf\van hydratatieproduct is nog
nauwelijks in detail onderzocht. Fundamentele vnagaarom reactieproducten zich in
meer of mindere mate aan vulstofdeeltjes hechtagerr dan ook om meer onderzoek.
Het doel van dit project is het bestuderen van dehachting tussen vulstof en
hydratatieproduct in samengestelde cementen.

Eerst is de invloed van de aanhechting tussenofudst hydratatieproduct op de
sterkteontwikkeling experimenteel onderzocht. Gekeks naar de druksterkte van
cementsteen vervaardigd van samengestelde cememiein kalksteenmeel en
gemicroniseerd zand als vulstof. De contactvlakkerssen vulstofkorrels en
hydratatieproducten zijn numeriek gekwantificee@ke relatie tussen de gemeten
druksterkte en het gesimuleerde contactvlak is @gseerd (“contactvliakconcept”). Op
basis van deze relatie is de invloed onderzochtdeamechtsterkte tussen vulstof en
hydratieproduct op de sterkteontwikkeling van sagestelde cementen. Geconstateerd
is dat het contactvlak tussen korrels van gemisemrd zand en hydratieproduct geen
bijdrage levert aan de druksterkte. Daarentegeragiiréhet contactvlak tussen
kalksteenmeel en hydratenproduct wel wezenlijkabi de druksterkte.

Hierna zijn de aanhechteigenschappen van vulstaéfernydratieproducten op
microschaal bestudeerd. Scheurgroei en breukvlakkeementsteen vervaardigd van
samengestelde cementen werden onderzocht met bedulpen elektronenmicroscoop
(SEM). Parallel aan het microscopieonderzoek werdndloed van de mechanische
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eigenschappen van de interface tussen vulstoficorezt hydratatieproduct op
scheurvervorming, treksterkte en breukenergie nighéestudeerd met behulp van een
lattice model. Op basis van de SEM-waarnemingedeeresultaten van de numerieke
simulaties werden de mechanische eigenschappemle/anterface tussen vulstof en
hydratatieproduct geévalueerd. Op grond van dezealuatre kon het
‘contactvlakconcept’ worden gevalideerd.

Vervolgens zijn de aanhechtmechanismen tussen otkdstels en
hydratatieproduct onderzocht met behulp van zeterp@almetingen. Met deze
methode is de inviloed onderzocht van de chemiscdgenschappen van een
vulstofopperviak op de interactie tussen de belgsge ionen in een kunstmatige
poriénwateroplossing (3 SQ?) en het vulstofopperviak. Parallel werden
microscopie-waarnemingen verricht van nucleatiegerei van C-S-H-deeltjes op het
oppervlak van vulstofkorrels. Geconcludeerd werd @* ionen een relatief sterke
binding hebben met het kalksteenopperviak (meestrsghijnlijk een ‘ion-covalente’
binding). Daarentegen bleken‘Cmnen elektrostatisch geadsorbeerd te worden aan he
oppervlak van gemicroniseerde zand. Verondersteldat het hier om een relatief
zwakke ion-ion verbinding gaat. Deze informatie role aanhechtmechanismen is van
groot belang voor het onderzoek naar nieuwe vdésicgn het verbeteren van prestaties
van bestaande vulstoffen. Bijvoorbeeld, op basis da verworven kennis kan men
veronderstellen dat carbonisatie van gerecycledmentsteen de prestatie van
cementsteenpoeder verbetert als het wordt gehalgktulstof in cementsteen. Dit komt
omdat door carbonisatie de silicaatfase van hetemgk van de gerecyclede
cementsteen wordt omgezet in calciet (CgCDit verbetert de aanhechting tussen
gerecyclede cementsteen en nieuwe hydratatiepmrluct

Tenslotte is het scheurgedrag van cementsteen rerkes en zwakke
aanhechtsterkte tussen vulstof en hydratatieprodactatrix, gesimuleerd met behulp
van een lattice model. De simulaties geven aanddasterkte van de vulstof-matrix
interface een belangrijker rol speelt bij scheuegren resulterende sterkte van
samengestelde cementen dan het effect van deedtpsyerdeling, korrelgrootte,
korrelvorm, opperviakte ruwheid en volumefractienvde vulstof. Deze resultaten
ondersteunen eerdere bevindingen dat de sterkefacgetussen kalksteenmeel en
hydratatieproduct het gevolg is van een superiel@gemische) binding tussen
kalksteenmeel en reactieproduct en niet het gesoign (fysische) micro-structurele
kenmerken, zoals vorm en oppervlakte ruwheid vanutigofkorrels. Deze studie heeft
hiermee een richting gegeven voor het optimalisgende prestaties van vulstoffen in
cementsteen als het om de sterkte gaat. Om deapessvan vulstoffen te verbeteren
dient prioriteit te worden gegeven aan het verleeteran de bindingssterkte tussen
vulstofdeeltjes en matrix. Het modificeren van roistructurele kenmerken (d.w.z.
vorm, oppervlakte-ruwheid) van de vulstof is mind#ectief.
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