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Abstract

A new modelling framework, called pic, has been developed to enable
simulations of complex particulate growths, in particular the microstructural
evolution of hydrating cement paste. pic has been developed using the vector
approach, which preserves the multi-scale nature of the cement microstructure.
Support libraries built into the framework enable fast simulation of systems
containing millions of particles, allowing every single particle in a system to be
modelled and all the interactions to be calculated. The modelling framework has
been developed using object oriented programming and its extensible and flexible
architecture, due to this microstructural development mechanisms and algorithms
can be easily added. The framework facilitates the otherwise complex task of
modelling new systems and phenomena. The microstructures generated by uic can
be used to obtain important information that can in the future be used to model
the evolution of mechanical properties and durability-related phenomena. The
model can also be used to study the mechanisms of microstructural development of

cement.

Various models of cement hydration kinetics and the reaction mechanism
were tested using pic. It was observed that while the traditional approach to the
nucleation and growth mechanism could be used to explain the acceleration of
reaction-rates during the early hydration of cement pastes, the subsequent
deceleration could not be reproduced. If a diffusion controlled mechanism is used
to explain the deceleration, changes larger than an order of magnitude in the
transport properties of C-S-H have to be assumed. Furthermore, the rate of change
of reaction rates shows a continuous linear evolution through the reaction peak
and the thickness around different particle sizes would be very different at the

onset of the supposed diffusion regime. It was found that it is possible to explain




the hydration kinetics during the first 24 hours using a nucleation and growth
mechanism when a loosely packed C-S-H with a lower bulk density is assumed to
form. It is proposed that this loosely packed C-S-H fills a large fraction of the
microstructure within a few hours of hydration and that its density continues to
increase due to an internal growth process within the bulk of the product. It was
found that an initial density of C-S-H between 0.1 g/cc and 0.2 g/cc was required
in order to fit the observed experimental behaviour. While this density is much
lower than the generally accepted range of 1.7 g/cc to 2.1 g/cc, this low packing
density can explain the absence of water in large capillary pores observed in NMR
measurements that study cement hydration on wet samples, and the fibrous or

ribbon-like nanostructure of C-S-H observed in high-resolution TEM images.

The current study demonstrates the versatility of pic and how the possibility
of modelling different phenomena on a multi-scale three-dimensional model can
prove to be an important tool to achieve better understanding of cement
hydration. It was also shown that the use of mechanistic, rather than empirical,

rules can improve the predictive power of the models.

Key Words: Microstructure, Modelling, Modelling platform, Vector approach,
Cement, Alite, Hydration, Kinetics, Mechanism, Calcium silicate

hydrate, Densification




Résumeé

Une nouvelle architecture dédiée a la modélisation ayant pour nom pic a été
développée pour permettre la simulation de phénomeénes de croissance particulaire
complexes, en particulier 1'évolution micro-structurelle de la pate de ciment au
cours de son hydratation. pic a été développé avec une approche vectorielle, apte a
préserver la nature multi-échelle de la microstructure du ciment. Les bibliothéques
de support fournies avec pic rendent possible la simulation rapide de systémes
comprenant des millions de particules, chaque particule étant modellisée
individuellement et toutes les interactions traitées explicitement. Cet
environnement de simulation & été écrit en utilisant une approche orientée objet et
son architecture permet une grande flexibilité dans l'ajout de mécanismes de
développement et d'algorithmes spécifiques. Cette architecture facilite la tache
complexe de construction de modéles pour de nouveaux systémes ou phénomeénes.
Les microstructures générées par pic peuvent étre utilisées pour obtenir des
informations importantes, utilisables dans le futur pour la modélisation de
I'évolution des propriétés mécaniques ainsi que les phénomeénes liés aux problémes
de durabilité. Ce modéle peut aussi étre utiliseé pour l'étude des mécanismes

d'hydratation eux-mémes.

Différents modéles de cinétique d'hydratation du ciment et de mécanismes de
réaction ont été testés avec pic. Il a été observé que quoique 1'approche
traditionnelle de nucléation et croissance put expliquer l'accélération du taux de
réaction lors de 'hydratation initiale, la décélération qui s'en suit ne pouvait étre
reproduite. Si un mécanisme contrélé par un phénomeéne de diffusion est supposé
pour expliquer la décélération, des changement de plus d'un ordre de grandeur des
propriétés de transport du C-S-H doivent étre admis. De plus, la variation du taux

de la réaction évolue linéairement lors du passage du pic de chaleur et 1'épaisseur




du C-S-H autour de particules de tailles différentes serait trés variable au moment
du changement de régime. Il est possible d'expliquer la cinétique d'hydratation
durant les premiéres 24 heures en utilisant un mécanisme de nucléation et
croissance si 1'on suppose la formation d'un C-S-H peu dense. Il est proposé que ce
C-S-H peu dense remplisse une importante part de la microstructure lors des
premiéres heures de l'hydratation, puis que sa densité augmente par le moyen d'un
processus de croissance interne. Il a été trouvé que la densité initiale devait étre
entre 0.1 g/cc et 0.2 g/cc pour reproduire le comportement expérimental observeé.
Quoique cette densité soit trés inférieure au bornes généralement acceptées,
comprises entre 1.7 g/cc et 2.1 g/cc, elle peut expliquer 1'absence d'eau dans les
grands pores capillaires observée lors d'études utilisant la RMN sur des
échantillons en condition humide, ainsi que la nanostructure fibreuse en rubans du

C-S-H observée sur des images MET a haute résolution.

Cette étude démontre la versatilité de npic et le potentiel offert par la
possibilité de modéliser différents phénoménes au sein d'un méme modéle multi-
échelle tri-dimensionnel, comme outil permettent une meilleure compréhension de
I'hydratation du ciment. Il est également montré que l'usage de régles de nature

mécaniste plutdét qu'empirique améliore le pouvoir prédictif des modéles.

Mots Clés: Microstructure, Modélisation, Architecture de modélisation,
Approche vectorielle, Ciment, Alite, Hydratation, Cinétique,

Mécanisme, Silicate de calcium hydraté, Densification
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Chapter 1: Introduction

This study presents a new modelling platform called pic (pronounced Mike).
This platform uses the vector approach in three-dimensions to model the
microstructural development of hydrating cement pastes. pic uses the vector
approach to represent the geometry of the microstructure. The efficiency of the
vector approach was improved in order to enable simulations of millions of
particles with the calculation of all interactions in the system. Due to its flexible
design, the users of the platform can define custom materials, particles and
reactions, and control the development of the microstructure by defining laws that
define the mechanisms of the reactions. The versatility of yic allows users to model

many different particulate growth systems not limited to cement hydration.

In this study the modelling platform has been used to model various possible
hydration mechanisms and the applicability of these mechanisms has been tested
by comparison with experimental results. The hydration kinetics of alite samples
with different particle size distributions were simulated. The calculated results
were compared against heat-evolution from hydrating alite samples measured using
isothermal calorimetry. The results provide important information regarding
cement hydration and highlight the gaps in our understanding of the underlying

mechanisms.

One of the major problems in studying cement is the large number of
interactions at work during hydration. This interaction happens between different

materials and different particles at the same time. As most of these processes occur
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at the micro-scale, they cannot be directly observed and indirect experimental
techniques are used to study them. For example, while calorimetry is widely used
to study the rate of hydration of cement, since only the total heat-evolved from
samples is measured, the individual reaction rates of individual phases are not
available. Similarly, while electron microscopy is widely used to study the
evolution of cement microstructures, since most of the high-resolution techniques
require a drying of the sample, the progress of hydration on the same sample

cannot be observed.

Since most of our understanding of the mechanism of cement hydration
depends on various indirect experimental techniques, the results are often open to
interpretation. While most experimental techniques provide bulk-values of the
properties, the underlying mechanisms occur at the micrometre or nanometre scale,
interpretation of the link between mechanisms and properties requires
simplifications regarding interactions which are difficult to test. However, with the
continuous development of computational techniques, it has now become possible
to numerically simulate these processes and to observe their macroscopic effects,

which can be compared with experimental results.

Numerical models use combinations of fundamental processes to simulate
systems and processes. The processes underlying these models generally define the
behaviour of smaller discrete sub-systems and the interactions between these sub-
systems. Since smaller and simpler elements of the system are considered, the
behavioural laws are much simpler to formulate analytically and the task of
integration of the behaviour of the entire system is left to the computer. Numerical
models can, therefore, be used as an important technique, which works in a way
complimentary to the experiments, in order to further our understanding of cement

hydration.

Still, most of the currently available numerical models on cement remain

empirical and highly dependent on experimental results. While this is not
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surprising, given the wide range of parameters on which the properties of cements
depend, these models can only serve a limited purpose in the advancement of our
understanding of the processes underlying cement hydration. Empirical models are
mathematical expressions that are designed to follow the experimental results and
do not necessarily represent the mechanisms that control these properties. Even if
used only for predicting properties for different conditions, empirical models are
only applicable over a limited range of conditions and are hard to extend beyond

this range.

For these reasons, the need for a numerical microstructural model which can
incorporate customised mechanisms in simulations was felt. pic provides a
modelling platform on which different theories concerning cement hydration could
be explicitly modelled and studied. At the same time, pic provides an effective
means to reconstruct numerical microstructures resulting from complex processes
that occur at the level of individual particles. These microstructures can be
analysed for the calculation of different properties, such as mechanical and

transport properties in the case of cement.

The following chapters discuss the importance of numerical modelling in
cement science, the development of pic and its features, and numerical studies of
cementitious systems using pic. Chapter 2 discusses our current understanding of
cement hydration and different approaches used thus far to understand and model
hydration and microstructural development. Various microstructural models and

their advantages and drawbacks are also presented in this chapter.

Chapter 3 presents the concepts behind the development of pic and its
architecture. The typical procedure for defining a problem in pic has also been

presented.

Chapter 4 demonstrates that while pyic can be used to simulate hydrating
cement microstructures using the traditionally applied laws on customary set-ups,

it can also be used to model other, completely different, systems. It has also been
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shown that microstructural models can be used to obtain both, the localised effects

of bulk properties and the macroscopic effects of microscopic mechanisms.

In chapter 5, pic has been used to investigate hydration kinetics of alite.
Rates of hydration measured from alite powders with different particle size
distributions have been compared with computed results obtained from the
simulation of different hydration mechanisms. It has been shown that some of the
widely accepted mechanisms cannot explain the hydration kinetics of alite and new

explanations of the observed behaviour are needed.

Chapter 6 presents the conclusions of the study and the perspectives for

future numerical and experimental studies on cement hydration.




Chapter 2: Cement Hydration: Chemistry
and Numerics

In this chapter, our current state of knowledge of cement hydration and the
approaches used to understand it further and to model it are presented. In the
discussion, some of the important aspects of hydration that are still not well
understood are identified. It is seen that, while cement science has evolved
considerably over the last century, many important aspects of hydration are still
not well understood. While many advances have been made in modelling cement
hydration, most of the existing models rely heavily on empirical results, often
limiting the applicability of the models. Since the current work deals with alite

hydration, the hydration of alite will be focussed upon in the following discussion.

2.1 Production, Composition and Hydration of Cement

Portland cement is produced by burning lime, clay and other naturally
available minerals mixed in a kiln in large amounts at around 1450°C'. The
materials partially fuse to form clinker nodules upon cooling. Clinker is chiefly
composed of phases containing calcium oxide, silicon dioxide, aluminium oxide and
ferric oxide, present with other minority components such as magnesium,
potassium and sodium oxides. The nodular clinker is then mixed with a small
quantity (typically around 5%) of calcium sulphate and is finely ground to produce

cement.
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For the sake of convenience, the names of most of the constituents of cement
are abbreviated, as listed in table 2.1. The oxides in the clinker combine to form
phases that constitute cement. For example, calcium oxide and silicon dioxide
combine to form a modified form of tricalcium silicate, which is also known as alite
and is the most important phase in cement. The other major phases present in
cement are belite, aluminate and ferrite (table 2.2). The phases are not present in
their pure form and contain ionic substitutions in their crystalline structures.
Calcium sulphate is added to the clinker before grinding. Although typically

referred to as gypsum, other forms of calcium sulphate may also be used.

Table 2.1: Abbreviations in cement science

Formula | Abbreviation Formula | Abbreviation
Ca0 C SiO;
Al,O, A Fe,O; F
MgO M K,0 K
SO; S H,O H

Table 2.2: Contents of Portland cement

Compound Phase Names | Abbreviated Name | Typical amount
Tricalcium Silicate Alite GsS 50-70%
Dicalcium Silicate Belite GS 15-30%

Tricalcium Aluminate Aluminate CA 5-10%
Tetracalcium Aluminoferrite Ferrite C,AF 5-15%

Cement reacts with water in a process called hydration. With hydration, the
solid volume in cement paste increases, converting cement into a stiff solid. The
reaction products, called hydrates, give cement its binding properties and are
responsible for strength development. In the following sections, the hydration of
cement, and particularly alite, the development of its microstructure and its

reaction kinetics are discussed in more detail.
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2.2 Hydration of Alite

Alite reacts with water producing calcium silicate hydrate (C-S-H) and

calcium hydroxide (CH or portlandite), as shown in equation 2.1.

C,S+5.3H—-C, ,SH,+1.3CH (2.1)

This equation is not always exact as the composition of C-S-H is known to
vary>**. Still, C,;SH, is currently assumed to be an acceptable approximation for
the product'. Portlandite is crystalline in nature and has a well-defined
composition. It is known to grow either as massive crystals or as hexagonal
platelets, depending on the pore-solution and cement composition®*”. In Portland
cement, belite also hydrates in a manner similar to alite, producing similar
products, as shown in equation 2.2. Belite reacts only to a small extent in the early

ages, and acts as a reserve for hydration at later ages®.

C,S+4.3H—C, . SH,+0.3CH (2.2)

Within a few hours of mixing with water, cement paste starts to gain in
stiffness and strength, going from a viscous fluid to a plastic solid to a stiff solid®.
This change happens because the hydration products have a lower density than
the anhydrous phases and occupy more space, filling most of the space created by
the consumption of water and increasing the solid volume. C-S-H is the most
important hydration product as it fills the largest amount of space in a hydrated
cement and holds the microstructure together. A large number of studies on the

development of cement microstructure, therefore, focus on the properties of C-S-H.

2.2.1 Models of C-S-H

The C-S-H in cement is often classified into inner and outer product. The C-
S-H that occupies the space created by the dissolution of alite is usually referred to
as the inner product and the C-S-H that grows in the space between the particles

is called the outer product’. The values of the bulk density of C-S-H in the
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Figure 2.1: The Feldman-Sereda model of C-S-H", the circles show adsorbed water and
crosses show inter-layer water

literature vary, mostly between 1.85 g/cc and 2.1 g/cc'®''*¥. While values of
porosity of C-S-H found in the literature vary between 28% and 49%°Y, it is
generally accepted that inner C-S-H has a lower porosity than the outer C-S-H.
The solid density of C-S-H has been reported to be between 2.5 g/cc and
2.8 g/ccltIon,

There is general agreement on the development of a porous, gel-like, higher-
density inner and a lower-density outer product, although the structure of C-S-H is
still not clear and several models of C-S-H exist. Feldman and Sereda'™® postulated
a layered structure of C-S-H with water bonded between the layers of C-S-H and
also adsorbed on the surface of the layers (figure 2.1). This model was based on
nitrogen sorption and the observed length and modulus changes in samples at
different moisture conditions. Daimon et al.” made similar conclusions based on

nitrogen and water-vapour absorption and made minor modifications to the model.

Based on surface-area and shrinkage measurements using different techniques,
Jennings presented a colloidal structure for C-S-H**, which is similar to the
Powers model in many aspects’. According to this model, C-S-H exists as a fractal
assembly of spherical globules, that are arranged in different configurations that
control its density and the presence of two types of C-S-H was suggested® (figure
2.2). The variable density of C-S-H has been proposed in many earlier studies as

well”". In a later modification, the spherical globules were replaced by layered
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Globule (H=1.8)
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Figure 2.2: Schematics of low-density (left) and high-density (middle) C-S-H according to
Jennings model®”, and the modified globular unit*

bricks, although they are still referred to as globules, in order to explain large

irreversible changes resulting from shrinkage and creep®.

Although the exact chemical structure of C-S-H is not known, it is often
compared to that of jennite and tobermorite**. The molecular structure of C-S-H
is beyond the scope of the current study, but it is noteworthy that C-S-H has

generally been attributed with a layered chain structure with short-range

3,25,27

crystallinity This structure also manifests at the sub-micron-scale as in

microscopic studies C-S-H has been described as a platy or fibrous*®*#27 A

| = >

Figure 2.3: SEM micrograph of C3S hydrating in paste (from de Jong et al.”’) (Left), and
TEM micrograph showing low-density fibrillar outer and inner C-S-H in a mature cement
paste (from Richardson®) (Right)

9
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Figure 2.4: Transmission electron micrograph of low-density product inside the shell
(from Mathur*). Pores are in black and materials in lighter tones in this dark-field image.

fibrillar C-S-H can be seen in many published micrographs (figures 2.3 and 2.4)

and images resembling suspensions of fibrillar or foil-like C-S-H can also be found.

The fibrous structure of C-S-H has often been used to explain the
development of mechanical properties in cement®*??* It has been argued that the
fibrous structures grow outwards from cement particles and get tangled, or join

with the fibres from the other particles giving cement its mechanical properties®!**.

The microstructure of C-S-H is still not well understood. All models of C-S-H

suffer from different weaknesses and none of them can explain all observed

Figure 2.5: TEM image of inner product in a hardened cement paste resembling a
colloidal suspension of fibres (from Richardson®)

10
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properties. But until the formation of C-S-H cannot be directly observed as it
occurs, our understanding of its structure can only be limited to extrapolative

interpretations of indirect experimental measurements.

2.2.2 Distribution of Hydrates

The main problem in understanding the development of cement
microstructure lies in the fact that all the important processes in hydration happen
on the microscopic scale and cannot be observed directly. A combination of various
techniques have traditionally been used to study the hydration of Portland cement
and many different theories regarding the mechanism of hydration and the

structure of hydrates have been presented.

In their pioneering work on the development of cement microstructure in
1940s, Powers and Brownyard® presented a systematic study of cement hydration
and the development of properties of cement paste. Although their experiments
were largely limited to observed macroscopic phenomena, the theories postulated
extended into the nano-scale. The authors carried out wide ranging experiments
measuring properties such as compressive strength, bleeding rate, length-changes
and weight loss due to drying and presented an extensive set of theories on the
development of properties of concrete and cement. Some of the ideas presented in

their work are still used practically®**.

In their study, cement microstructure was presented as a collection of
spherical gel hydrate particles collecting around cement particles, leaving empty
spaces which were called the capillary pores. A denser inner product, which
constitutes around 45% of the total product, forms inside the original boundaries
of the grains and a lower density outer product fills the space outside, binding the
grains together. The inner product grows inwards and the outer product outwards

from the original grain boundaries.

11
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Figure 2.6: Drawing of cement microstructure for 0.3 w/c having a capillary porosity of
7%%. Spaces marked 'C' represent capillary pores.

The gel was suggested to contain a water-filled porosity in the vicinity of 28
percent by volume and the water in these pores was referred to as the non-
evaporable water. The spherical particles of gel were later replaced by ribbon-like
fibres in line with microscopic observations. A drawing of the modified model is
shown in figure 2.6. Powers also used this model to explain the mechanical and

frost-resistance properties of concrete’**.

The Powers’ model of cement microstructure was originally developed before
high resolution electron micrographs of cement were available, but later
microscopic observations reinforced and improved many of the ideas presented. For
example, the spherical gel particles in the Powers model were replaced by ribbon-
like fibres’ in line with electron micrographs presented by Grudemo®*, who was
one of the first to study the microstructure of cement paste using electron
microscopy. While there were some discrepancies between the early observations,
most studies agreed with the growth of an outer product away from the grain and
an inner product towards the hydrating particles®** It was noted that no clear

boundary between the inner and outer products was apparent®.

While the microstructure can be affected due to sample processing before
microscopic observations, the micrographs still provide important information
about the development of the microstructure. Hadley" observed the presence of

shells of hydrates around cement grains, at a small distance, in SEM images of

12
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fracture surfaces. The shells were observed to remain unfilled even after 28 days of
curing. He also observed the growth of needle-like crystals, thought to be
ettringite, inside the shells. In many cases the shells were found to be completely
hollow, without cement grains inside them and these features were later named
“Hadley Grains”. The presence of these hollow shells was later confirmed in other
studies and the growth of products, both inwards and outwards, from this shell
with  hydration became the accepted mechanism of microstructural
development™*4%  This also led to the conclusion that hydration takes place by
the dissolution of anhydrous phases and their later deposition relatively far-away.
Recent studies have shown that the shells are in fact not completely hollow and
contain a fibrous low density product, which can only be observed at very high

magnifications™ (figure 2.4).

Using a combination of different electron microscopy techniques, Scrivener*
presented the evolution of hydration (figure 2.7) as the formation of AFt
(Alumino-Ferro-tri) needles around cement grains at the onset of hydration and
the later deposition of outer C-S-H on these needles at a distance from the reacting
particles, explaining the formation of hollow shells. Although at first it was
suggested that these hollow shells are limited only to cements and are not observed
in pure alite’, recent studies have indicated the presence of shells and Hadley
grains in the hydration of pure C;S, where the only known hydrates are C-S-H and
portlandite®.

10pm
A daaaa]

Figure 2.7: Evolution of a hydrating cement grain (after Scrivener)

13
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It must be noted here that most samples for electron microscopy go through
extensive preparation, usually involving drying, fracturing or polishing and
impregnation in resin, which could alter the microstructure. Still electron
microscopy is a powerful means to study processes that may otherwise not be

visible.

2.3 Hydration Kinetics of Cement

Different phases of cement react at different and time-varying rates. As
cement hydration is exothermic in nature, heat evolution measured by calorimetry
is an effective method of following the overall progress of hydration. Figure 2.8
shows the typical heat evolution curve recorded using an isothermal calorimeter
during approximately the first day of hydration of ordinary Portland cement. The

curve is broadly divided into five stages.

The first stage gives a rapid evolution of heat for several minutes. This is
generally attributed to the initial rapid dissolution of cement particles and a rapid
hydration of the aluminate phase®. A continuous low evolution of heat is observed
in the second stage of the process. This stage is referred to as the induction period
or the dormant period and, although the mechanism behind this period is disputed,

A Stage 1, ;
. Stage 2 ;

\A/(—Stages 3 and 4ﬁ6 Stage 5
Alite Hydration \

Aluminate Hydration

Rate of heat evolution (mW/g)

A 4

Time (hours)

Figure 2.8: Typical heat evolution curve of Portland cement
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it is apparent that there is some barrier to reaction before it picks up again in the
next stage. In stage three, the reaction accelerates for a few hours before a peak is
reached. The heat evolution subsides in the following hours in stage four and

settles to a more constant value in stage five®™*™.

At any stage of hydration, the observed heat evolution might be the result of
a combined reaction of more than one cement phase and it is difficult to isolate the
contribution of individual phases. Although these phases might behave in a
different way in isolation than in the presence of other phases in cement, studies
on pure cement phases have provided valuable information about the reaction
mechanism and kinetics of each phase in cement. Since alite, the primary phase in
cement, is focussed upon in this study, the hydration of alite is discussed in more

detail in the following discussion.

2.4 Stages of Alite Hydration

Figure 2.9 shows the typical heat evolution curve from the hydration of alite.
As shown in the figure. the curve can be divided into five main stages, the

commonly used names of which are listed below:

* Stage 1: Dissolution period,

AN

NStage 1
' Stage 2

&— Stage 3 —>K—— Stage 4 — Stage 5

Rate of heat evolution (mW/g)

Time (hours)

A\ 4

Figure 2.9: Typical heat evolution curve of the alite phase
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Stage 2: Induction period,

Stage 3: Acceleration period,

Stage 4: Deceleration period, and

Stage 5: Slow reaction.

2.4.1 Stages 1 & 2: Dissolution and Induction Periods

A large evolution of heat, generally attributed to the rapid dissolution of C;S,
which rapidly subsides within a few minutes, is observed in the first stage of the
curve®. It has been shown that the rate of dissolution in this stage depends on the

2 Leading into the second

particle size, crystalline structure and defects of C;S
stage, the rate of reaction slows-down considerably before a saturation with respect
to the anhydrous phases is reached® and it has been proposed that the dissolution
slows down due to saturation with respect to C-S-H*. It has also been suggested
that the reaction slows down due to the formation of a meta-stable layer of

hydrates around the reacting particles®®.

The second stage witnesses a much lower heat evolution that can last for
over an hour. Despite this stage being often referred to as the dormant period, a
continuous heat-evolution is observed in this stage. This indicates that the reaction

continues at a slow rate during this period.

The mechanism behind the second stage has long been a subject of debate.
Possibly due to the shape of the evolution during the first two stages, which looks
similar to the dissolution of salts nearing saturation, the induction period was at
first attributed to saturation with respect to the anhydrous phases®™, but this was
quickly rejected as evidence indicated much lower concentrations in the solution®.
The formation of an inhibiting or protective layer of early hydrates around the
reacting particles, which is later breached, was suggested to slow down the

reaction during the induction period® %",

16
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Kondo and Ueda®, and later Pommersheim and Clifton®, presented the
mechanism of early hydration of cement using mathematical models, where the
induction period was explained by the formation of a protective layer on the
surface of the particles and the subsequent acceleration was explained by the
gradual erosion of this layer. These models are discussed in more detail in section
2.5.1. It was also suggested that calcium ions tend to dissolve faster than the
silicate ions upon the initial hydrolysis of Cs;S immediately after mixing with water
and the adsorption of these calcium ions on the silica-rich surface layer could lead
to a slow-down in the dissolution of C3S™. Still, no conclusive evidence of the
presence of any inhibiting layer has been reported and most arguments in its

favour are speculative.

The poisoning of CH crystals by SiO, has also been suggested to cause the
induction period®®. It has however been shown using dilute solutions of alite that
the nucleation of portlandite can be repressed until the accelerating part of the

reaction, indicating that CH crystals do not play a role in the induction period®.

It is now widely accepted that once the pore-solution is saturated, which
generally happens during mixing, the nucleation and growth of C-S-H starts™®.
According to this viewpoint, the induction period is not a separate chemical or
physical process, and is observed because the rate of reaction, albeit accelerating, is
too low to be measurable. This inference is also supported by the fact that
induction period is found to be shorter for finer powders where the reaction in the

56,63

third stage is faster
2.4.2 Stage 3: Accelerating Reaction Rates

In the third stage the hydration accelerates until a peak is reached. As this
feature is consistently observed in all studies and is, in all certainty, directly linked

to the mechanism of the reaction, the reason for this acceleration has been, and

continues to be, the subject of an extensive debate. The reaction rate and the
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position of the peak is known to depend on the temperature and the particle sizes
of C;S%. The rate of reaction is also known to depend on the crystal structure and

51,52

surface defects in C;S

In most of the early work on hydration kinetics, the first four stages of
hydration were explained using separate processes™*%. As discussed earlier, Kondo
and Ueda®, and Pommersheim and Clifton®, explained the acceleration in the
reaction rate by the gradual deconsumption of a protective layer that forms early
in the reaction™. While many recent studies still propose similar mechanisms, no

conclusive evidence to the presence of a protective layer is reported.

In 1970 Tenoutasse and DeDonder” suggested that a single mechanism of
nucleation and growth could be used to explain the behaviour observed in stages 2
to 4. One of the reasons for this conclusion was that the Johnson-Mehl-Avrami-

66676569~ which models the nucleation and growth of solid

Kolmogorov equation
nuclei in a homogeneous fluid medium, can be used to fit the observed rate of
hydration for cement. Later studies verifying that this equation can be used to fit
the rate of hydration in pure-alite’®™ and for Portland cement™ leant further
credence to the possibility of cement hydration being controlled by a nucleation

and growth mechanism.

The nucleation and growth mechanism is a demand based process and the
rate of the reaction is not limited by the availability of reactants. In this process,
germs of the product form and start to grow at a rate that is proportional to the
surface area available on these germs. Since these germs can redissolve, they have
to reach a minimum critical size over which growth is preferred to dissolution. The
nuclei continue to grow at a rate proportional to their free surface area leading
first to an acceleration in the process, and then a subsequent deceleration due to
reduction in the available surface area resulting from impingement of neighbouring

66,67,6

nuclei®® %% This process results in an S-shaped evolution of the reaction similar

to that observed in cement.
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Based on the nucleation and growth mechanism, it was suggested that a slow
nucleation of C-S-H occurs on the surface of alite particles during the so-called
induction period. Once the nuclei reach a critical size the reaction accelerates,
entering the third stage®™™. While most authors have suggested the formation of a
continuous layer of C-S-H forming over the surface of C;S particles® it was
recognised that increase in the surface area of the particles due to growth of
particles could not account for the increased reaction rate. Studies have suggested
the possibility of discontinuous growth of nuclei on the surface of the particles well

53,74

into the third stage of the reaction

Apart from slight variations, it is now generally accepted that the nucleation
and growth mechanism is responsible for the observed acceleration in stage three.
The reaction kinetics of alite during the nucleation and growth period are

discussed in more detail in chapter 5.

2.4.3 Stages 4 & 5: Reducing Reaction Rates

In stage 4, the reaction rates slow down to almost half their value quickly
followed by a slower reduction in stage 5 until most of the C;S or water has been
consumed™. In most early studies, it was postulated that thickness of hydrates
depositing over the cement particles increases with hydration and the rate of
reaction is controlled by the diffusion of ions through this layer of hydrates.
According to this theory, stage 4 occurs when a shift towards a diffusion controlled
mechanism starts and in stage 5 the reaction is controlled entirely by diffusion and

the availability of materials®™.

Some recent studies have indicated that the nucleation and growth
mechanism can also be used to explain the observed behaviours until a few hours
after the peak™®. In these studies, the reduction in the reaction rate is explained
by the reduction in the available surface area for growth due to impingement

between neighbouring nuclei, either from the same particle, or from the
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surrounding particles. It has also been suggested that as the nucleation and growth
process continues, the surface of the particles gets progressively covered by
hydrates, leading to a diffusion controlled regime when the entire surface of the

particles gets covered®. However, no conclusive evidence of this was found.

Only a limited number of studies focussing on these stages of hydration have
been found and the reaction mechanism in these stages is still not clear. If a
diffusion controlled regime is assumed, the point of transition from the nucleation

and growth mechanism to diffusion controlled kinetics is also not clear.

2.5 Analytical and Numerical Models of Hydration Kinetics

2.5.1 Concentric Growth Models

Kondo and Ueda®, and later Pommersheim and Clifton®™, explained the
hydration kinetics of alite using mathematical models of suggested mechanisms
acting due to concentric layered growth of hydrates over reacting spherical cement
particles (figure 2.10). In both these models, an initial layer of meta-stable
hydrates forms upon the first contact of cement with water. This “barrier-layer” of
early hydrates slows down the reaction, leading to the so-called “induction period”.
This layer dissolves or becomes more permeable with time leading to an

acceleration in the reaction rate.

HYDRATING
TRICALCIUM Hydeation reaction (r = r;)

- Ic__ H ] £ L 1 SILICATE C35 + & H0 % b; (Gel)j + c Ca (OH),

K...« T i PARTICLE 2, b, © - ¥ivichiometric cosfficients

Innes hydration
product

barrier layer

|mediate product

-

Outer hydration space . oa
L _sasy Quter proguct
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Figure 2.10: Schematic representation of hydrating Cs3S grain in concentric growth models
by Kondo and Ueda™ (left) and Pommersheim and Clifton* (right)
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With hydration the reacting core of the particle reduces and is replaced by an
inner hydration product, which grows inwards from the original “barrier-layer”.
Outside this layer an outer hydration product grows outwards into the capillary
pore-space. Once the cover of hydrates around the particles reaches a certain
thickness, the resistance offered to the reacting ions becomes sufficiently high to
control the rate of the reaction, and the reaction shifts to a diffusion controlled
regime. The relations used by the authors of these models can be found in the
original works referred to above. Since each mechanism uses a different equation,
the relation that predicts the slowest reaction rate any any instant in time is

chosen as the governing mechanism.

Although these and other similar models were used to explain the hydration
kinetics of alite for many years, experimental observations did not show the
presence of a protective “barrier-layer” during the induction period or afterwards.
Since the presence of this layer is crucial to the validity of these models, the
validity of these models is often questioned. However, the idea of spherical cement
particles with concentric growth of hydrates is still widely used to model various

phenomena.

Various other simple mathematical relations have been developed to model
chemical processes using the assumption of a spherical reaction front. While most
of these models were developed for systems other than cement, they have been
widely used to model cement hydration. For example, one such sigmoid relation,
which was developed by Jander™ for solid state reactions, has been used in various
forms to fit the early evolution of hydration®™®. One of the frequently used forms of

this equation is shown in equation 2.3.

(2.3)
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In this equation « is the degree of hydration, ¢ the time, k is the rate constant
and r the radius of the particle. This equation models the formation of a
thickening diffusion barrier on the reaction surfaces that slows down the reactions.
Ginstling and Brounshtein™ derived another expression to account for the

reduction in the interfacial area between the reactants and the products (eq. 2.4).

@

1-2q—{1-af =2 (2.4)
3 r

A problem with using these relations with cement is that while most of these
relations are derived for a single particle or for a powder with particles of the same
size, cement is composed of particles of a wide range of sizes and these relations
may therefore not be applicable to cement®™. In the models that choose between
multiple mechanisms, such as the Pommersheim and Clifton model discussed
above, the switch between different regimes could take place at different moments
for different particles, which cannot be accounted for in single particle models.
These relations could still be applied to polydisperse powders by adding the effect
of individual particle sizes and it was also shown that the fit parameters in this
case are not the same as in the case when the fits are made assuming a single

averaged particle size®.

Relations modelling similar mechanisms to explicitly consider the effect of
different particle sizes have also been developed specially for cement™**% While
these relations provided insight about hydration, since each equation is dedicated
to a single hypothesised mechanism for which it is derived, the derivation, and
even the use, of these relations may be cumbersome. Moreover, while these
relations can be useful in studying systems where the reaction mechanism is
understood, a good fit of experimental data with these equations does not
necessarily mean that the mechanisms being studied are similar to those assumed
for the derivation of the equation. In fact most sigmoid equations with sufficient

number of parameters can be fit to cement hydration.
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2.5.2 The Johnson-Mehl-Avrami-Kolmogorov Equation

666765 more commonly

The Johnson-Mehl-Avrami-Kolmogorov equation
referred to as the Avrami equation, was originally empirically derived by Austin
and Rickett to model the decomposition of austenite®. The later derivations of the
equation modelled the rate of phase change in solidifying metal melts. Although
this equation could also be considered a concentric growth model, it is being
considered separately here because of its frequent use in cement. This equation
models the nucleation and growth process, where small nuclei of the product form
at random locations in the pore-space and grow to overlap and form a solid
skeleton, at constant rates on all available surfaces. In the derivation, spherical

isotropic growth of the nuclei is assumed, and the reduction in the surface area due

to overlaps between neighbouring nuclei is accounted for statistically.

The most commonly used form of this equation is shown in equation 2.5,
where a is the degree of phase change, ¢ the time, and k and n are parameters that
depend on the rate of reaction and the mechanism of growth of crystals

respectively.

—In(1—o)=kt" (2.5)

Figure 2.11: Schematics of overlapping spherical grains from Avrami®
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While this equation has often been erroneously used for systems with varying
temperature, it is only applicable to isothermal systems. To study the rates of

reactions, the equation can be differentiated to the form in equation 2.6.

da n—1 —kt"
—=knt 2.6

Although in the original theory, n was defined to be an integer between 1
and 4, it was found that the value of m may be non-integral®®*. Later, the
parameter n was further defined in terms of three other parameters, P, S and @ as

shown in equation 2.7.

+Q (2.7)

In this equation P is a dimensionality constant for the growth of products,
being 1 for a one-dimensional growth, 2 for a two-dimensional growth and 3 for a
three-dimensional growth. §' is related to the rate-limiting mechanism, being 1 for
interface controlled growth, where the creation of new surface controls the rate,
and 2 for cases where the diffusion of ions to the growth sites controls the rate. @
depends on the nucleation rate, being 1 for a constant nucleation rate and 0 for
cases where only an initial nucleation event occurs®. This means that as long as
the mechanism of a reaction remains the same, the value of n should stay constant

for a reaction.

Tenoutasse and DeDonder” reported the first use of this equation to model
cement hydration. Many researchers have since reported good fits of the equation

56,64,70,71

with experimental results and the Avrami equation has become the most

widely accepted relation used to model the early-age hydration kinetics of cement.

In the Avrami equation, the parameter k is a combined rate constant that
can depend on many factors such as the rate of nucleation and the rate of growth,

the diffusion in solution and the temperature of the system. In the case of cement,
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this factor can depend on the temperature, the state of the pore-solution and the
specific surface, and hence by extension the particle size distribution, of the
cement, amongst other factors. Although some studies assumed a negligible effect
of particle size distribution on hydration®, it is generally accepted that the fit
value of k£ in the Avrami equation is found to be higher for finer cements®™, which
directly follows from the fact that finer cements exhibit higher reaction rates.
However, a relation linking the variation of k to the particle size distribution or the

specific surface area of cement can not be found in the literature.

Although the value of n in the Avrami equation should depend only on the
reaction mechanism, wide discrepancies in reported values for cement and alite
hydration can be found in the literature. While in the original application of the
equation by Tenoutasse and DeDonder”, 3 was found to be an acceptable value for
n, later studies found n to vary between 2 and 3%, Earlier, Bezjak and Jelenik™
had suggested that the lower observed values of n could be due to
misinterpretation of the Avrami parameters for poly-sized cement specimens. They
pointed out that, in a poly-sized cement specimen, particles of different sizes react
together and are at different stages of the reaction at any moment in time. This
results in an overall behaviour that is a mixture of the overlapping of hydration
mechanisms, making the interpretation of the Avrami parameters difficult.
Consequently, the observed value of n could also result from a combination of

different mechanisms acting together.

The use of the Avrami equation in cement has often been criticised. One of
the important criticisms arising from the above discussion is that the use of this
equation usually becomes only a fitting exercise, and the relationship between the
fit-parameters and the material properties or the reaction mechanism is not clear.
It has also been shown that the fits are not sensitive to the value of n and that

with a variation in n, the data can still be fit by varying k™. The fits do not
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provide any additional information than what can be obtained just by plotting the

experimental results.

Another serious criticism to the Avrami equation is that while this equation
was derived for systems where nucleation occurs at homogeneously distributed
random locations in the system, in the case of cement it is known that the
nucleation occurs heterogeneously, only on the surface of the particles™™™. It was
recently shown that a relation derived for cases where the nucleation is assumed to
occur on a boundary® gives better fits to heat-evolution curves from cement

hydration®.

Despite serious reasons for the Avrami equation not being applicable to
cement, it is currently the most widely used equation to fit hydration-rates. This is
probably owing to the simple form of the equation and that it only has two fit
parameters. While these two parameters may not be sufficient to capture all the
factors at play during cement hydration, they provide a simple means to compare
different systems. Still, good fits with these equations do not necessarily imply that

the actual mechanism in cement is similar to that modelled in the equation.

2.5.3 The Dijon Numerical Model for Boundary Nucleation

In order to better reproduce the conditions in real cements, Garrault and
Nonat™ developed a numerical model to simulate the growth of C-S-H nuclei on
the surface of C;S particles. In this model, nuclei of C-S-H form on a two-
dimensional surface with periodic-boundary conditions to simulate closed
continuous surfaces. At each step in the simulation, the nuclei grow both parallel
and perpendicular to the surface. It was observed that good fits with experimental
results can be obtained if the perpendicular growth rate is assumed to be higher
than the parallel growth rate. The growth is simulated by generation of new C-S-H

elements on the boundaries of the C-S-H elements already present on the surface.
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Figure 2.12: Schematics of the nucleation and growth implemented in the Dijon model

The vertical growth is obtained by duplicating the C-S-H layers in the vertical

direction.

The physics of this model have been based on AFM images that show an
aggregation of nanometric thin C-S-H particles of similar sizes on the surface of
CsS particles™®. In order to obtain the values of the perpendicular and the parallel
growth rates under different conditions, the model has been calibrated with
experimental results obtained from hydration of alite particles in dilute lime
solutions of different concentrations, where the rate of hydration and the

concentration of the solutions was measured.

In this model, the induction period is modelled as the time taken for the
formation of the nuclei, and the following acceleration results from the continuous
increase in the surface available for growth. As the nuclei on the surface continue
to grow they start to impinge on each other, reducing the surface for growth and
hence the rate of hydration. This model predicts that in the early hours of the
hydration, the surface of cement particles is only partially covered by hydrates and

gets fully covered by hydrates after the peak of hydration.

It can be shown that if the Avrami equation is used to model the fraction of

the surface covered at any moment in time, which is an example of homogeneous
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nucleation in two-dimensions, the volume of product (V) on the surface can be
written as equation 2.8 where A is the surface area of the particle, k. the parallel

growth rate constant, k,., the perpendicular growth rate and ¢ the time.

V=Al1—exp(=k,, 1))k, -t (2.8)

perp

One of the critical drawbacks of this approach is that while the growth of
nuclei is considered explicitly, the effect of inter-particle interaction is not
considered. Since the setting of cement can mechanically occur only when the
hydrates start to bind the particles together, the interaction between the hydration
products from different particles starts before the set. In this model, although the
reaction rate is modelled until times well beyond the observed setting times of
normal cement, the interaction between different particles cannot be considered in
the numerical system used in this model. Still, this model provides important
information about cement hydration as the parameters obtained from this model
are able to predict reaction rates in systems that are significantly different from

those used for calibration.

2.6 Summary of Cement Hydration and Outstanding
Questions

It can be seen from the above discussion that while tremendous progress in
understanding cement has been made, many outstanding questions remain. In this
section, the aspects of our knowledge relevant to this study and the pertaining
questions are discussed. Since the current study focusses on alite, the discussion is

limited to the points relevant to alite.

Although most of the reactant and product phases in alite hydration are
known, discrepancies in the chemical composition of C-S-H exist. While the
properties exhibited by cement indicate complexity in its structure, an accurate
model of C-S-H structure is not available and descriptions of the product vary

from colloidal to fibrillar. Fibres or suspension of fibres of C-S-H can be often

28



Chapter 2: Cement Hydration: Chemistry and Numerics

observed in micrographs, but the observations are at times inconsistent. As
samples are dried before observation, the microstructure of the samples could be
altered and the morphology of C-S-H is still not well understood. The density of C-
S-H has been shown to vary and the exact range of this variation is not known.
The fibres observed in micrographs could indicate the variation of the density over

a wide range.

Even though the presence of empty hollow shells around cement particles has
been widely accepted, recent results show that the shells are not empty and are
filled with a low density product. This observation is contrary to the belief that

the inner product is always “high-density”.

Compared to C-S-H, CH displays more consistent properties, but it hasn’t
been as extensively studied as C-S-H. The shape and size of CH crystals is known
to vary, but their relationship with various controlling factors is not well
understood. An early idea that portlandite might play an important role in

reaction kinetics was later rejected.

While the hydration mechanism during the induction period is still not clear,
it is generally agreed that the nucleation and growth of C-S-H controls the
hydration kinetics. Nucleation and growth is a physical process depending on the
shape and dispersion of a phase and proper understanding of the kinetics would

require a better knowledge of the morphology of C-S-H.

The hydration mechanism after the peak of hydration and the point of shift
from the nucleation and growth regime to a diffusion controlled regime is also not
clear. Data concerning the post-peak hydration is limited and it is generally
assumed that hydration peaks due to a shift to a diffusion controlled mechanism.
However, the disperse nature of C-S-H observed in micrographs suggests high
permeability for fluids and ions. Studies have also shown the possibility of the

nucleation and growth mechanism explaining the post-peak behaviour.
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Understanding hydration is critical to the progress of cement science and it is
hoped that answers to some of the questions above are brought out in the current

study.

2.7 Modelling Cement Hydration

The tremendous advances in computing technology in the last few decades
have provided a great impetus to computer based scientific research. Increased
speeds and availability of computers have made possible extensive numerical
modelling of various extremely complex materials and processes. Computer based
numerical models, at the same time, provide a methodology to study the anomalies
and characteristic peculiarities of a material by allowing comparison of model
derived values against those experimentally observed. The use of numerical
modelling is arguably best justified for complex composite materials like cement,
where simplified equation based models would entail over-simplification of the
problem and would overlook some of the smaller features that could significantly

affect the final result.

In the hundred odd year history of cement research, a number of studies have
focussed on developing prediction models of cement behaviour. The compressive
strength of cement has been the focal point of most of these studies and is still a

critical parameter in determining the quality of a cement.

The mechanical properties of concrete vary over time, directly dependent on
hydration and the development of cement microstructure. Mechanical strength of
materials is known to reduce with increasing porosity and several relations linking

8099 On the basis of a wide

the two have been proposed for different materials
experimental programme, Powers proposed an empirical relationship linking the
gel-space ratio to mechanical strength of mortars® (figure 2.13). The gel-space ratio
is defined as the ratio of the volume of hydrates, to the volume that the hydrates

can occupy and is therefore directly related to porosity.
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Figure 2.13: Relationship of compressive strength with gel-space ratio (after Powers

1958°)

While this relationship might hold for one particular type of mix, it would be
a gross generalisation to assume that the changes in arrangement and structure of
porosity and the microstructure do not have a role to play. Figure 2.14, which
compares the variation of compressive strength with porosity against Balshin's®

model for different systems”, clearly shows that a mortar mix can have twice as
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Figure 2.14: Experimental scatter of compressive strengths of different systems against
Balshin's model”
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much mechanical strength for the same porosity, clearly demonstrating the
importance of accounting for microstructure and not just the total porosity in the

calculation of mechanical properties.

In recent years an increasing emphasis is being laid on durability based
design. With the demands on concrete structures increasing rapidly, problems like
corrosion, ion transport and other long term effects have gained focus in many
studies and porosity and pore-connectivity have been found to be important
parameters controlling deterioration. Since most of these effects are long term, only
accelerated tests, whose accuracy is frequently questioned, are possible in
laboratories. Furthermore, these phenomena are microscopic in nature and depend
on three-dimensionally connected pores that are hard to study using the test
methods currently today. Microstructural models can hence play a vital role in

providing information that would be vital to understanding cement.

Given our current understanding of cementitious materials, no computer
model can claim to accurately model cement paste. However, it is still possible to
compute properties at various stages based on certain assumptions that, despite
simplifications, maintain the essence of processes that lead to the formation of the
material. These computed values can then be used both to predict the properties
and to understand the processes underlying cement hydration, satisfying both

engineers and scientists.

All models are by definition a simplified representation of the reality and are
valid only in the range of assumptions and simplifications made during the
development of the model. However, this does not in any way reduce the value of
the models as long as the simplifications are made keeping the objective of the
model in mind and the limitations are understood by the user. In fact every
different assumption or simplification of a problem can be considered to be a
different approach to the problem. Many different models and approaches to

modelling cement have therefore emerged over the years and several of them are
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still being developed. Some of these approaches are discussed in the following
sections in chronological order. Since the current study presents a new
microstructural model, mainly the currently available microstructural models are

focussed on.

2.7.1 Numerical Models for Cement Microstructure

2.7.1.1 Numerical Concrete
Numerical concrete was one of the first attempts to model the mechanical

94959 Tn this model two-dimensional sections

properties of concrete as a composite
of concrete with aggregates having spherical, polygonal or other arbitrary shapes

were generated from statistical representation of three-dimensional specimens and

Figure 2.15: A meshed section from Numerical Concrete (after Sadouki and Wittmann®)

meshed (figure 2.15). The finite element method was then used to calculate the
mechanical properties of the samples. Although this model does not simulate
cement hydration, the approach of analysing the properties of concrete as a
composite material is note-worthy and numerically generated cement
microstructures can be similarly analysed for mechanical or other phase-related

properties.
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2.7.1.2 Jennings and Johnson Model

Around the same time as numerical concrete, a three-dimensional model
simulating the hydration of C;S was developed by Jennings and Johnson”
working at the National Bureau of Standards (now known as the National
Institute of Standards and Technology or NIST), USA. In this model the cement
particles were represented as spheres placed inside a cubic specimen. Hydration
was simulated as the reduction in the radii of the anhydrous phases and the
concentric growth of C-S-H layers on the surface of these particles. CH particles
grew as new nuclei formed in the pore-space. The overlaps between particles
increased with hydration and were accounted for by redistribution of products in
space (figure 2.16). It was noted that spheres have a significant advantage over
other shapes in simulations due to computational factors. In the Jennings and
Johnson model, all spheres were represented by the coordinates of their centres
and radii. This approach of representing shapes using properties that are not
limited by a resolution was later referred to as the continuum approach. This term,
however, does not accurately represent the approach and can be confused with
other disciplines such as continuum mechanics. For this reason this approach has
now been renamed the “vector approach”. Due to limited computational power at
the time of development, this model was not widely used and could not be

developed further.

Figure 2.16: Microstructure (left) and adjusting for overlaps (right) in the Jennings and
Johnson model”
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2.7.1.3 CEMHYD3D

Another model using a significantly different approach, known as the discrete
or pixel approach, was later developed at NIST*%. In this model, called
CEMHYD3D, the microstructure is stored as a grid of discrete three-dimensional
cubic elements, called volume-pixels or voxels. Each voxel is marked as an
anhydrous or hydrate phase or pore. The model uses the cellular-automata (CA)
approach, which was developed in the 1950s by John von Neumann, with the help
of his co-worker Stanislaw Ulam, to study biological self-replication'”. In the CA
approach, at any step in the simulation, every cell (or voxel) in a system can have
one of a finite number of pre-defined states and is allowed to update its state to

another of the pre-defined states based on its neighbourhood.

In CEMHYD3D, the CA approach has been used to simulate the diffusion of
species through the pore-water leading to reactions and precipitations as in figure
2.17. In the figure, the first set of pixels in dissolution and diffusion/reaction
indicate the initial states of the pixels and the following three sets of pixels
indicate the states after a movement of the pixel in the centre in the direction
indicated by the arrow. In short, in this set-up, when a solid pixel attempts to
move into water it dissolves, and when a diffusing specie moves towards a solid

boundary it reacts.
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Figure 2.17: Cellular automata as applied in CEMHYDS3D for dissolution (top) and
diffusion or reaction (bottom), black squares show solid phases, grey squares show
diffusing phases and white boxes show water
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For the development of this model, an extensive set of cement specimens was
analysed using microscopy and other techniques. Properties such as particle
shapes, distribution of phases and reactions were represented statistically for
different types of cements. As the resolution of these analyses was limited to 1 pym,
this is also the smallest possible size of a voxel in this model. The cellular-
automata was then set up with the probabilities of events being derived from the
statistical analysis. Spherical particles of sizes dependent on the mesh size are
packed in a cubic computational volume and are assigned phases based on the
input characteristics of the cement. The cellular-automata system is then started
and species are allowed to undergo phase transitions according to the chart shown

in figure 2.18.

CEMHYD3D is still one of the most widely used and well known models in
cement today. The discrete approach is well suited for easy spatial distribution of
different phases and representation of different shapes and faster calculations. Also,
as the model is already in the form of discrete elements, this approach can be
easily integrated with finite element methods for calculation of mechanical
properties. Another advantage of this approach is that due to the regular nature of
the mesh, most operations on the system are fast. Support of randomly shaped

cement particles, reconstructed from X-Ray tomography results, has been also

included in the recent versions of the model™'. The functionality of the model
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Figure 2.18: State transition diagram for CEMHYD3D""!
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has been extended to calculate mechanical properties, early age properties and
durability of different cement systems, largely based on empirical relations.
However, the validity of using the rather coarse mesh, as in this model, for

calculation of all these properties can be questioned.

Despite the computational advantages, the discrete approach suffers from
several shortcomings when applied to cement. One of the most important problems
in this approach arises from that the fact the size of the smallest feature that can
be represented in the computations is limited by the size of the voxel and features
with sizes close to that of the voxel are represented less accurately. This
shortcoming has important implications in cement as while the size of the voxels in
this model is limited to 1 um, real cement contains particles that are only a
fraction of a micrometre in size. Given the large range of particle sizes in cement, if
the size of the voxels were to be reduced to accommodate all sizes of cement
particles present, the total number of elements in the system would be
prohibitively large to analyse. Furthermore, as the size of capillary pores in cement
goes down to 10 nm, a large part of the pore-features cannot be represented even

with this large number of elements.

One of the major criticisms of CEMHYD3D is that because of the cellular-
automata used in the model, very early into the hydration, cement particles
disintegrate into single voxels and “diffuse” in the microstructure. Due to this no
clear boundaries of cement particles remain and the system can be compared to a
soup of voxels, whereas distinct boundaries of cement particles can be clearly seen
in micrographs (figure 2.19). Being a microstructural model, the relative
arrangement of phases in the microstructure is a property that should be preserved
in the model. Another criticism of the model is that the cellular-automata scheme
used prevents direct conversion of the simulation steps to time, necessitating

empirical calibration with experiments. Also, while this model attempts to simulate
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Figure 2.19: Comparison of an SEM image (left) to a slice from CEMHYD3D (right) at
the same resolution

the diffusion of species in the microstructure, the correct representation of ionic

movements is not possible at 1 ym scale.

When conceived CEMHYD3D was an important development, but its use has
been extended beyond its capabilities, pointing towards the need for a new
microstructural model that can take the recently acquired knowledge into account
and to make proper use of the currently available computational power. The wide
use of this model also shows the lack of simple user-friendly models in the field of

cement.

2.7.1.4 DuCOM

A multi-scale model, called DuCOM, to model concrete has been developed
at the University of Tokyo'"*'”. This model has been developed as a finite-element
package aimed at predicting the durability of structures based on semi-empirical
relations connecting a large number of process parameters to the final properties of
the structure. This model simulates the pore-sizes in cement based on the
hydration of representative unit cells. Although this model is not a microstructural
model, its development has been backed by a comprehensive experimental and
analytical program presenting interesting co-relations between process parameters

and concrete properties. This model also highlights the complexity of processes
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underlying concrete construction and the importance of durability based design in

structures.

However, this model depends almost entirely on empirical relations that have
been calibrated to experimental results. Furthermore, the hydration is simulated
using a single particle of cement. The median size of the particle size distribution

of the cement is used as the size for this particle.

2.7.1.5 HYMOSTRUC

Using a vector approach similar to that used by Jennings and Johnson
earlier, a microstructural model simulating the cement hydration was developed by
van Breugel™!". In this model, the hydration of equally spaced cement particles is
followed based on the assumption that reaction rate of a particle depends only on
the particle size and not on its neighbourhood. As the particles react concentric
layers of hydrates form around cement grains causing particles to grow and come
in contact with each other (figure 2.20). In this model, the pore-size distribution is

modelled assuming a logarithmic variation shown in equation 2.9.

% (2.9)

V,,=a1n

In this equation V,,, is the pore-volume, ¢ the size of the pore, ¢, the size of

the smallest pore fixed at 0.002 um, representing the boundary between gel-pores

expansion caused by | 'l;.
embedded particles

outer product

inner product

Figure 2.20: Schematics of hydration in HYMOSTRUC'"; the hydration is simulated as
the concentric growth of particles
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and capillary pores, and a is the pore-structure constant that depends on the

microstructure and was obtained experimentally.

The model was later modified to account for random parking of particles
replacing the original assumption of equal spacing between the particles'. In this
extended version of the model, the pore-structure constant was determined by
analysis of two-dimensional slices from the simulations. At the same time, the
model was extended for calculating autogenous shrinkage based on the pore-
structure using a combination of various empirical equations using pore-parameters
calculated from the model. The specifics of how these parameters were extracted
from the model are not clear. Another pixel-based method to analyse pores was

later added to the model'®.

The authors of this model noted that if the hydration of every individual
particle in the model were to be followed the computation would become too large
and time-consuming to be carried out. So, only a statistical approach to reaction
rates is used assuming that the reaction rates of the particles depend only on size.
Since this model does not do any calculation of interactions or overlaps between
particles, the microstructural information is not utilised in the simulations and the
state at any step in the calculation can theoretically be calculated directly from
the initial state, possibly using only semi-empirical equations and without using

the microstructural information available in the model.

Furthermore, since the neighbourhood of particles is not considered for the
calculation of reaction rates, although the overall progress of hydration for the
system may be statistically justified, localised information at the level of particles,
which is extremely important for microstructural properties such as pore-

connectivity, is lost.

Another major criticism of this model is that only a single reaction product,
the one that grows on the surface of the cement particles, is modelled, not

accounting for nucleation of products in the pore-space. It is believed that
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nucleation in the pore-space was not supported in the interest of performance of
the programmes. Formation of outer product could be important to the

microstructural properties of cement and limit the applicability of this model.

Since this model treats the entire microstructure in only a statistical fashion,
localised information is lost and cannot be used for further analysis. For example,
the analysis of pores and connectivity in this model, not to mention autogenous
shrinkage, would be an attempt to invent information that is lost in the first basic
simplification made in the development of the model. This approach is therefore
not well suited to study the evolution of cement microstructure, or any property

affected by the microstructure.

2.7.1.6 Integrated Particle Kinetics Model

In 1990s, the integrated particle kinetics model was developed at EPFL by
Navi and Pignat"®'"'? This model simulates the hydration of spherical C;S
particles using the vector approach similar to that used in the Jennings and
Johnson model earlier. One of the important features of the this model is that,
unlike in HYMOSTRUC, it simulates the hydration of every individual particle
using kinetics laws that depend not only on the size of the particle, but also on the
neighbourhood of every individual particle. This model also supports the
nucleation and growth of new nuclei in the pore-space, away from the cement
particles, instead of depositing the entire reaction product on the surface of cement
particles. This is a more accurate representation of cement microstructure as
growth of products away from cement particles is well known. In this model, the
hydration of C;S particles is simulated as shrinking of the reacting cores and the
concentric growth of C-S-H on the surface of particles. The CH produced grows at

new spherical nuclei forming in the pore-space at an exponentially reducing rate.

The reaction of individual particles is simulated using three reaction regimes,

namely nucleation and growth regime, phase-boundary reaction and diffusion
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controlled reaction. A typical Avrami-type equation has been used for the initial
nucleation and growth regime of reaction. In the first step, as the Avrami equation
only predicts the rate of hydration of the entire system and not individual
particles, the equation was modified to model the rate of change of radii of
particles as in equation 2.10, where r is the radius of the particle, ¢ is time and k

and n are coefficients from the Avrami equation (equation 2.8).
= rnkt" e (2.10)

In the second stage, a phase-boundary reaction was modelled, where the rate
of reaction depends on the surface area of the particles. In the third phase of the
reaction, the rate of consumption of material is inversely proportional to the
thickness of hydrates deposited on the surface of cement particles. All rates are
corrected for the available surface area of individual particles. It has been noted by
the authors of this model that the unique treatment of individual particles is
computationally expensive using the vector approach. This proved to be a major
obstacle to modelling cement hydration as the number of particles had to be
limited to around ten thousand due to practical constraints, while a sample of real

cement of 100 ym size can contain millions of particles.

Various numerical techniques for pore-characterisation were also presented by
the authors. As a first approach morphological thinning of the discretised pore-
structure was used to analyse the pore-sizes and connectivity'”®. A vector approach
to modelling the pore-structure was later developed. In this approach, the pore
centres were modelled by fitting spheres of largest possible sizes in every space
between four particles, and neighbouring pore-centres were connected using tubes
with diameters depending on the hydraulic radius of the connection between the
pores'?. Although this is an extremely powerful technique that can capture the
pores and the connections over all sizes important for cement, it was found to be

computationally time consuming.
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Due to the comprehensive treatment of the microstructure and the possibility
to model multiple reactants and products using the approach used by Navi and
Pignat, their model was chosen as the basis for the development of the new

approach presented in this study.

The above list of models is not exhaustive and other numerical models
simulating cement microstructure and other properties directly related to the

microstructure can be found in literature!'*!!5!6

. This list only broadly represents
the approaches used by various researchers to model properties of hydrating

cement paste.

2.7.2 Limitations of Currently available Models

It can be seen from the discussion above that our current computational
capabilities in the calculation of the properties of hydrating cement paste are
seriously limited. The most used model is more than a decade old, which is a
considerably long period given the advances in computer science that have taken
place over this period. The principles hard-wired into these models also reflect the
ideas from the same period and are often out of date. These ideas also tend to be
biased towards the opinion of the developers. Most models choose the path of over-
simplification in the interest of performance, either by compromising some of the
critical properties of cement, such as its multi-scale nature, or by ignoring some of
the useful microstructural information that is available in the model. The model
that was recognised to provide a comprehensive treatment of all the information
available and was the closest to cement, is also limited due to performance issues

limiting its usability to only small simulations.

Another important factor limiting the current models is the availability of
knowledge concerning cement hydration. As has been seen in the earlier discussion
in this chapter, many aspects of cement hydration that are crucial to the

development of microstructural or hydration models are still not understood. Still,
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most of the currently available models have built-in laws and mechanisms that
cannot be easily modified. This “hard-wired” approach to modelling makes models
obsolete the moment any theory used in the model is found to be inaccurate or

insufficient.

2.8 Current Study

The current study presents a new microstructural modelling framework,
called pic, which derives its basics from the Navi and Pignat approach. Although
the Navi-Pignat model was limited to the hydration of C;S, it contains all the
necessary features for extension to any type of cementitious system. This is mainly
due to the fact that since the hydration of each particle is simulated, multiple
cement phases can be included in the hydration. Also, since this model supports
nucleation of products in the pore-space, away from the cement grains, any type of
hydration product can be modelled. Although the vector approach is known to be
computationally expensive, the fact that it does not depend on a resolution makes
it suitable for modelling a multi-scale material like cement. For these reasons, the
principles used in the Navi and Pignat model were used as the basis for the

development of yic.

uic addresses the performance issues associated with the vector approach and
it has been developed as a modelling platform which has not been hard-wired with
any mechanistic, chemical or physical information, enabling the simulations on pic
to evolve as our knowledge of cement evolves. pic is aimed at improving our
understanding of cement by enabling the users to observe own new their ideas at

work in four-dimensions.
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A new modelling platform, called pic (pronounced Mike) has been developed
to model the microstructural evolution of hydrating cement paste. Deriving its

basics from the Navi and Pignat model'"’

, which uses the vector approach, pic has
been developed as an engine for modelling particulate reactions and can be used to
model the hydration of many different cementitious and other particulate systems.
In this chapter, the ideas behind the development of pic and its main features are
discussed. The model has the primary short-term objective of aiding, rather than

replacing experiments, therefore the complexity of cement hydration and the gaps

in our current understanding of cement are kept in mind.

3.1 Why a Microstructural Model

Before being mixed with water, concrete is a mixture of granular material
with no cohesive properties. As cement hydrates, it acts like glue, holding together
the different grains in concrete. Hydrated cement paste is the most porous and also
the most chemically active part of concrete, making properties of concrete highly
sensitive to cement microstructure. Understanding cement microstructure and its

variation over time is therefore of utmost importance.

The mechanical properties of concrete vary over time, directly dependent on
hydration and the development of cement microstructure. Mechanical strength of
materials is known to reduce with increasing porosity and several relations linking
the two have been proposed for different materials®** . On the basis of a wide

experimental programme, Powers proposed an empirical relationship linking the
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gel-space ratio to mechanical strength of mortars’ (figure 2.13). It would be,
however, be a gross generalisation to assume that the changes in arrangement and
structure of porosity and the microstructure do not play a role. It has been shown
that the large variations in mechanical strengths between different mixes with the
same porosity can be found”. The microstructure, therefore, plays an important

role in the mechanical properties of cement paste.

While mechanical strength continues to be the most important factor
governing concrete design, durability concerns are gaining increasing importance as
many countries face the problem of ageing infrastructure. Cement microstructure
plays an even bigger role in durability. A majority of durability related problems
are associated with ion and mass transport through the pores and hence depend on
pore-properties. Microstructural modelling can play an important role in modelling
the transport properties of cementitious systems providing a valuable method for

predicting durability.

Another important application of microstructural models lies in
understanding cement science. Cement microstructure evolves over time with
hydration as different phases, present in particles of different sizes, react to form
different hydrates and intermediate products at varying rates. The extent of
different reactions are generally difficult to isolate as most experimental techniques
depend on indirect measurements and many aspects of hydration are still poorly
understood. Since it is possible to treat different phases and cement particles
separately in a model, microstructural modelling can prove to be an effective tool
to study the process of hydration and to test the accuracy of hypothesis concerning
microstructural development. Microstructural modelling has therefore an
important role to play, not only for prediction and practical applications, but also

in bridging the gaps in our knowledge of cement science.
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3.2 Requirements from pic

uic has been designed as a framework for highly customisable simulations of
particulate reactions. The vector approach, which is a resolution-free method for
representation of geometrical information, was implemented using object-oriented
programming in Java. While the model was designed keeping in mind the special
requirements for cement, the framework can be used to model a wide variety of

particulate reactions.

For the design of any model, it is important to first identify the requirements
from the model. Since models are by definition a simplification of the problem, the
requirements from a model affect the simplifications and assumptions that can be
justifiably made in order to satisfy these requirements. The following sections
discuss some of the requirements from pic and the simplifications used in the

model in the course of satisfying these requirements.

3.2.1 Extensibility

Even as cement science continues to progress at a tremendous pace, many
aspects of hydration are still not well understood. Since models generally involve
large number of assumptions and simplifications, the capabilities of models are
generally limited to the information available to the developer and newer findings
can quickly render a model outdated and of little use. Additions to models due to
both, the advances in science and the introduction of newer materials, would
require regular extensive developments to the models, which are not always
practically possible. Extensibility was therefore considered an essential feature
during the design of pic. The model was designed to allow users to input and test
their own ideas in simulations, making experimentation with the model possible.
This unique feature of pic can make it an important tool for understanding cement

chemistry.
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3.2.2 Ease of Development

As it would be unreasonable to assume that the model will not require future
development, the model has been designed in a programmer-friendly manner, with
object-oriented programming in Java. The programmes make the task of editing
and development by different and multiple developers easier as the programmes
are segmented into smaller modules, resulting in smaller sized, easier to maintain
programmes. Java was chosen as the programming language as it is considered to
strike the right balance between ease of learning and power. Being a modern
language, Java contains all the necessary features and built-in libraries to support
advanced development. Java is also known for encouraging better coding practices,
resulting in easier-to-read codes. The syntax of Java is easier to learn, making it
ideal also for researchers without much prior experience in programming.
Furthermore, Java is a platform-independent language, and its compiled
programmes can be executed on most operating systems and hardware platforms.
Although many programmers question the speed of execution of Java programmes,
the advantages of Java were considered to outweigh this limitation and Java was

chosen as the language for the development of yic.

3.2.3 Multi-scale Microstructural Representation

Particles of cement extend over a wide range of sizes, from over a hundred
micrometers to just a fraction of a micrometre and particles of all sizes play an
important role in the progress of hydration and the development of the
microstructure. So, in order to correctly simulate the evolution of microstructure,
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Figure 3.1: Dimensional range of solids and pores in a hydrated cement paste
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it must be possible to represent particles of all sizes in the model. pic uses the
vector approach in order to preserve the multi-scale nature of cement as it has the
advantage of being relatively resolution-free. The vector approach is discussed in

more detail later in this chapter.

3.2.4 Performance

It was considered important that problems of significant size be solved within
reasonable amounts of time. Performance is an important requirement from the
models, specially since the vector approach is known to be computationally
expensive. The manner in which the information is usually stored in the vector
approach makes the calculation of interactions difficult and time-consuming. The
performance issued associated with the vector approach were dealt with, as an
integral part of the design of the model. These issues are discussed in more detail

in later sections.

3.2.5 Accessibility

As pic has been designed as an experimentation tool, easy accessibility is an
important feature required from the model. Keeping this in mind, the model has
been designed for use on normal desktop computers. This is an important
requirement from the model since access to large work-stations is generally limited.
In order to encourage a wider use of the model, emphasis was given to more
advanced and efficient algorithms, rather than parallelization, to enhance the
performance of the model. Simulations on larger work-stations and mainframes are

still possible owing to the platform-independent nature of Java.

3.3 The Vector Approach

The vector and discrete approach are the two main alternatives for
representation of geometry. In the discrete approach, the geometrical information

is represented using an assembly of simpler shapes. The computational volume can
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be modelled more closely to the actual geometry as the elements become finer.
This, however, increases the number of elements that have to be modelled and, in
most cases, a trade-off is made between the size of the problem and the accuracy
of the representation. While the size of the computational volume would depend on
the size of the largest particle in the system, the size of the mesh would depend on
the size of the smallest particle to be modelled. As the sizes of cement particles
vary over more than four orders of magnitude, the proper representation of all
particles could necessitate meshing the computational volume using from billions
to trillions of elements. As problems of such large sizes might not be possible to
solve due to practical and computational limitations, only a limited range of

particle sizes is generally modelled when this approach is used.

Even if a high-resolution representation of cement were to be possible, the
information about a large fraction of capillary pores will be lost (see figure 3.1),

reducing the usefulness of the simulated microstructure.

In vector approach, the features to be modelled are represented by their
location, size and shape information. This way all features can be represented in

the computational volume, independent of their size. Using the vector approach,

Figure 3.2: Slices from the same cubic microstructure using the discrete approach with 1
million pizels (left) and using the vector approach (right)
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the size of the problem in the memory depends on the number of features to be
modelled, as opposed to the number of mesh elements in the discrete approach.
For example, in cement, the particles can be represented as spheres of known radii
and centres, making the representation of particles of a wide range of sizes

possible, thereby preserving the multi-scale nature of cement.

The vector approach is known to be computationally expensive due to the
manner in which the information is usually stored. The main problem lies in the
calculation of interactions, for example the calculation of overlap between two
spheres. In the discrete approach, phases are represented as elements that are
stored as three-dimensional arrays with neighbouring elements being stored in
neighbouring locations of the array. This makes calculations of interactions with
neighbours fast as all information about the neighbourhood is instantly available.
However, in the vector approach, only the locations and sizes of the particles are
available and the simplest approach to calculate overlaps would be to calculate the
distance of every sphere from every other sphere. This means that the number of
calculations required to check for all interactions can be written as in equation 3.1,

where n indicates the number of particles.

n(ﬁ—l)

number of checks= (3.1)

While for a small number of particles the number of checks is small and can
be easily handled, as the number of particles increases, the number of checks
required increases approximately as the square of n, seriously affecting the
performance of the approach. Earlier models using this approach have used
different simplifications in order to bring the performance of this approach to
practically acceptable levels. Some of these simplifications are discussed in the

following sections.
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3.3.1 Possible Assumptions in Vector Approach

3.3.1.1 Spherical Assumption
The first important simplification used by most models using vector approach

16101 - Being the most regular

is the representation of all particles as spheres
geometrical shape, computations of geometrical features and interactions are
fastest with spheres, making them the most suitable shape for the purpose of
modelling. Handled correctly, the effects of this simplification can be easily

managed and need not significantly affect the results.

One of the features of spheres is that they have the smallest surface area to
volume ratio of all shapes. While this artificially reduces the specific surface area of
the samples, it can be easily accounted for numerically, and is therefore not
considered a significant restriction. Another, less manageable problem, is that the
use of any predetermined regular geometrical shape for the development of
hydration will affect the shapes of boundaries between phases. While this might
affect the results, the use of irregular shapes in vector approach would make the

problem computationally too expensive for practical applications.

Any simplification in a model need not cause too many problems as long as
the user of the model is aware of and accounts for the limitation and its possible
implications. In this case, the main effect of the shapes is seen on the shapes of the
pores and artificially created angular contacts between particles. Depending on the
application, these features can be accounted for and smoothed out. Based on these

considerations, the spherical approximation was considered acceptable for yic.

3.3.1.2 Statistical Homogeneity

In order to avoid the computationally expensive calculation of interactions, in
some models, the localised effect of geometry is ignored and only a statistically
calculated global correction is applied'”. However, since this models aims to allow

users to calculate the overall effect of localised laws input at the level of particles,
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the explicit calculation of the interaction between particles was considered an
important requirement from the model. Also as the model is expected to provide
information about pores and pore-connectivity, localised information is an
important output from the model. The assumption of statistical homogeneity was
not considered acceptable and pic was built with support-libraries to enable fast

calculation of interactions.

3.3.1.3 Reduced Particle Size Distributions

As shown in equation 3.1, the number of checks required in the model
depends on the number of particles, so one of the approaches used to make
simulations practically manageable is to reduce the number of particles by
reducing the size of the computational volume or increasing the size of the smallest
particle, thereby redistributing the volume of the smaller particles to the larger
ones"""". However, since local geometries are important in pic, the effect of smaller
particles cannot be ignored. The fine particles have an important effect on the

pore-sizes and connectivity (see section 4.1.3).

As pic will be used to study the progress of hydration, in which the smaller
particles have an important role to play, specially in the early part of the reaction,
these particles cannot be ignored and have to be modelled explicitly. By discarding
the finer particles in cement, the main advantage of the vector approach, that with
it we can model particles of all sizes, is lost. The possibility to model all particle

sizes explicitly was considered an important requirement from yic.

3.3.2 Vector Approach as Used in pic

In pic, hydrating cement particles have been represented as spheres that are
assigned a radius and an initial position inside a cubic computational volume using
random parking. Simple user-invokable routines have been provided to simulate
flocculation and to achieve high-density packings using progressive flocculation

during random-parking (figure 3.3). It must be noted that typical unhydrated
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Figure 3.3: Slice from a volume with 84% of the volume filled with solids, obtained by
progressive flocculation

cement samples contain less than 50% by volume of solid content and high-density

packings are rare.

Products can form as concentric layers over the particles or as new nuclei in
the pores. Consumption of material from a particle is represented by a reduction in
the radii of the spheres or the concentric layers and growth by an increase in the
radii.

As hydration progresses, particles grow and impinge upon each other. At
each step in hydration, the surface of each particle is sampled to calculate its
interactions with other particles. This can be done in two ways, either by using a
regular triangular grid on the surface of the spheres, or generating uniformly
distributed random points on the surface, as shown in figure 3.4. The latter
approach was found to be more efficient with acceptable accuracy, and was used in
uic. Interactions and available surface areas of the particles are calculated by
finding if these sampling points lie inside other particles. The deposition is carried

out in such a manner that new material grows only on the available surface of the
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existing gel product

[] newly formed gel product
b

Figure 3.4: Surface sampling using regular triangular grid™ (left) and using random
sampling points"™""* (right)

particle. As the particles grow they continue to fill the empty space in the matrix

and the microstructure evolves.

Since the spheres overlap, there are parts of the microstructure that lie inside
more than a single sphere, although in reality the space can be occupied only by a
single particle. If it is required to identify the particle in which a point lies, when it
lies inside more than one sphere, one would have to go though the history of the
evolution to check which particle occupied that space first. This can be important
in applications where the resulting microstructure is required to be discretised into

elements.

The only simplification of the vector approach used in pic is the spherical
approximation. As even with the use of this approximation, earlier researchers
have found computing times to be too large to be practically acceptable, in the
first part of the development of pic, the enhancement of the vector approach, to
bring its performance to practically acceptable levels, was focussed upon. As many
features of the model depend upon these enhancements, they are an integral part
of the development of the model. The methods used to improve the performance

are discussed in section 3.3.3.
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3.3.2.1 Periodic Boundary Conditions

This model uses the periodic boundary conditions for the representation of
information. The size of samples simulated is small, typically around 100 pm
cubes. In reality, specimens of these sizes are not practical even if possible. So, the
computed volume only represents a small computational volume element of the
real material. This means that the boundary of this volume would pass through
many particles. This effect is represented well in the periodic boundary conditions
as particles are allowed to cross boundaries and re-enter the volume from the
opposite side, avoiding the wall effect. The periodic boundary conditions make the
calculations a bit more complex since now particles can overlap after crossing
boundaries. This is illustrated in figure 3.5, where the square 1 shows a two
dimensional example of a periodic volume. So, the real specimen can be supposed
to be of infinite size and composed of these smaller elements tiled next to each
other in all directions. The figure shows the tiles in the immediate neighbourhood

of the primary volume.

In order to find the sphere closest to the surface of sphere A in the set-up in
figure 3.5, the coordinates of the centres of the spheres cannot be directly used.
The sphere closest to the surface of sphere A in this set-up is in fact sphere C with
its centre in volume 6. So, in order to find the closest sphere, the centre of sphere
A has to be compared with spheres B and C in all nine volumes and that of sphere

A in volumes 2 to 9. However, in most cases, this problem can be simplified. In
|
'@

Figure 3.5: Schematics of periodic boundary conditions in two-dimensions
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this case, if the absolute values of the individual components of the vector between
the centres of the two spheres are not more than half the side of the volume the
smallest distance between the two spheres is the length of that vector. If any
component has an absolute value greater than half the side of the cube, it can be
subtracted by the side of the cube to get the required value, simplifying the

calculation of the shortest distance between two spheres.

3.3.3 Algorithms for a Faster Vector Approach

Since the calculation of free-surfaces was, speed-wise, the most critical step in
the hydration simulation, the first objective was to speed up the process of locating
overlaps between spheres. For this different new and previously employed methods
were compared. All these methods were developed using object-oriented
programming. In object-oriented programming, the representation of values as
objects allows storage of the same information in multiple collections without
significant memory overhead. Advanced data-structures, that are an integral part
of the programming languages, provide tools to organise and efficiently retrieve
information. For example, in this case, the information about reacting particles can
be stored in different lists ordered, say, by grain sizes or by grain coordinates.
These lists contain only references to centrally stored information and so provide
fast access to information without redundancies. Furthermore, since the actual
information is stored only at a central location, inconsistencies are avoided. If a
change in the information is routed through one of the collections, it is reflected
universally. So, data-structures effectively provide tools to overcome problems
posed by the storage of information in vector format and ease the development of

efficient algorithms.

3.3.3.1 Verlet Lists
In 1967, Verlet introduced a list technique that significantly speeded up

9

simulations of particles with short term interactions'® and is still widely used in
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molecular dynamics simulations. In this method, lists of possible interactions of
particles are generated before the simulations start, and may or may not be
updated during the simulations depending on the application. In the case of
hydration, this means the creation of a list of all the other particles that could
possibly overlap at the end of hydration, for each particle. A conservative estimate
of the growth of each particle is guessed. Now all the particles that could
potentially lie in this zone, based on their conservatively guessed final sizes, are
added to the list of possible neighbours. The lists are generated keeping in mind

the periodicity of the volume.

Using these lists, the comparison between spheres can be limited only to the
neighbours and a significant reduction in execution times can be achieved.
However, this approach is suitable only for a limited number of particles. With
each particle potentially having thousands of neighbours, the memory consumption

in this approach again limits the maximum number of particles in the system.

For the use of Verlet lists, the maximum possible size of the zone of possible
interactions has to be guessed. All interactions that lie beyond this range will not
be recognised. In cases where new particles are formed, the lists would have to be
updated at every step in the simulation, leading to additional computational costs.
This only provided a minor improvement in the performance of the model to about

40,000 particles.

3.3.3.2 Bounding Box Lists

This new method was developed in this work to allow the use of dynamic,
global lists to calculate interactions. In this method, three ordered global lists, one
for each of x, y and z axes, are created. Each particle is present at two positions in
each of these lists. If the list corresponds to the x axis, the positions of a particle
depend upon the lower and higher x bounds of the sphere. That is to say, if the x

coordinate of the centre of a sphere is x and its radius is r, the value of x + r and
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x — 1 for each particle is calculated and the list is sorted in the order of these
values. These positions are corrected for the periodic boundary conditions. An
example of the list in the x direction in two dimensions is shown in tables 3.1 and
3.2. Table 3.1 lists the coordinates of eight spheres in a periodic volume and along
with their bounds along the x-axis. The primary volume is a square with one edge
at the origin (x = 0 and y = 0) and a size of 100, with its sides oriented along the
Cartesian axes. Each sphere is placed in the ordered list twice based on the value
of the two bounds as in Table 3.2. This list can help in quick identification of
particles present in a narrow zone. For example, if all the spheres that lie between
the x coordinates of 35 and 65 were to be identified, they can be found by locating
the bounds 35 and 65 in the list in table 3.2, which are indices 5 and 7, inclusive,
respectively. Some spheres might be present in duplicate in this list depending on

whether the sphere is completely inside this zone.

Table 3.1: Calculation of bounding x values of spheres

Sphere No. | Radius | x y x—r| x+ r | Primary(x —r) | Primary(x + r)
0 14.20 |98.24|31.55|84.04|112.44 84.04 12.44
1 13.20 [23.10/83.94| 9.90 | 36.30 9.90 36.30
2 12.55 |27.30/49.56|14.75| 39.85 14.75 39.85
3 12.29 125.06| 5.08 |12.77| 37.35 12.77 37.35
4 12.05 [92.45| 0.32 | 80.40|104.50 80.40 4.50

Table 3.2: Order of particles in the bounding box list along x axis from data in table 3.1
Index 0 1 2 3 4 5 6 7 8 9

Sphere No. | 4 1 0 3 2 1 3 2 4 0
Bound 45019.90(12.44112.77|14.75|36.30| 37.35|39.85|80.40 | 84.04

These lists are also periodic, meaning that they can be treated as connected
in a circular fashion. If one of the bounds of the zone in question lies outside the
primary volume, the bound can be translated to the primary volume and the first
index in the list can be considered to follow the sphere at the last index. For

example, to find the particles in the zone between x coordinates 80 and 110, the
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spheres between 80 — 100, and 0 — 10 can be used, as the coordinate 110 can be

mapped to 10 within the primary volume.

In three dimensions, three global lists can be created, based on x, y and z
coordinates. To identify all spheres in a smaller cube, three sets of spheres based
on the three global lists have to be obtained and the common spheres in the three
lists have to be identified. A major limitation of this approach is that spheres
larger than the width of the zone being checked may be ignored if both their
boundaries lie outside the zone. This reduces the efficiency of this approach in a
system like cement where the particle sizes vary over several orders of magnitude.
While identifying spheres in the bounding box around smaller particles, the larger
particles might be ignored. This can be worked around by starting the
identification of the interactions from the larger particles and storing the
interactions of larger particles with smaller ones for later use. A minimum size of
the search box may also be set based on the largest particle in the system. This,
however, should not be a problem in systems where the sizes of spheres are in the

same order of magnitude.

This approach has been implemented with object-oriented programming in
pic using standard data structures available in the Java development kit (JDK).
Using bounding box lists, it was possible to improve the capacity of the model to
around 200,000 particles, above which the computational times for the set

operations may be too slow.

The advantage of this approach is that only three global lists have to be
stored, reducing memory requirements. Furthermore, these lists are more dynamic
in nature as they can be re-ordered after every step of simulation, based on their
new positions and sizes, without much processor overhead. This approach can be
more useful in applications like molecular dynamics, where the particles simulated

are allowed to move and are more closely sized.
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3.3.3.3 Grid Subdivisions

This approach uses the principles behind the discrete approach to improve
the performance of the vector approach. A cubic grid is overlaid over the vector
microstructure with each cube containing a list of spheres that lie in the cube. The
search for neighbours can be limited to a smaller number of cubes in the grid. To
identify the spheres overlapping with a sphere, the distance of the sphere needs be
compared only with the other particles that lie in the cubes that the sphere
occupies. For example in figure 3.6, when looking for the overlaps with particle 1,

particle 3 can be ignored as it does not share a grid square with particle 1.

This approach has also been implemented with object-oriented programming
and was found to be the most effective approach for cement with the capacity of
the programmes improved to around 3,000,000 particles for desktop computers.
Simulations with over tens of millions of particles can be carried out on work-

stations and mainframes.

When using this approach, it is important to optimise the size of the mesh. If
the size of the mesh is too large, the volume would be divided into a small number
of cubes and the number of spheres per cube would be large. When searching for
neighbours, too many spheres that are outside the zone of interest are returned
and the effectiveness of the method is reduced. While smaller cubes also consume

higher memory, they also slow down the computations. The identification of

L ——

Figure 3.6: A grid of cubic pixels is overlaid on the vector information in pic
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neighbours of a sphere requires collection of all spheres present in the cubes in
which the sphere lies. If the number of elements is too large, it will be required to
go through a larger number of cubes in order to collect all the neighbours and the
computation time is larger. The time required for maintenance is also larger for a
larger number of cubes. Good performance was found when the median radius of a

continuous particle size distribution was used as the grid size.

3.3.3.4 Result of Improvements

The grid-subdivision method was found to be best suited for simulation of
cement pastes. Since the simulation generally involves growing particles over a
large range of sizes, while updating the lists, the earlier occupants of each element
need not be cleared and only the new spheres need to be added. As the Navi and
Pignat model'® was used as a starting point for pic, a summary of the
improvements in the vector approach achieved in the new programmes compared

to the Navi-Pignat model is listed in table 3.3.

Table 3.3: Summary of improvements in the vector approach

Navi and Pignat model'"’ pic
Procedural programming in Fortran Object-oriented programming in Java
10,000 particles in a few days 3,000,000 particles in a few hours
time [0 n? time O n « log(n)
Platform: Unix workstations Platform independent

3.4 Modelling Cement Hydration

Modelling hydration of cement is a complicated problem. The main problem
in modelling cement hydration arises from the complexity of the process and the
fact that many aspects of hydration are not well understood. This means that
during the design of the model, not only the information available currently, but
also possible developments in the future have to be kept in mind. Not only is it,
therefore, required that easy developments on the model be possible, but also that

extensions may be added to the model at run-time to change the mechanisms of

62



Chapter 3: uic the Model

{ Computational i
Information

Reactor
Chemical
Properties
Physical
............................ P i
Variable roperties
stoichiometry
Kinetics ¢ Reactions JHEESSEERE P ticle L;T;Z’;fo‘f
Tri R p Distribution = i
riggers eactants an '-'-'-'-'-'-'-'-“*'-_'-'-'-'-'-'-'-“"-i M (o) dels ate o

: Variation i Layers of
--------------------------
Materials
Physical
Properties
Figure 3.7: Elements with examples of customisable properties and plugins in the Cement
Hydration Toolkit

reaction, without the user having to change the structure of the programmes. This
is why, the Cement Hydration Tool-kit (CHT) was developed to provide a flexible
framework for the simulations. Object-oriented programming was found to be

indispensable for the development of the tool-kit.

The idea for this tool-kit was derived from commercial FEM packages where
users are given the flexibility to define the properties of materials, design the
specimens and even specify behaviour laws as equations. This flexibility is
currently not available in other microstructural models of cement and most models
are limited by the knowledge of the developer. The existing models are based on
fixed laws that control the microstructural development of cement, limiting the
control of the user only to certain parameters. The CHT is designed to allow users
to define materials with customised properties and reactions. Many of these
features have been implemented as plugins. Plugins are programmes that can be

compiled separately from the model and can be provided as inputs at execution
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time. The users can choose from a wide range of available plugins, or create their
own plugins to control mechanisms of microstructural development. The various
possibilities considered during the design of the tool-kit are discussed in the

following sections.

3.4.1 Materials and Reactions

Cement, which itself is composed of many reactive species, is often used in
combination with other reactive additives and the proportions of different
components is variable. The most common approach used to model the effect of
different materials is through the use of a pre-defined library of materials, the
proportions of which can be changed. This, however, limits the model only to the
materials that are existent and known at the time of development, and the task of
adding new materials to the model would be difficult as it would require
development in the programmes. It was therefore sought to allow users to define
different materials at execution time. For this purpose, the model was provided
with a generic implementation of materials with customisable properties and the
user can define both reactants and products to be modelled in the simulations.
During simulations, the model treats each material separately according to the

user-defined properties of the materials.

The functionality of customisable materials is completed by the possibility to
define customised reactions. Multiple reactions can be defined in the model having
different materials as reactants and products. Since the order of execution of the
reactions can change the course of the simulations, the order in which the reactions
are to be executed at each step should also be defined. Other possibilities for

customising reactions are discussed later.

3.4.2 Cement Particles
As the hydration of cement progresses, layers of products form over the

reacting particles and new clusters grow in the pore-space. The properties of the
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progressively formed layers at both locations may vary with time depending on
various conditions. While each cement particle can contain a mixture of various
phases, the cement may also be blended with other particulate materials, such as
pozzolans. At the same time, hydrates can form new clusters in the pore-space.
This implies that the particles and clusters in the microstructure can be divided
into different categories depending on possibility of materials being present in the

particles and the number of layers of products being formed.

In order to allow the model to account for this variability in the number and
properties of layers, the model has been provided with a generic implementation of
spheres which can have any arbitrary number of resizeable layers, containing
different materials, and simulations can contain multiple types of such pre-defined
particles in the system. As calculations in a generic implementation can be
unnecessarily expensive, specialised implementations for many cases usually found
in cement have also been provided. Some of the specialised cases considered

common in cement are listed below.

* Unreactive single-layered particle, e.g. for inert fillers,

* Single-layered particle, e.g. for portlandite clusters in pore-space,

* Two-layered particle, e.g. for reacting cement particles with a layer of
hydrates,

* Three-layered particle, e.g. for reacting cement particles with layers of

inner and outer products, etc.

In order to reduce the complexity of the inputs, once the complete problem is
defined, the process of choosing the right implementation for any specific case is
done automatically by the model. The users are also allowed to choose the required

implementation according to requirements.

In the problem definition, the user has to define “models” for all possible

types of particles. The definition of the models involves the definition of all the
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Figure 3.8: Different particle types with multiple layers in a single simulation on ic

possible layers of materials in each type of particle. These models are then used by

uic to generate particles at the beginning or during the simulations.

3.4.3 Reaction Kinetics

The reaction kinetics of any system depend on the mechanism of the reaction
and can depend on many different parameters. Since the exact mechanism of
hydration is not well understood, most information on reaction kinetics currently
available depends on empirical relations or fitting of relations that were developed
for other systems, such as crystal growth in the case of the Avrami equation”, the
most widely used kinetics model in cement. At the same time, the presence of
other species can affect reaction rates and change the mechanism of the reaction.
One of the important objectives of pic is to aid in better understanding cement
hydration and the development of mechanism-based laws specific to cement. This
is why it is important to allow the users of the model to input reaction kinetics,

that can depend on different parameters available in the model.
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In pic, reaction kinetics have been designed as plugins to reactions that can
be compiled separately and given as input. In this way, users can develop relations
based on reaction mechanisms, using the information available in the model, and
test their applicability using pic. Reaction kinetics are only one of the possible
plugins in the model, and the other aspects of plugins are discussed in more detail

in the following sections.

As it is also possible that some reactions be triggered only on the occurrence
of certain events or when certain conditions are fulfilled, the model also allows
users to define triggers or stoppers for reactions, that can affect the activity of

reactions or materials.

3.4.4 Distribution of Materials

Cement grains generally contain a mixture of several phases, while some
other phases can be present as separate particles, for example in the case of
pozzolans. In cement factories, several centimetre sized nodules of clinker are
crushed to produce cement, which generally contains a wide range of sizes of
particles. The size of the particles formed can depend on many process parameters,
such as the duration of grinding, and the properties of the phases. As some phases
may be harder than the others, they may tend to be present in higher proportions
in the larger particles. This means that the initial composition of every cement
particle may be different and depend on many parameters. yic therefore allows the

user to control the distribution of phases in particles.

3.4.5 Density Variation

The density of some hydrates, for example C-S-H, is known to increase in
some parts of the microstructure with the progress of hydration. As this means
that the mass to volume ratio of the product is variable, the microstructure can be
by different amounts from the same mass of product. Densification was therefore

considered an important factor in the design of materials. In pic, the user can
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define densification laws that can control the density of the products formed.

Again these laws can be based on any of the information available to the model.

3.4.6 Mechanisms of Microstructural Evolution

Cement microstructure evolves with the production of different hydrates that
precipitate at various locations. While some products grow on the surface of the
reacting particles, others have a tendency to form new clusters in the pore-space.
At the same time, hydrates may also tend to grow on the surface of other particles
in the system, for example on inert fillers that may be blended with cement. Also,
the proportions of materials depositing at different places may vary depending on
various parameters. For example, whereas for some processes, the rate of growth of
a product may depend on the surface area available on a particle, for some other
process it might depend on the proximity to the reaction site. As the distribution
of products in the microstructure plays an important role in microstructural
evolution, pic was designed to allow the user to control all different possibilities of

product distribution.

In the case of products growing from nuclei formed in the pores, the evolution
of the microstructure can be significantly affected depending on the rate of
formation and growth of these nuclei. Therefore, in pic, nucleation rates can also

be controlled.

It is known that during hydration, cement phases first dissolve as ions and
then react to form hydrates elsewhere. In some cases it may be desirable to use the
spatial information available to create localised zones of reactions. In yic, the user
is allowed to build groups of particles that can react together or affect the reaction
rates of each other. However, while using this feature it should be kept in mind
that since calculation of interactions and distances can be computationally

expensive, these calculations should be minimised.
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3.4.7 Specific Workarounds

It can be seen from the above discussion that the structure of the
programmes can become quite complicated due to the high level of flexibility
provided to the user. While this improves the performance and the capabilities of
the model, a good balance between functionality and complexity is required to ease
any future development of the model. This is why, some parts of the model were
intentionally restricted, when it was thought that any problems due to these
restrictions can be worked around using other features present in the model or
through new simpler features. Some of these restrictions and their workarounds are

discussed in the following sections.

3.4.7.1 Multi-Phase Grains

The presence of multiple phases in particles poses a big problem in modelling.
Clinker is formed by fusing of different phases together into nodules, and even
after grinding, clear boundaries between different phases present in single particles
can be observed. However, due to the high computational costs of the vector
approach, it is difficult to mark boundaries between phases in multi-phase
particles. This is why, in the model, each layer in a particle is considered to be
composed of a homogeneous distribution of different phases. In this way, many

phases can be distributed in varying proportions in different particles, which can

Figure 3.9: Assumption of a uniform distribution of materials, without clear boundaries,
throughout the layer as implemented in pic (left) as against materials with clear boundary
demarcation (right)
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be controlled by the user. In the model, every particle keeps track on the amounts

and densities of various materials present in every layer.

3.4.7.2 Universal Materials

As it is possible that some reactive species, for example water or dissolved
species, may not be present as particles, the model allows definition of “universal”
materials. These materials are not allocated space in the microstructure and are
assumed to be present in all available space, as opposed to the “discrete” materials
that are assigned space in discrete particles. These materials can be consumed or
produced in reactions, in a way similar to discrete materials as the model keeps

track of the amounts and densities of these materials in the system.

3.4.7.3 Material Variants

In order to simplify implementation of the model, the presence of discrete
materials has been restricted to only a single layer in a single particle model. So, in
order to allow the growth of the same or similar material at different types of
locations, the model allows users to define variants of a material, which may be
present elsewhere. Material can be redistributed between variants by creating

reactions which only convert one variant of a material into another.

For example, in the case of hydration of C;S, part of the C-S-H produced,
called the inner C-S-H, can grow on the surface of the reacting particles, while the
other part, called the outer C-S-H, can form new clusters in the pores. So, outer C-
S-H and inner C-S-H can be defined at variants of the material C-S-H and can be

redistributed at separate locations.

3.4.7.4 Recalculations and Runtime Redefinitions
As it may be desirable to produce different variants of a material from the
same reaction, the amounts of the variants produced may changed at each step of

the calculation. In order to control the proportions of the variants produced, the
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user can change the properties of a reaction before every step of calculation. In fact
this feature can be used to make any arbitrary changes in the system as it also

allows a user to execute any code before the execution of the next step.

3.4.8 Plugins

Most of the features discussed above have been implemented as plugins, so
that users can write small programmes to control the simulations, compile them
separately from the model and give them as input to the model during execution.
This feature of run-time plugins was only possible because of the “reflective” nature
of objects in Java. As instead of being executed directly on the processor, Java
programmes are executed on the Java Virtual Machine (JVM), which in turn is
executed on the processor, much more information about the process and the
programme itself is available to the programme. This allows the programme to
access specific parts of the programme chosen dynamically at run-time. In this
way, the control-flow of the programme can be moved to code that has been

separately loaded in the JVM and is not a part of the original programmes.
The main plugins and their functions in the model are summarised below.

* Particle Proportion Initialisers control the proportions of different materials
in particles,

* Reaction Kinetics control reaction rates,

* Reaction Triggers control the activity of reactions,

* Densification Profiles control variation in density of materials,

* Nuclei Generators generate new nuclei for products growing in pores,

* Material Distribution Profiles control redistribution of products over
particles,

* Particle Group Choosers control groups of particles that affect reactions of

each other,
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* Particle Distribution Profiles control the distribution of available space in
particles to different materials, and
* Recalculators can be used to make changes to properties of reactions, etc.

before each step of simulation.

It can be seen from the above discussion that since the user can control most
of the possible mechanisms in a reaction, pic can be used to simulate practically
any particulate reaction. A drawback of this approach is that the model requires a
large number of inputs and at first the definition of the problem might be
cumbersome. However, most input can be reused making definition of future
problems simpler. An example definition of a problem is presented in the following

section.

3.4.9 An Example Problem definition

The hydration of alite containing an unreactive material in the presence of
inert filler particles are defined here as an example. CH and C-S-H are the main
products produced from the hydration of alite. While CH generally grows nuclei
formed in the pores, a large part of C-S-H grown on alite particles, while the rest
can grow over nuclei in the pores. In the presence of inert fillers, part of the C-S-H

produced can grow on the surface of the filler particles.

Since the reaction mechanisms of such a system are still not well understood,
some assumptions are made for the sake of this example. The C-S-H can grow at
three locations, over the reacting particles, in the pores and on the filler particles
and the first part of C-S-H is assumed to replace the reacting C3;S. The remaining
C-S-H is redistributed over the filler particles, cement particles and new nuclei.

The definition of the problem is discussed in the following sub-sections.

3.4.9.1 Materials
The materials are defined based on the requirements of the simulation. Six

materials, namely C;S, water, filler, an unreactive phase mixed in C;S, C-S-H and
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CH, can be clearly seen to be present. Due to the presence of C-S-H at multiple

locations, the material has to be split up into five different variants as listed below.

e Variant A — is the inner product that takes the place of the reacting C;S,

* Variant B — grows on the C;S particles outside the original bounds of the
particles,

* Variant C — grows on nuclei forming in the pores,

* Variant D — grows on the surface of the filler particles, and

* Variant E — is a temporary material buffer for C-S-H to help redistribution

of the product, as is presented later.

The initial amounts and base densities of the materials are defined at this
stage. As the model simulates the evolution of geometries, all amounts are dealt in
volumes rather than masses. Figure 3.10 shows the different variations of C-S-H in

this example.

3.4.9.2 Particle Models
The particle models are then defined as spheres made of layers of materials
defined concentrically outwards. In the current case four particle models have to

be defined as listed below.

* Model 1 — cement particles with Cs;S, C-S-H A and C-S-H B,

* Model 2 — filler particles with filler and C-S-H D,

* Model 3 — CH particles nucleating in the pores with a layer of CH, and

* Model 4 — C-S-H particles nucleating in the pores with a layer of C-S-H C.

As the variant E of C-S-H is only a temporary storage place for
redistribution, it is not assigned space in the microstructure and is defined as a
universal material. The unreactive material is defined to be dispersed in C;S and is
automatically assigned to model 1. For all models that contain materials that are

present in the system at the start of the reaction, the initial particle size

73



Modelling Cement Hydration
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Figure 3.10: Schematics of the example set-up showing different materials, material
variants and particle types

distributions are defined. Figure 3.10 shows the different particle-models defined in

this example.

3.4.9.3 Reactions

Multiple reactions can be defined to consume different materials in specified
volumetric ratios. In the current case two reactions are defined. The first reaction
has water and C;S as reactants and CH, C-S-H A and C-S-H E as products. This
means that as the reaction progresses, the space created by the consumption of
CsS is immediately filled by C-S-H produced from the same particle, while some

more C-S-H is produced to be redistributed to other locations.

The second reaction defines the rules for redistribution of C-S-H E. As this
C-S-H has to be distributed to three types of models, the reaction has C-S-H E as
the only reactant and C-S-H B, C and D as products. Although arbitrary initial
proportions for the three types of C-S-H have to be defined, the proportions of

products forming in this reactions will have to be changed at every step of
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simulation, based on the surface area available for each variant of the product.

This is done using a plugin and is discussed later.

3.4.9.4 Reaction Kinetics

Reaction kinetics are defined as plugins that calculate the rate of
consumption of different materials in a reaction based on various information
available in the model. Several kinetics, based on different possible mechanisms,
can be defined for a reaction. The kinetics giving the slowest rate is assumed to
control the reaction. The controlling kinetics are determined individually for each
particle at each step in the simulation. The user is allowed to control the switch
between mechanisms by preventing the control to switch back to an earlier
mechanism. This is done by assigning different levels to kinetics, and the reaction
mechanism is not allowed to switch to kinetics that have a level that is lower than

the current mechanism.

For example, if the hydration of C;S is split into nucleation and growth
controlled regime and diffusion through hydrates controlled regime, the regimes are
calculated separately for each particle. So by defining nucleation and growth
kinetics to be at level 0 and diffusion controlled kinetics to be at level 1, particles
are not allowed to calculate their reaction rates from the nucleation and growth

kinetics once diffusion controlled reaction has started for that particle.

The second reaction, which controls the redistribution of the C-S-H, also has
to be plugged in with kinetics. As C-S-H E is only a transient storage location,
kinetics to convert all available C-S-H E to the other three forms at each step of

simulation have to be defined.

3.4.9.5 Plugins Controlling Microstructural Formation
For this example, several plugins have to be defined to control the evolution
of the microstructure based on well-defined rules. The first plugin sets the initial

proportions of the C3;S and unreactive materials in cement particles. As the
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unreactive material is interspersed with C;S, each C;S particle can contain a

different proportion of C;S and the unreactive material, as defined by this plugin.

The next set of plugins controls the rate of formation of new nuclei forming
in the pores, in this case CH and C-S-H C. This plugin calculates the number of
new nuclei to be generated at any step in hydration and asks the model to assign

locations to these nuclei.

Another more important set of plugins redistributes C-S-H E to the variants
B, C and D. The first plugin of this set is a “recalculator” that adjusts the
proportions of the different types of C-S-H formed from the second reaction after
calculating the available surface area for each type of C-S-H. After the production
of different types of C-S-H, each variant has to be distributed on the surface of the
particles of each type already present. For this another plugin has to be defined for
each variant of C-S-H to calculate the proportion of the generated variant for each

particle where that variant is allowed to grow.

As the CH produced from the reaction also has to be distributed over a large
number of CH nuclei present in the pores, another plugin, similar to the ones used
to redistribute each variant of C-S-H, has to be defined to complete the definition

of the problem.

As can be seen from the description above, in pic, the user is allowed to
control a large number of parameters and mechanisms, making the creation of
inputs a rather long process. In many cases default implementations for plugins are
provided in the model, but still given the complexity of cement hydration, these
complex definitions cannot be avoided. The input files created for one problem can

be later reused to be extended for other problems.

3.5 Output from the Model

The customisability of pic can allow users to simulate a variety of growth

mechanisms (figure 3.11). The output from the model is in the form of the
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geometry of the microstructure at each step of simulation. This geometry can be
used for further analysis, for example for mechanical properties or pore-properties.
Information about all materials in every particle and in the entire system is also
available. Most experimental results from cement are valid for bulk-samples and
localised information that can be more useful for understanding the science behind
processes is lost. This model can prove to be a useful tool for researchers as, using
a bottom-up approach, laws that govern local or short-term behaviour can be

input to the model, and the overall effects of these laws on the entire system,

T |

Figure 3.11: Examples of various growth mechanisms that can be simulated with uic
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which can be compared to experiments, can be studied, after accounting for the

large number of interactions that occur in a complex system like cement.
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In this chapter, pic has been used to study some simple systems to
demonstrate how a microstructural model, and especially the versatile, high-
performance architecture of pic can be used to study cementitious and other
particulate systems. In these examples, the model has been used not only to
simulate the microstructure, but also to explore growth kinetics that depend on
the microstructure. In the first set of examples, traditionally used hydration rules
are applied to demonstrate the significant effect of particle size distribution on the
microstructure. In the second set of examples, a simple fibrous growth mechanism
is investigated and growth kinetics and fill-fractions are calculated using the

model.

4.1 Traditional Microstructural Simulations: Particle-Sizes

In the following examples, alite samples with different particle size
distributions are simulated according to rules earlier used by Pignat''!, as
summarised in the following sub-sections. It must be noted that the rules listed
below are customisable in pic and have been used as input only for the current
simulations, in order to reproduce conditions traditionally simulated, especially
those used in the Navi and Pignat model. The simulations shown here demonstrate

the influence of the particle size distribution on microstructure.
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4.1.1 Mechanisms and Rules

4.1.1.1 Generation of Particle Sizes

The particles are generated from the particle size distribution input by the
user. The distribution can be input either as discrete sizes with the fraction of
particles of this size or smaller than the size, or as functions describing the particle
size distribution. If discrete sizes with fractions are provided, a linear variation
between these sizes is assumed. As the size of the volume is usually taken to be at
least two and a half times the size of the largest particle, it is assumed that the
size of the computational volume is sufficiently large to represent the entire
particle size distribution. The total volume of the powder is calculated from the
water to cement ratio and the size of the computational volume. The first particle
is assumed to have a size equal to the largest point in the particle size distribution.
With the inclusion of this particle in the volume, the fraction of the powder
remaining and the equivalent radius for this fraction is calculated from the given
particle size distribution. Another particle of this radius is generated and the
process is continued by recalculating the fraction of the powder that remains to be
generated. This process is continued until the required volume of particles is

obtained.

To explain this process, if the cumulative fraction of particle below the size r
is given by the function f(r), and the inverse of this function, which gives the size
of the particle below which a fraction f of the powder falls, is defined as r(f), the
size of the next particle to be placed (7,.;) is determined by the equation below,
where V is the total volume of particles to be placed and n is the total number of

particles already placed.

(4.1)
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4.1.1.2 Reaction Stoichiometry

As microstructural models simulate the variation of geometry of the
microstructure, it is convenient to represent reactions in terms of volumes rather
than masses. The hydration of C;S (equation 2.1) is rewritten in volumetric terms
in the equation 4.2. as presented by Pignat''. Here the density of C;S is assumed
to be 3.15 g/cc, 1.0 g/ml for H,O, 2.0 g/cc for C-S-H and 2.24 g/cc for CH.

1.0V g #1318V, ;=157 Vi ,+0.593 V (4.2)

While the volume of CH formed per unit volume of C;S reacting was reported
as 0.596 in the original work by Pignat, 0.593, which was found to be a more

accurate value based on the densities mentioned above, is used here.

4.1.1.3 Nucleation of CH Particles

As portlandite forms new clusters in the pore-space, the number of
portlandite clusters and their rate of formation has to be known. In the model by
Pignat, the final number of CH clusters was assumed to be a fifth of the number of

t'%. The number of

particles of cement, based on data from Jennings and Parrot
clusters is assumed to grow according to equation 4.3. The value of a was

calculated to be 0.213 from the data by Jennings and Parrott.

1 _e—at

n(t)=n (4.3)

mazxr

4.1.1.4 Distribution of Reactants and Products

The reacting alite particles are packed as spheres in the volume. As C;S
reacts, the radius of the reactive core of the particle reduces. C-S-H deposits on the
surface of the reacting C;S particles and CH forms new clusters in the pores as
discussed earlier. Since the volume of C-S-H produced is larger than the amount of
CsS reacting, the empty space created by the consumption of C;S and some
additional space outside the particles is filled by the C-S-H produced. Figure 4.1

shows the schematics of the reaction for a particle. In the figure r, is the original
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Figure 4.1: Layer of C-S-H on C5S particles (left) and reaction of C3S by reduction of
inner radius (right)

radius of the particle, r; the radius of the reacting core and r,, the outer radius of
the C-S-H deposited on the particle. The CH produced is distributed randomly on
the available clusters of this phase. The reduction in the surface available for
deposition of the new product due to overlaps with other particles is calculated

and accounted for, for each particle.

4.1.1.5 Reaction Kinetics

The rate of reaction is calculated for each particle based on three reaction
mechanisms assumed for the hydration. In the model by Navi and Pignat, this rate
is calculated as the rate of reduction of the radius of the inner reactive core, from

the equations 4.4, 4.5 and 4.6.

i=r Rt (4.4
dr,,
pn =—k, (4.5)
dr,, —k,
dt :r -7 (4.6)

The above equations represent nucleation and growth mechanism, phase
boundary mechanism and diffusion controlled mechanism respectively. Equation

4.4 is a modified form of the Avrami equation (equation 2.5) discussed earlier. It
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can, however, be shown that the above relation leads to the same rate of reaction
for powders having different particle size distributions for the first few hours of
hydration. For this reason, this equation was re-derived from the Avrami equation,
assuming a reaction rate proportional to the surface area of the particles. The new

form of this equation, shown in equation 4.7, is used in the current simulations.

d’l"- 43
dt’”:—3-kl~t2-e bt (4.7)

Equation 4.5 represents a reaction dependent on the surface area of the
reacting core and equation 4.6 is applicable when the reaction rate is controlled by
the slow diffusion of ions through the layer of product on C;S particles, and
therefore by the thickness of the C-S-H layer on the particle. At any step, the
slowest of the three mechanisms controls the reaction rate. For any particle, the
transition between mechanisms is only allowed in one direction. This means that
once it is determined that phase boundary kinetics become the controlling
mechanism for a particle, the mechanism cannot switch back to nucleation and
growth, and a switch to other mechanisms from the diffusion controlled mechanism

cannot take place.

4.1.2 The Simulations

The hydration of powders with three different particle size distributions,
shown in figure 4.2, was simulated. Cubic computational volumes, 100 ym on the
side, were packed with 44.25% of solids, equivalent to 0.4 water to cement ratio.
The first particle size distribution contains mainly large particles, with a total of
199 alite particles in the volume. The third particle size distribution is from a
commercial cement, with a total of 2,472,151 alite particles in the volume. The
second particle size distribution is a close approximation of the third particle size
distribution, although containing only 117,679 particles. Based on the values
reported by Pignat"!, k; was set at 1.14x10" h® k, at 1.0 um/h and ks at
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Figure 4.2: Particle size distributions used in the simulations

0.01 pm?*/h. These values were obtained by fits with isothermal calorimetry on C;S
samples. Due to the chosen values of the parameters, the second equation is
usually not used. The evolution of the degree of hydration for the three simulations
are shown in figure 4.3. A snapshot of the three microstructures around 75%

degree of hydration are shown in figure 4.4.
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Figure 4.3: Variation of degree of hydration for the three particle size distributions
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Figure 4.4: Microstructures at 75% hydration for PSD-1 (left), PSD-2 (middle) and
PSD-3 (right), with CsS in lightest grey-scale, followed by CH and C-S-H and pores in
black

4.1.3 Approximate Pore-Size Distributions

The pore-size distributions of the microstructures obtained were calculated
using a three-dimensional pixel-erosion method. In the original model, Navi and
Pignat had presented a three-dimensional vector approach to characterise the
porosity'®. However, the performance of this approach could only be improved to

around 200,000 particles. For this reason this approach is not used here.

In the method used here, the vector microstructure was overlaid with a cubic
mesh and the voxels were marked to be solid or pore based on their occupancy.
The pore voxels sharing a face with a solid voxels were marked with the number 1,

and in the next step the pore voxels sharing a face with the voxels marked 1, were
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Figure 4.5: Erosion to identify pore-skeleton using pizels (the solids are shown in black)
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Figure 4.6: Pore size distribution at 75% and 95% degree of hydration

marked with 2, and so on until all voxels were marked with the number of steps
required to reach them from solid boundaries. This method allows identification of
voxels farthest away from the solid walls in each pore, which are defined as the

centres of the pores. The schematics of this algorithm are shown in figure 4.5.

The extent of each pore can be identified by a walk in the reverse direction
from the pore-centres. While this is only one of the many possible definitions of
pores and pore-sizes, and ignores information regarding pore-topology, it can be
used to obtain quick comparative results. The simulations were carried out with a
voxel size of 0.2 ym for PSD-1 and 0.1 ym for PSDs 2 and 3. The different voxel-
sizes were used to reduce computational times as a larger voxel size was considered
sufficient for the coarser particle sizes in PSD-1. The results obtained from this

analysis are shown in figure 4.6.

4.1.4 Observations and Discussion
The importance of accounting for all particle sizes can be clearly seen in the
results obtained. The results also demonstrate that the faster implementation of

the vector approach in pic can be crucial to the correct representation of the
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microstructure. Although the second particle size distribution appears to be close
to the third particle size distribution, the pore-sizes of the microstructures are
significantly different. The simulations with PSD-3 took less than 2 hours on a
desktop computer with pic, while most of the other currently available
microstructural models can only simulate a smaller number of particles, requiring
the truncation of the particle sizes, thereby seriously altering the microstructural
properties. It must be noted that although in this case the analysis has been
carried out using voxels having a relatively large size for cement, the vector
information contained in the model is resolution-free and also contains information
about much finer pores. Still, the voxel size used in this analysis is much smaller

than those used in earlier models.

4.2 Non-Traditional Examples with pic

In these examples, pic is used to simulate fibrous growth, and the overall
growth kinetics and fill fraction are simulated based on the mechanism described
below. Two examples of fibrous growth, without and with branching, are presented
here. As micrographs have shown C-S-H forming a fibrillar structure', the
structures simulated here could be similar to the microstructural development of

C-S-H. More details about the simulation are discussed below.

4.2.1 Mechanisms and Rules

In these simulations, spherical seeds occupying only a small fraction of the
volume were placed. The growth was simulated by the addition of new spherical
particles of the same size at each step of the simulation, to form a chain of
overlapping spheres. In the first simulation, new particles form only at the end of
the chains, leading to a non-branching growth, while in the second case, new
particles are also allowed to grow from inner particles in the chain, leading to a
branching growth. The centre of the new particles is generated randomly at the

specified distance from from the end particles in the first case, and all particles in

87



Non-Traditional Examples with pic

the second case. A new particle is allowed to form if the new particle overlaps only
with its seed particle. The random generation of the locations of the new particles
leads to a growth in random directions. Similar growth patterns have also been

122,123,124

used to study other inorganic and biological growths . The main steps in the

simulation are listed below.

* Initial spherical particles occupying a small fraction of the volume are
randomly placed.

* At each step of the simulation new particles are added to the system,
overlapping by a known amount with one of the particles already present.
The particles that allow new particles to form overlapping with them are
called seed particles. The overlap is made in order to have shapes closer to
a fibre than a chain of spheres.

* At each step of the simulation, all seed particles generate a new random
centre for a new particle at a given distance from their centres.

* The new particle is placed only if it can be placed without overlaps with
particles other than the seed. For this reasons, growth might not occur at
some of the seeds at some steps in the simulation.

* As the growth is simulated in three-dimensions, in the case of branching
fibres, multiple branches could form from the same particle.

The schematics of the growth are shown in figures 4.7 and 4.8.

Figure 4.7: Schematics for normal (left) and branching growth (right)
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Figure 4.8: Example of step-wise addition of spheres in branching growth

In the first simulation it is expected that while the growth will progress at a
constant rate in the beginning, as the volume is filled, and less space for new
particles remains available, the rate is expected to reduce. Only a relatively small
fraction is expected to be filled at the end of this process. In the second simulation,
the rate is expected to accelerate in the beginning due to branching and reduce
later due to filling of space. In this case a larger fraction of the volume is expected
to be filled. However, quantification of the rates analytically can be difficult, and
the exact final solid fraction cannot be calculated analytically. It is shown here
how pic can be used to quantify processes, which can otherwise be complex to

solve.

4.2.2 The Simulations

In the current simulations, initial spherical seed particles occupying 0.1% of
the computational volume were placed at random locations. The size of the
computational volume is 20 units on each side and the diameter of the seeds is
1 units. The growth is simulated by the addition of new spherical particles of the

same size in the volume. The centres of the new particles are located such that the
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Figure 4.9: Evolution of the microstructure with non-branching fibres with solid-volume
fraction of 13.3% (left), 22.7% (middle) and 32.0% (right)

Figure 4.10: Fvolution of the microstructure with branching fibres with solid-volume
fraction of 7.1% (left), 31.5% (middle) and 65.7% (right)

new particles overlap with the seeds by 75% of their radii (figure 4.7). Three-
dimensional images of the the evolution of the microstructures for the two

simulations are shown in figures 4.9 and 4.10.

4.2.3 Results
Figures 4.11 and 4.12 show the evolution of the volume filled and the rate of

growth in the simulations. As expected, the volume is filled much faster in the
branching case and also reaches a higher fill-density. In the case of non-branching
fibres, the final packing density achieved was only around 32.0% and in the case of

branching growth the final packing volume of around 65.7% was achieved. It is
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Figure 4.11: Evolution of the volume filled by solids with normal and branching fibres

interesting to note that the final packing achieved in the latter case is closed to the

reported solid fraction in C-S-H*.

4.2.4 Discussion
It can be seen from the above example that the versatility of pic provides a

relatively simple way to simulate a complex process. Taking the local mechanism
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Figure 4.12: Rate of reaction with non-branching (left) and branching (right) fibres
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of a semi-random process as input, the overall growth rate of fibres was simulated.
This was possible in pic as not only the rate of a reaction, but also the location of
nucleation can be controlled. The process is relatively complex as the fibres tangle
when they grow, thereby inhibiting the growth of other fibres. Still, the overall
progress of the reaction can be simulated after accounting for all the interactions

and the final volume filled by the particles could be calculated.

One of the interesting observations from the simulations is that, in the case
of branching fibres, the final fraction of fill obtained is similar to the solid fraction
reported in C-S-H and the shape of the observed rate of fill is similar to the

observed rate of hydration of cement.

4.3 Conclusions

In the above examples, the importance of the faster algorithms used in pic in
order to properly represent cement microstructure by accounting for all particle
sizes was highlighted. It was also shown using simple examples that the versatile
architecture of pic can be used to study processes. While the first set of examples
show how pic can be used to reproduce local effects, such as pore-sizes, the second
set of examples show how localised mechanisms can be used to study the overall
progress of the microstructure. It can be seen that due to its performance and
customisability, pic provides an effective tool to study reaction mechanisms and
microstructural development of growth processes which can prove useful to study

cement hydration and other particulate systems.
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Kinetics of Alite

5.1 Introduction

In this chapter, the hydration kinetics of alite are studied using pic. As
discussed in the preceding chapters, yic has been designed as a modelling platform
that enables explicit simulations of microscopic phenomena at the level of
individual cement particles. Here, this feature of the model is used to study various
hydration mechanisms of alite and their effect on the hydration kinetics and

microstructure.

Reaction kinetics are an important part of microstructural modelling, as not
only do they link microstructural development to time, but they also control the
relative reaction rates of particles. Particles of different sizes make different
contributions to hydration at different stages of the reaction depending on the
reaction mechanism. Furthermore, as is presented in the following discussion,
reaction kinetics can also provide important information about reaction

mechanisms and the microstructure itself.

Over the years, various models for hydration and kinetics have been
presented. However, since most of these models are empirical in nature, it is
difficult to extract any meaningful information regarding reaction mechanisms

from them. pic, however, works in the opposite manner as it uses localised rules to
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simulate overall results after taking interactions between various elements into

account.

In this chapter, the validity of different hydration mechanisms of alite is
studied using pic by comparing the calculated reaction kinetics to experimentally
measured values. Only alite is studied here as it is the largest and the most
important component of cement. The first 24 hours of alite hydration are studied
in this chapter, as this is the most important period in terms of microstructural

development.

5.2 Numerical Modelling of Reaction Kinetics

5.2.1 Requirements from Numerical Models of Kinetics

In yic, the reaction rates of individual particles are calculated at each step in
time and the development of the microstructure during the next step is simulated
accordingly. There are, therefore, some special requirements from the kinetics laws

that are implemented in the model, as listed below.

* It must be possible to decompose the kinetics laws to the level of each
particle.

* Rules for interaction between particles must be known.

* If several possible mechanisms exist, rules to choose the governing
mechanism at any instant in time, for each particle, should be known.

* For more effective modelling of the systems, the kinetics should be based

on the actual mechanism of the reaction and only the essential assumptions

should be made.

5.2.2 Using Experimental Results in Conjunction with Models
One of the major problems in studying hydration mechanisms is that since
most experiments are only possible on bulk specimens and the results only

represent the overall effect of all elements acting together; and most of the

94



Chapter 5: Nucleation and Growth Kinetics of Alite

information regarding the contribution of individual elements, e.g. inter-particle

interactions, is therefore not accessible from these experiments.

Since most microstructural models also use these empirical relations in the
simulations, the results are designed to follow the experimental observations.
While empirical fits can reproduce the shape of the observed results, they do not
necessarily model the processes in action. This is specially true for cement, where
isolation of the effects of individual elements is not always possible. Empirical fits

of experimental results are, therefore, not well suited for application to models.

Microstructural models work in a manner opposite to experiments. Different
processes at the level of individual particles can be implemented in pic and the
overall results, calculated from the model, can be compared to experimental results
for verification of the applicability of the applied rules. In this way, the model can
provide a technique that is complimentary to experiments, helping to reconstruct

the information that is otherwise lost in the macroscopic behaviour.

Since pic does mnot contain any hard-wired rules all simulations are
customisable. It is possible to input rules at the level of individual particles and to
explicitly calculate the interactions for the calculation of values that can then be
compared to the experimental results, to verify the applicability of the mechanisms

to the system.

In this chapter, pic is used to study the period of alite hydration, which is
most commonly associated with a nucleation and growth mechanism. First the
validity of the Avrami equation, which is widely accepted and used to model its
hydration is investigated, both analytically and using pic. Then a combination of
experimental results and simulations is used to investigate different possible

hydration mechanisms of alite.
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5.3 The Avrami Equation

The Avrami equation was originally derived to model the growth of crystals
and the solidification of metallic melts and its first application to modelling cement
hydration kinetics was more than thirty years after it was first published. Despite
the fact that its form allows representation of many different nucleation and
growth mechanisms, the simplifications behind the derivation of this equation do
not necessarily apply to cement. Its sigmoid shape, which resembles the evolution
of cement hydration, and its simple form are probably the most important reasons
behind the popular use of this equation in cement science. For the sake of

completeness, the equation is reproduced in its most commonly used form below.
—In(1—o)=kt" (5.1)

As described earlier, a is the fraction of volume converted to solid, ¢ the time,
and k£ and n are parameters that depend on the rate of reaction and the
mechanism of growth of crystals respectively. The parameter n can be further

defined in terms of three other parameters, P, S and @) as in equation 5.2.

+Q (5.2)

In this equation P is a dimensionality constant for the growth of products,
being 1 for a one-dimensional growth, 2 for a two-dimensional growth and 3 for a
three-dimensional growth. §' is related to the rate-limiting mechanism, being 1 for
interface controlled growth, where the creation of new surface controls the rate,
and 2 for cases where the diffusion of ions to the growth sites controls the rate. @
depends on the nucleation rate, being 1 for a constant nucleation rate and 0 for
cases where only an initial nucleation event occurs®. The equation can be written
in a differential form, as shown below, for comparison with the measured rates of

heat-evolution.
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—=fent" e M (5.3)

5.3.1 A Simplified Derivation of the Avrami Equation

In order to better understand the meaning and the applicability of the
Avrami equation, a simplified form of its derivation is reproduced here. Here we
calculate the volume fraction filled at any instant in time by isotropically growing
nuclei that form in a homogeneous manner at random locations in the volume. As
the growth is assumed to be isotropic the nuclei will grow to form spherical
particles that will overlap with each other as the reaction progresses. It is also
assumed in the current derivation that the materials required for growth are
available in sufficient amounts throughout the process and that the rate at any
moment is only controlled by, and is proportional to, the available surface for

growth.

First, we calculate the volume of a single particle if the overlaps are
neglected, calling it the extended volume (V’). Since the growth of a particle is
proportional to the available surface area on the particle, the radius, 7, of an

individual nucleus ¢ can be related to the age of the nucleus, ¢, as in equation 5.4.

4'7T"I“?
3
dt,

3

d

(5.4)

T,
o4 Trri= d—tt: ki=r.=k t,

In the above equation, k; is the rate of growth in one dimension. The total
extended volume at any instant in time can therefore be related to the age of

individual nuclei as in equation 5.5.
=y 1¢ (5.5)

If the rate of nucleation (k) is assumed to be constant, the number of nuclei

formed in a small period dt can be written as below.
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AN =k, dt (5.6)

Equation 5.5 can therefore be rewritten by grouping particles formed in a

small period dt in the differential form as shown below.

. 4-Tr-k:i
dV =

0k, dt, (5.7)

If it is assumed that the rate of increase of the actual volume, V, is
proportional to the rate of change of the extended volume and reduces with the

amount of space available, equation 5.7 can be rewritten as below.

410k k
=125 d-(1-V) (5.8)

Equation 5.8 can be integrated to get:
~In(1-V)=k-t* (5.9)

Where the combined rate constant k£ can be written as:

f=—>"2 (5.10)

Equation 5.9 has the same general form as equation 5.1, with the parameter
n having a value 4. The equation can be similarly derived for other conditions and

it can be shown that n changes as shown in equation 5.2.

5.3.2 Limitations of the Avrami Equation

The two parameters in the equation, k and n, are usually fit to experimental
results to study the reaction mechanisms. However, in complex systems like
cement, these two parameters might not sufficiently represent all the possible
variables in the system. It would not be possible to study the contribution of all of

the parameters affecting the reaction rate just from the analysis of these two
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Figure 5.1: Dependence of reaction rates predicted by the Avrami equation on k and n

parameters. While it can be convenient for fitting that the equation has only two

parameters, this limits the applicability of the equation.

Figure 5.1 shows how the predicted rate of reaction depends on the
parameters k£ and n. When applied to cement, the two parameters would have to

control at least the following three independent features of the cement hydration

curve:

* Initial rate of acceleration of reaction rate,
* Time at peak, and

e Rate of deceleration.

By doing so, the equation satisfies the requirement that the total amount of
reaction does not exceed the total availability of space and material. This means
that the equation models the compounded effect of at least two of the factors that
can affect reaction rates. This results in a reduction in the time of peak, if the
initial rate of acceleration is varied by increasing k, or the reaction mechanism is

varied by increasing n.
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This is because not only does the equation model the reaction mechanisms, it
also predicts the variation of geometry. The equation first predicts an increase in
rates as the available surface area for growth increases with the progress of the
reaction. The rates are then assumed to reduce as different nuclei impinge,
reducing the surface available for growth. While the assumption used is not
necessarily incorrect, it implicitly assumes the geometry of the growth and the

homogeneity of the nucleation, which might not be valid for all cases.

One of the major criticisms of the application of the Avrami equation to
cement is that it assumes homogeneous nucleation throughout a volume and
cannot be used in cases with heterogeneous nucleation, as is thought to be the case
in cement, where the nucleation of C-S-H occurs on the surface of the particles and
not randomly in the pore-space. Thomas® showed that a relation derived by
Cahn* to model the growth of nuclei that form close to a surface, can provide
better fits to cement hydration particularly after the peak. Similar to the Avrami
equation, in this derivation, the initial acceleration is attributed the increase in
surface area from the growth of nuclei, which are assumed to nucleate only in a
narrow zone around the cement particles. The later reduction in rate is attributed
to the reduction in the surface available for growth due to impinging of the
hydrates from different grains. In this derivation, the author uses the
transformation from extended volume to real volume twice, first for the two
directions parallel to the surface of the particles and secondly for the direction
perpendicular to the surface. Important assumptions regarding the geometry of
growth of the products are therefore made in this derivation. The validity of these

assumptions is investigated in later sections.

One of the important features of microstructural models is that they can
explicitly model the geometry of the system and do not rely on implicit
assumptions regarding the geometry. This means that the use of any equation that

makes assumptions regarding the geometry could reduce the strength of a
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microstructural model to utilise all the information available from the simulated
microstructure. For example, while the Avrami equation makes implicit
assumptions concerning overlaps between particles, these assumptions are not
required as this information can be directly extracted from the model. Therefore,
even if the equations predict the correct rates, the values cannot be decomposed to

the level of individual particles.

In pic, the basic mechanisms behind nucleation and growth can still be used
to calculate reaction rates after explicit calculation of the interactions. In the
following discussion, the nucleation and growth mechanism and the applicability of
the Avrami equation to nucleation and growth processes are studied using pic. In
later sections, the possibility of applying nucleation and growth kinetics to the

hydration of alite is explored using experimental and simulation results.

5.4 Simulating the Nucleation and Growth Mechanism

In the following sub-sections, uic is used to study the nucleation and growth
process. The applicability of the Avrami equation to cases of homogeneous
nucleation, for which the equation was originally derived, and then to cases of
boundary nucleation, as is believed to be the case in cement. The systems
simulated here also demonstrate how the versatility of pic can be used to study the

overall result of mechanisms occurring at the level of individual particles.

In these simulations, the nucleation and growth of a single phase is simulated
under different conditions and the reaction rates are calculated. In the first set of
simulations, a homogeneous nucleation is modelled, and a heterogeneous nucleation
on the surface of spherical particles is simulated in the second case. In the first set
the materials are assumed to be present in sufficient quantities, and in the second
set, the material is assumed to be derived from the particles on which the
nucleation occurs. The details and results from the simulation are discussed in the

following sub-sections.

101



Simulating the Nucleation and Growth Mechanism

5.4.1 Homogeneous Nucleation and Growth
In this set of simulations, a simple spherical nucleation and growth process is
simulated in a cube with periodic boundary conditions. The results obtained are

then compared with the Avrami equation.

5.4.1.1 Setup
The model is set up with a single material, which forms nuclei in the
available space and grows at a constant rate at all available surfaces. The main

set-up parameters used here are listed below.

* Material: The growth of a single material has been simulated

* Nucleation rate: The material is assumed to form nuclei at a constant rate
in time in some cases and it is assumed to have a fixed number of growing
nuclei throughout the process in the other cases.

* Growth rate: All nuclei are assumed to grow at a constant rate on the
surface available for growth. The parts of any growing particle that overlap
with another neighbouring particle are considered not to contribute to

growth.

A total of five simulations, 1 to 5, were carried out. In simulations 1 to 3, a
constant rate of nucleation is assumed and in simulations 4 and 5 only an initial
nucleation event at the beginning is assumed. Compared to the other cases, twice
the growth rate was used in simulations 3 and 5. The different cases simulated

here are listed in table 5.1.

Table 5.1: Parameters used in the homogeneous nucleation and growth simulations

Sim. 1-BB | Sim. 2-DB | Sim. 3-BD | Sim. 4-OB | Sim. 5-OD
Nucleation rate Base Double Base Zero Zero
Growth rate Base Base Double Base Double
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Figure 5.2: Fraction of volume filled (left) and rate of filling (right) for the first set of
stmulations

Figure 5.3: Snapshots of slices from the first set of simulations, with fraction of volume
occupied approximately 36% (left) and 90% (right)

5.4.1.2 Results

The calculated volume fraction filled and rate of filling are shown in figure
5.2. As expected, the rate of transformation accelerates at first as the surface for
growth increases and then starts to reduce as the growing particles start to
impinge upon their neighbours, reducing available surface. Snapshots of two-

dimensional slices of the microstructures are shown in figure 5.3.

The results demonstrate that the shape of the overall growth rate depends on

whether there is only an initial nucleation event or nucleation continues at a
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Figure 5.4: Fit of simulations 1-BB and 4-OB with the Avrami equation

constant rate. The rates of reaction are observed to be similar when the nucleation

rate is doubled (simulation 2) and when the growth rate is doubled (simulation 3).

5.4.1.3 Fit with Avrami Equation
The calculated rate of solidification for simulations 1 and 4 were fit with the
differential form of the Avrami equation. As expected, a near-perfect fit could be

obtained with a value of 4 for n for simulation 1 and a value of 3 for simulation 4.

The differential of the equation was fit instead of the original form to
demonstrate the accuracy of the results, as differentials are generally harder to fit
and the agreement reduces after every differential. This set of simple simulations
demonstrates the accuracy of results calculated from pic and also the applicability
of the Avrami equation to homogeneous nucleation and growth. As shown in figure
5.4, the values of n for the fits were found to agree with equation 5.2. Only two of

the simulations have been shown in this figure for the sake of clarity of the plots.
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5.4.2 Heterogeneous Nucleation and Growth

Similar to the last set of simulations, another set of simulations was carried
out under slightly different conditions. In these simulations the nucleation was
allowed only on the surface of spherical particles already present in the volume.
The nuclei are allowed to draw material only from the particle on which they
nucleate. The solid-volume increase resulting from the reaction is kept similar to
that observed in the hydration of alite and the original volume of the reactive
particles corresponds to 0.4 water to cement ratio. The set-up of the problem and

the results are discussed below.

5.42.1 Setup

The model was set up with a material, which forms nuclei on the surface of
spherical particles present at the onset of the reaction. The nuclei grow at a
constant rate at all available surfaces of the precipitating material. The main set-

up parameters used here are listed below.

* Material: Three materials are defined, the first (material 1) being the
reactant that is present as spherical particles at the onset of the reaction,
the second (material 2) nucleates on the surface of material 1 and the third
(material 3) fills up the space created by the consumption of material 1.

* Nucleation rate: The material is assumed to have a fixed number of
growing nuclei on the surface of the particles of material 1 throughout the
process.

* Growth rate: All nuclei are assumed to grow at a constant rate on the
surface available for growth. In one of the simulations, the growth rate
perpendicular to the surface of the particles is set to twice that parallel to
the surface, leading to a conical growth, as shown in figure 5.5. The higher
perpendicular growth rate was simulated by the agglomeration of a large

number of small spherical nuclei outwards from the reacting particles.

105



Simulating the Nucleation and Growth Mechanism

Figure 5.5: Different perpendicular and vertical growth rates from spherical nuclei

A total of three simulations, 6 to 8, were carried out. The number of nuclei
on the surface of the particles is kept constant throughout the process in all three
cases. In simulation 7, the growth rate perpendicular to the surface is fixed at
twice the growth rate parallel to the surface. The growth rate parallel to the
surface is the same in simulations 6 and 7. The growth rate in simulation 6 is
assigned such that the initial rate of reaction observed is similar to that for

simulation 7. The different cases simulated here are listed in table 5.2.

Table 5.2: Parameters used in the helerogeneous nucleation and growth simulations

Sim. 6-BB | Sim. 7-BD | Sim. 8-HB
Nucleation rate Zero Zero Zero
Parallel growth rate Base Base Higher
Perpendicular growth rate Base Double Base

5.4.2.2 Results

The calculated degree of reaction and rate of reaction are shown in figure 5.6.
Similar to the first set of simulations, the rate of filling accelerates at first as the
surface for growth increases and then starts to reduce as the growing particle start

to impinge upon their neighbours, reducing available surface.

The results here are different from the first set of simulations in that while in
the first set of simulations, all three dimensions are filled at the same rate, in the
current set, the filling of the surface of the reacting particles and that of the space
in the direction perpendicular to the surface does not occur at the same time and

rate, changing the observed rate of the reaction. The reaction rates for simulations
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Figure 5.6: Degree of reaction (left) and rate of reaction (right) for the second set of
simulations

Figure 5.7: Three-dimensional snapshots from simulations 6-BB (left) and 7-BD (right)

6 and 8 display a prominent flattish rate of reaction after the peak. This is because
while the peak occurs at the moment when surface of the particles gets filled up,
the rate does not change much until the nuclei start to impinge in the direction
perpendicular to the surface of the particles. Snapshots of the simulated

microstructures are shown in figure 5.7.
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5.4.2.3 Fit with Avrami Equation

The accelerating parts (up to 20 time units) of the reaction rates of
simulations 6 to 8 were fit with the Avrami equation. The fits along with the
simulated results and the value of the parameter n calculated from the best fits are
shown in figure 5.8. It is interesting to note that the values of n found for these fits
are similar to those reported when the Avrami equation is fit with experimental

results from cement®?%.

The fit curves have been extended beyond the range of fit in the figure. The
fits clearly show that although it is possible to obtain a close fit with the Avrami
equation in the range of fit, these fits do not predict the evolution beyond this
range. It can be seen from these results that the Avrami equation cannot be used
to fit results from a pure nucleation and growth process when the nucleation is

heterogeneous.

5.4.3 Results

The results from the simulations show, that the Avrami equation can be used

to predict the reaction rates in systems with homogeneous nucleation, with the
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Figure 5.8: Best fits of the Avrami equation with results from simulations 6 to 8
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required materials available in sufficient quantities, for which this equation was
originally derived. However, this equation cannot effectively model systems with
heterogeneous nucleation, with limited availability of the reactant, as is the case in
cement. Although the equation can be used to fit the early part of the evolution,
the fits cannot predict the values beyond the range of the fit, as observed for
cement. The observed values of n in these fits are close to those reported for
cement, possibly indicating that the nucleation and growth scheme simulated here
is close to the mechanism in cement. These results have important implications for
microstructural models of cement as they clearly show the inadequacy of the
Avrami equation to model processes with heterogeneously distributed nucleation
sites. Furthermore, although in the second set of simulations only the growth rate
of the nuclei was varied (described by the k parameter in the Avrami equation),
the same value of n could not be used for the fit, demonstrating that the equation

is not strictly valid even in the part of the reaction where a good fit is possible.

It is seen in simulation 6, that while the peak of the reaction-rate occurs
when the entire surface of the particles gets covered, as suggested earlier”™, a clear
reduction in the reaction rates can only occur when products from neighbouring
particles start to impinge. This means that a flat region of nearly constant
reaction-rate would be observed just after the peak. However, such a feature is
usually not observed in cement hydration and the heat-evolution measured
generally displays a clear peak with a large reduction in reaction rate immediately
after the peak. In simulation 7, where a shorter peak was observed, the degree of
hydration at the peak was observed to be 55.6%, which is much higher compared
to that usually observed in cements around the time they exhibit the peak in the
reaction-rate. The results presented here also point towards the need for a turn
away from curve-fitting of relations that might not correctly represent the

processes in action.
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The results above demonstrate how uic can be used to model complex
phenomenon and verify the applicability of theories to specific cases. This
versatility is a unique feature that pic has amongst all currently available
microstructural models. The results produced simulate the overall rate of reaction,
which can be compared to experimental observations, e.g. heat evolution measured
using calorimetry in the case of exothermic reactions, in order to verify the
applicability of the laws and parameters used in the simulations. In the following
discussion, the possible implications of the above observations, in combination with

more simulations and experimental results are discussed.

5.5 Experimental Investigations into Hydration Kinetics

The hydration of alite with different particle size distributions was studied
using isothermal calorimetry. Most of the experimental work presented here,
including establishment of the production protocol and the production of Alite,

fractionation and isothermal calorimetry, has been carried out by Ph.D. colleague
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Figure 5.9: Particle size distributions of different fractions of alite
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125

Mercedes Costoya'”. The alite was prepared in the laboratory and was fractionated
into different particle size distributions using sedimentation. The particle size
distributions of the fractions, measured using laser granulometry, used in this
study and the original powder are shown in figure 5.9. The particle size
distribution of the original powder is close to that of cement and the other
fractions in this study have been chosen in order to cover the entire range of
particle sizes observed in cement. Fraction A is the unfractionated powder and the
other fractions, B to G, have been ordered in the reducing order of median radii.
Fractions B, C and E have narrow particle size distributions containing only larger
particles, fractions D and F contain a wider range of particle sizes and fraction G

is mainly composed of fines. The median diameters and the content of fines in the

powders is listed in table 5.3.

Table 5.83: Details of the powders and fit parameters with the Avrami equation

Name | Median dia. (pm) | Contains fines k (hour™) n a (J/g)
A 38.5 Yes 8.89x10* 4+ 5.24x10*|2.52 + 0.47 | 24.10 + 14.90
B 82.6 No 9.51x10* 4 1.55%10°|2.42 & 1.07 | 9.05 + 10.32
C 38.5 No 1.47x10° + 1.24x10°|2.42 + 0.71|15.21 + 13.83
D 20.9 Yes 1.53x10° + 4.42x10*|2.54 + 0.23| 30.11 + 7.29
E 17.9 No 6.37x10* + 3.21x10*|2.79 + 0.27 | 25.36 + 4.27
F 15.4 Yes 1.54x10% £+ 3.91x10*|2.22 + 0.22|36.79 + 16.59
G 6.2 Yes 1.22x10* + 2.94x10°|3.74 + 0.13| 59.32 + 3.90

Around 5 grams of paste with 0.4 water to cement ratio was used in each
sample for the calorimeter. The measured heat evolution curves per gram of paste
are shown in figures 5.10 and 5.11. The rate of heat evolution was observed to
vary depending on the particle size distribution, with the finer fractions reacting
faster. The heat evolution curves have been studied in more detail in the following
sub-sections. It must be noted that all heat-evolution curves have been normalised

by the weight of paste.
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Figure 5.10: Rate of heat evolution for alite fractions A, B, C, FE and F
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Figure 5.11: Rate of heat evolution for alite fractions A, D and G

5.5.1 Avrami Fits of Curves
Figure 5.12 shows fits of the Avrami equation, as an example of nucleation
and growth type kinetics, with three of the fractions. It can be seen that it is

possible to reproduce a shape similar to that observed in experiments, using a
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combination of an exponential decay resulting from dissolution and a nucleation
and growth curve, without the assumption of an induction period. While this does
not necessarily mean that the induction period does not exist, the curves show that
it is possible to explain the short period of flattish heat-evolution without the
requirement of a separate chemical process. The equation used for the fit is shown
in equation 5.11, and the fit parameters are listed in table 5.3. It must be noted
that since an effort to fit all curves with the same value of the factor n was not
made, the values of the factor k are not directly comparable. Only three of the fits

are shown here for the sake of clarity of the plots.

%: a-k-n-t"il-efk't” (5.11)

5.5.2 Rate of Acceleration

An approximately linear rate of heat evolution was observed in most samples
at around 4 to 6 hours of hydration. The slope of this quasi-linear part was
measured and compared to the specific surface area of the powders measured using
three different techniques. Firstly the specific surface area was calculated using pic

for powders using spherical particles with matching particle size distribution. A set
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Figure 5.12: Fits of the Avrami equation with three fractions without an induction period
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of particles following the particle size distributions was generated and their total
surface area and mass was used to calculate the specific surface area. The fineness
was also measured with nitrogen adsorption using the BET theory and with Blaine
permeametry. The specific surface of the fractions, along with the slope of the
linear part are listed in table 5.4. The experimental measurements for some of the
fractions are not available. The specific surface values, normalised against those for
fraction D, are plotted against the measured slopes, also normalised against

fraction D, in figure 5.13.

Table 5.4: Calculated and measured specific surface (m?/kg) using different techniques
and measured slope of the quasi-linear part of the heat-evolution (mW/g/h)

Fraction | A-38 pm | B-83 pm | C-38 pm | D-21 pm | E-18 pm | F-15 pm | G-6 pm
Calculated | 549.7 26.8 59.1 769.5 160.2 456.4 | 1273.5
Blaine 190.5 61.0 121.2 525.5 239.3 305.9 -
BET 597.7 376.8 1033.7 592.2 1537.7 - -
Slope 0.154 0.059 0.110 0.255 0.230 0.178 1.264

The results show that, although a linear relationship between the factors was
not found, the reaction is generally faster as the fineness increases. The normalised
Blaine fineness values were found to be closest to the measured normalised slopes.

One of the important observations from the figure is that the reaction rates do not

© Blaine fineness

Normalised specific surface
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i | o O BET
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Figure 5.13: Renormalised specific fineness' of powders against measured slopes
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directly scale with the specific surface of the powders calculated from the particle
size distributions. Most nucleation and growth models, on the other hand, will
predict an initial reaction rate that is linearly scalable with the specific surface of
the cement particles, if the process is assumed to occur homogeneously on the
surface of the particles. While this might indicate a non-homogeneous process on
the surface of the particles, one of the reasons for the reaction rates not scaling
linearly with the specific surface areas could be due to agglomeration of particles
during laser granulometry measurements, making the measurements less reliable.
Another factor affecting this relationship could be the reduction in the specific
surface area during the dissolution period, which has not been considered here. As
smaller particles would dissolve faster than the larger ones in the beginning, the
specific surface available at the beginning of the nucleation and growth process can
be different from that at the beginning of dissolution. This is supported by the
relatively good trends observed in the measured Blaine fineness. Since this
technique is not able to measure the finer particles, it compensates for the

reduction in the specific surface area during the initial rapid dissolution period.

5.5.3 Effect of Inert Fillers

The effect of the presence of fine inert fillers on hydration kinetics of alite
was studied. Isothermal calorimetry was carried out on samples with alite replaced
by rutile (titanium dioxide) and silica fume to extents varying between 5% and
15% by weight. The particle size distributions of the alite and the fillers used are
shown in figure 5.14. While both fillers were found to be much finer than the alite,
the silica fume was found to be finer than the rutile used. As the alite was used
directly after grinding, its particle size distribution was found to vary between
batches (alites 1 and 2 in the figure). Alite from one batch was used with rutile
and alite from the other batch was used with silica fume. The rate of heat-

evolution measured are shown in figures 5.15 and 5.16.
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Figure 5.14: Particle size distributions of alite and fillers used

It can be seen from the above results that different fine filler particles, which
are not known to react, at least in the first 24 hours of hydration, can affect
hydration in different ways. It is observed that the rate of hydration during the
acceleration period is visibly higher in the case of silica fume, although the rates
during this period are similar to the neat-alite when rutile is used. Still the

addition of both fillers leads to higher peaks, which occur later than the neat alite
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Figure 5.15: Heat evolution from samples with alite replaced by rutile
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Figure 5.16: Heat evolution from samples with alite replaced by silica fume

sample in the case of rutile and slightly earlier in the case of silica fume. Rutile
also appears to have a slight delaying effect on hydration. Some of the important

implications of these results are presented in later sections.

5.5.4 Summary of Experimental Results

The experimental results presented above illustrate the variation of hydration
kinetics with the variation of the particle size distribution of cement and with the
addition of fine inert filler particles. Some of the key points observed in the results

above are listed below.

* Finer powders were observed to show higher peaks,

* While the position of peaks changed only slightly with the particle size
distributions, finer particles exhibit earlier peaks,

* Alite with finer particle size distributions hydrate faster but no clear
relationship between the rate of reaction and the specific surface area was
observed,

* Acceptable fits with the Avrami equation could not be obtained,
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* The replacement of alite by inert fine fillers was observed to enhance the

rate of hydration.

In the following sections, an explanation of the observed results based on the
nucleation and growth mechanism is attempted. The results presented above are
compared with simulations to study the possibility different mechanisms explaining
the experimental observations. This comparison provides important information

concerning alite hydration.

5.6 Key Questions before Modelling Alite Hydration

The five main stages of alite hydration were discussed earlier. The nucleation
and growth period is generally assumed to start at the end of the induction period
and end somewhere between stages four and five. Before the process is modelled
using pic, some of the key questions about alite hydration that could affect
numerical modelling of hydration, and especially its nucleation and growth period

are discussed below.

5.6.1 Induction Period

One of the most important questions concerning the nucleation and growth
period is the existence of the induction period. While it is generally accepted that
the initial rapid evolution of heat in stage 1 is due to the dissolution of alite, the
cause of the short flattish period observed between the “dissolution peak” and the
following increase in the heat evolution rate is debated. It has been argued that
the induction is period is not a separate chemical process, and is the period during
which the nucleation and growth process is too low to be measured'”®. As can be
seen in figure 5.17, a sum of exponential decay and the differential form of the
Avrami equation can reproduce the shape exhibited in alite hydration, with or
without the assumption of an induction period. The rate factors during the

nucleation and growth period can, however, depend on the existence of the
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Figure 5.17: Heat evolution curve as a sum of exponential decay and Avrami equation
with and without an induction period

induction period. For the purpose of the current study, unless explicitly stated, it
is assumed that the induction period is not a separate process, but is the period

when the rate of hydration is too low to be observed.

5.6.2 Accelerating Stage
One of the important reasons why the reaction mechanism of alite is
considered to be related to nucleation and growth is the acceleration observed in

stage 3. It has been shown that as the surface for growth increases, the reaction
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Figure 5.18: Evolution of heat-flow measured by isothermal calorimetry (left) and surface
area measured by NMR relazometry (right) by Zajac'™
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rate increases, until the surface available for growth starts to reduce', as shown in
figure 5.18. At the same time, it is also generally accepted that the growth takes
place on the surface of cement particles. However, the increase in the surface area
due to the increasing radii of the particles due to the deposition of layers of
products alone cannot explain the observed increase in the reaction rates. In order
to explain the acceleration stage, it has been proposed that before the peak, the
surface of the reacting particles is only partially covered with product and the
product grows outwards from the covered part of the surface. The rate accelerates

as more of the surface continues to be filled®%.

For the purpose of the current study, in order to explain the acceleration in
hydration, it is assumed that for the first few hours, the hydrates cover only a part
of the cement particles and that the nuclei of C-S-H grow at different rates parallel

and perpendicular to the surface of the particles.

In the following discussion, three different hydration mechanisms are
simulated in pic and fit against the experimentally measured calorimetry curves to
study the applicability of these mechanisms to cement hydration. In the first set of
simulations, the traditional approach to nucleation and growth, where C-S-H,
having a uniform bulk-density, nucleates on cement particles and grows outwards
into the pore-space is simulated. It is shown that while this mechanism can
reproduce the observed acceleration in the rate of hydration, the deceleration
observed just after the peak is not reproduced. In the second set of simulations,
the possibility of a diffusion controlled regime controlling the deceleration is
studied and it is shown while such a mechanism can explain the observed rates of
hydration, widely varying transport properties of C-S-H have to be used in order

to obtain the fits.

In the third set of simulations a modified nucleation and growth mechanism
is studied. In this mechanism, C-S-H nucleates on the cement particles and grows

outwards into the pores, similar to the first mechanism. However, in these
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simulations, it is assumed that the C-S-H forms at a lower bulk-density initially
and its density increases with time. It is shown in these simulations that while
such a mechanism can explain the rate of hydration during most of the first 24
hours of hydration, the fit parameters may vary by large extents. However, a clear
trend in the fit parameters was observed. The results from the simulations
demonstrate the necessity of more investigation into hydration mechanisms using

numerical methods.

5.7 Modelling Traditional Nucleation and Growth in pic

In this set of simulations, the applicability of the traditionally accepted
nucleation and growth mechanism to alite hydration is investigated using pic. As
discussed earlier, numerical studies of the nucleation and growth mechanism in two
dimensions™, have shown that the rates of reaction observed can be explained by
the slow growth of product over cement particles, with the peak occurring when
the entire surface gets covered by the product. However, these simulations were
made in two-dimensions and the effect of space-filling and the effect of other
particles was not considered. In pic it is possible to model a similar processes in
three-dimensions, taking the overlaps between particles into account. Here the
process of nucleation and growth is simulated on particle size distributions similar
to those used in experiments earlier. It must be noted that due to the large
amount of missing information, these simulations are not intended to provide
perfect fits to experimental results, and that they only explore the possibility of

various mechanisms explaining the observed behaviour.
The information used in these simulations is as follows:

* Particle size distribution of the alite fractions as discussed earlier,
* A water to cement ratio of 0.4,
A specific heat of hydration of 500 J/g of alite, and

* The measured calorimetry curves shown earlier.
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The simplifications used in the simulations are as follows:

* The particles are assumed to be spherical and randomly distributed in
space,

* The product formed inside the original boundary of the particle, referred to
as the inner product here, is assumed to uniformly fill the space created by
the dissolving particles, and

* The surface filling process is assumed to be the same for all particle sizes,

such that at any moment the same fraction of all particles is covered.

It is understood that the effect of the above simplifications on the calculated
values may not necessarily be negligible. However, the current simulations only
seek to provide possible explanations for the observations through approximate fits
with the use of limited amount of information available from the experiments. It is
expected that the effects of these simplifications is within the error from the input.
These simplifications are also not expected to alter the accuracy of the
investigative simulations presented in the following discussion. It must be noted
that, apart from the first assumption, the others are not essential in pic and have

only been used in order to simplify the calculations.
As a microstructural model, pic ensures the following in the calculations:

* Mass is conserved by strictly following the stoichiometry of the defined
reactions,

* All space is accounted for in the calculations, such that products grow only
at locations that are not already occupied, and

* The available surface for growth is calculated individually for each particle

and all possible overlaps are calculated.

In the following simulations, a uniformly dense product is assumed to grow
over the covered portion of the particles. As the outward growth is only assumed

to occur at locations where the particles are covered, the growing front around the
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particles is rough, similar to the nucleation and growth simulations shown earlier.
However, unlike simulations 6 to 8 shown earlier in section 5.4.2, the nuclei are not
explicitly modelled here. It is assumed that the nuclei are small enough to consider

the roughness uniformly spread over the surface growing products.

The volumetric stoichiometry used here is the same as that shown in
equation 4.2. This equation assumes a density of 3.15 g/cc for alite, 1.0 g/ml for
water, 2.0 g/cc for C-S-H and 2.24 g/cc for CH. For convenience, the equation is

reproduced below.

1.0-V o g+1.318 V= 1569 Vo ,+0.593-V (5.12)

5.7.1 Kinetics

In this case the hydration mechanism is assumed to be purely governed by
the nucleation and growth of the product on the reacting particles. Small nuclei of
the product form at uniformly distributed random locations on the surface of the
reacting particles. The nuclei grow at a fixed rate, continuously covering the
surface of the particles and filling the pore-space. The outwards rate is defined to
be different from that parallel to the surface. The schematics of this mechanism

are shown in figure 5.19.

—>>

Figure 5.19: Schematics of the nucleation and growth mechanism with different parallel
and outwards growth rates for a single particle (top) and between particles (bottom)
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The schematics are only representative in nature and the nuclei are not
simulated explicitly in these simulations. Instead, the covered fraction of the
particle surface, f, at time ¢, is calculated using the Avrami equation in two-

dimensions, which is reproduced again below.
f=1—exp(—k t") (5.13)

In this equation k; is the rate factor in the direction parallel to the surface.
Since it is assumed that the product grows outwards at a uniform rate k,, the age

of the product at a distance r from the surface of the particle can be written as:

(5.14)

The fraction of the volume f, filled at a distance r from the centre of the

particle, with an original radius 7y, can therefore be calculated as:

f,=1—exp|—k, (5.15)

The total amount of product around a grain, m;, at time ¢ can be calculated

as:

rotk,t

m,= f 4ot f - dr (5.16)

To

However, since a part of the volume can be occupied by other particles, only
a fraction of the surface, fy., at any moment is available for growth. This factor
depends on the distance from the surface and is calculated explicitly in pic. The

actual amount of products around the grain at time, ¢, can therefore be written as:

rotk,t

m,= J. 4'Tr'7“2' 1—exp —kl- -ffree'dT’ (517)

0
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5.7.2 Fit Parameters and Results

Equation 5.17 is input as a reaction kinetics plugin to pic and is solved
numerically to calculate the amount of product around each grain at any moment
in time. Since nucleation and growth is a demand based mechanism, the amount of
product that can form governs the amount of reactant. The results from the
simulations are shown in figure 5.20 along with the experimental results for the
corresponding powders. The parameters used in the simulations are listed in table
5.5. In the table, the factor k; has been replaced by the more intuitive ¢, which
was arbitrarily chosen to be the time at which two-thirds of the surface of the
particles is covered. The experimental degrees of hydration in the curve have been
reduced by the factor a,, to make the measured and calculated curves overlap for
better comparison. This parameter corrects for the difference in the values due to
the rapid heat evolution during the initial dissolution period, which is included in
the calculation of the experimental degree of hydration and is not accounted for in

the calculations.

Table 5.5: Parameters used in uniform density nucleation and growth simulations

Fraction |A-38 pm | B-83 pm|C-38 pm|D-21 pm | E-18 pm | F-15 pm | G-6 pm
ts/3 (hours) 7.0 8.0 6.5 6.0 7.3 7.3 6.4
n 3.0 3.0 3.0 3.0 3.0 3.0 3.0

ks (um/hour)| 0.0045 | 0.0315 | 0.0290 | 0.0070 | 0.0215 | 0.0061 | 0.0078
as (%) 2.8 2.4 1.9 35 2.1 4.2 0.7

In the simulations, the factors were modified to obtain heat-evolution curves
close to the experimentally measured values by manual trial and error. Perfect fits
were not sought in the simulations and the trials were stopped when it was
considered that a fair comparison with the experimental results was possible. It
was also not aimed to obtain the same fit parameters for all powders and the
different particle size distributions were simulated only to obtain more reliable and
reproducible results. It must be noted that since the early slope and the time of

peak are the only two features that are fit in these simulations, and three factors,
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Figure 5.20: Comparison between simulations and experimental results of heat-evolution
rates and degrees of hydration
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namely k;, k,» and n can be varied, a non-unique solution for the fit-parameters

exist. The value of n was therefore fixed to remove this redundancy.

The value of n was fixed at 3 as better results were obtained throughout the
tests with this value. This value of n theoretically corresponds to a two-
dimensional growth with continuing nucleation, at least at the early ages.
Therefore, in effect, the two other parameters, ¢, and k,, were varied in the
simulations to obtain the fit. While the position of the peak was found to depend
on tys5 the rate of heat evolution depends on k., The results were found to be

extremely sensitive to both values.

5.7.3 Discussion

For all the powders simulated, it was found that it is possible to
approximately follow the rate of heat evolution in the rising part of the curve. The
value of n used indicates that in the first few hours of the process, new nuclei
continue to form close to the surface. This is not completely improbable since
during this period, a large part of the surface of the particles is exposed to the

pore-solution with generally high ionic concentrations.

Although a good agreement was observed in the accelerating part of the
curves, it was found that, for all samples simulated, the heat-evolution after the
peak continued to be significantly higher than the experimentally observed values.
This is because, while the peak is reached due to the entire surface of the particle
being covered, a reduction in the heat-evolution rate can only happen when the
surface of the product available for growth reduces. In the present scenario, free
surface of the product can be reduced only due to overlap between neighbouring
particles. However, it can be seen from the simulations, that although the vertical
rate of growth has been set to closely match the observed heat-evolutions, the
overlap between the particles is not high enough to cause a reduction in the

reaction rates, at the experimentally observed rates.
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Figure 5.21: A slice from the simulation of fraction F-15 um at the peak. The pores are
shown in black, alite in dark-grey and hydrates in white.

Figure 5.21 shows a slice of the simulated microstructure of sample F-15 ym
at the peak of heat evolution. The white hydrate rims indicate the outermost
layers of the rough product surface. While the solids in the two-dimensional figure
appear to be much less connected than in reality in the three-dimensional

structure, it can nevertheless be seen that only a small fraction of the volume is
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Figure 5.22: Degree of hydration against rate of reaction for calculations and experiments
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filled by solids, and the inter-particle overlaps are too little to lead to a reduction

in the reaction rate.

To better understand the results, the results here have been compared to
results from simulations 6 to 8 shown earlier. In these simulations, the reaction
stoichiometry had been kept the same as that for cement and the volumetric ratios
were equivalent to a 0.4 water to cement ratio paste. The rate of heat evolution is
plotted against the degree of hydration for both cases in figure 5.22. As can be
clearly seen in the figure, in the experiments, the peak occurs at much lower
degrees of hydration than those observed in the simulations. This is because the
volume of product produced at these degrees of hydration in the simulations is not

large enough to cause sufficient overlaps, if a uniform density product is assumed.

The above results show that a nucleation and growth process on the surface
of the particles, and an outward growth rate that corresponds to the
experimentally measured heat-evolutions alone cannot explain the post-peak
behaviour of hydration. In order to obtain a clear peak, without a following
plateau, a significant overlap of the product from different particles is required. As
this overlap cannot be explained with the assumption that a uniformly dense
product is produced, the possibility of a lower density product that increases in

density with hydration is investigated in the later sections.

It is often argued that the slow diffusion of ions through the layers of
hydrates depositing over the cement particles controls the rate of reaction leading
to the deceleration. It is shown in the following discussion that evidence suggesting
that diffusion does not play an important role in hydration at least during the first
24 hours of hydration exists. It is also shown that the observed behaviour points
towards the nucleation and growth mechanism controlling the reaction well into

the fifth stage of hydration.
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5.8 Existence of a Diffusion Controlled Regime

The deceleration in the fourth and fifth stage of hydration is often explained
by a diffusion regime, where the layers of hydrates depositing on the cement
particles inhibit the exchange of ions®. It has been shown in the last section that
the accepted mechanism of nucleation and growth is able to explain the
acceleration observed in the third stage of hydration, but a reduction in the
reaction rates following the peak is not obtained. Another set of simulations were
carried out to study the fit parameters obtained when the diffusion controlled

regime is used to reproduce the measured heat-evolution.

5.8.1 Simulations with a Diffusion Controlled Mechanism

In these simulations, the accelerating part of hydration was simulated using a
modified form of the Avrami equation. In this form of the equation, the Avrami
equation is decomposed to the level of individual particles with the assumption
that the rate of hydration of a particle is proportional to its surface area. This
assumption is assumed to be justified as both the nucleation and growth and the
dissolution process depend on the surface area. The equation is reproduced below

for convenience.

dr, o
— ket (5.18)

The relation used to simulate the diffusion controlled process is shown in
equation 5.19. In this equation, the rate is assumed to be inversely proportional to
the thickness of the layer of hydrates around the particles. Being in Cartesian
coordinates, the equation is approximate and it is assumed that the layer of
hydrates offer a uniform resistance to diffusion. The rate is corrected for the

reduction of free surface of particles due to overlaps.

dr,, _kdiff
dt - r ut Tm (519)

o
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Equation 5.18 was fit to the accelerating part of the evolution such that the
calculated rate of hydration fit closely with the measured values up to as close to
the peak as possible. While this equation does not perfectly fit the measurements
and does not model the correct mechanism, its current form where the reaction
rate depends on the surface area of the particle is assumed to provide a good
starting point for a switch to the diffusion controlled mechanism. It is used only to
reproduce the thickness of the layer of hydrates at the measured degree of
hydration and time at the peak for the powders. The mechanism is assumed to
switch from the first to the second equation when the reaction rate predicted by
the second equation is lower than that from the first equation. This switch is
allowed to occur at different moments independently for each particle and can
happen only in one direction. The single parameter in the equation simulating
diffusion controlled regime was then varied to fit the decelerating part of the

curve.

The fits along with the original curves are shown in figure 5.23. The
parameters obtained from the fits are shown in table 5.6. The parameter n in the
Avrami equation was kept constant at 2.6 for most simulations. This value was
chosen as, on an average, it provided the best fits in the simulations 6 to 8 shown
earlier. A higher value of n was required to obtain an acceptable fit for fraction
G-6 ym. Also, an period with no reaction lasting 2.5 hours was required to be

assumed for this fraction.

Table 5.6: Parameters used in Avrami equation and diffusion equation simulations

Fraction A-38 pm | B-83 pm | C-38 pm | D-21 pm | E-18 pm | F-15 pm | G-6 pm
ki (hours™)|1.25x10%|5.60x10*|6.70x 10*[2.60x10*|4.50x 10*|1.54x10*|2.00x 10**
n 2.6 2.6 2.6 2.6 2.6 2.6 3.2
Kagr (wm®/h)|4.00x104/4.80x1022.80x10?[1.20x10%|2.00x 10*|4.00x10*|3.20x 10°®
ty (hours) 0.0 0.0 0.0 0.0 0.0 0.0 2.5
ao (%) 2.3 2.0 1.3 2.0 0.9 3.0 2.0

The smallest diffusion coefficient fit over the range was found to be 12 times

smaller than the largest one. The rather large spread of the parameters indicates
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that the thickness of the layer of product on the particles, when the switch to the
diffusion control occurs, differs by at least an order of magnitude between particle

size distributions.

The observed variability in the thickness of the product layer between
particle size distributions could either indicate that the properties of the hydrate
change dramatically depending on the particle size distribution, or that although
the equation produces the right shape of the evolution, it does not model the
actual mechanism controlling hydration. Since such a large difference in the
properties of C-S-H due to different particle size distributions is not expected, the
above results clearly show that a slow diffusion of ions through the layer of
hydrates cannot explain the dependence of the behaviour on the particle size

distributions.

In the following discussion the rate of change of the hydration kinetics are

studied to get more insight into a possible point of switch between mechanisms.

5.8.2 Rate of Change of Hydration Kinetics

The rates of heat evolution for all fractions were smoothed using Savitzky—
Golay smoothing filter'”” with a window size of eleven points. The values were then
differentiated and the results are plotted in figure 5.24. The rate of reaction and its
differential calculated from an Avrami equation, with an arbitrary value of k£ and

the value of n set at 3, is also plotted in the figure.

The information for the first two-three hours of the experiments is missing
due to the dissolution peak. The results for fraction B — 83 um are not very clear
possibly due to a bimodal particle size distribution leading to observed reaction
rates being a combination of two widely different particle sizes reacting together at
different rates. For the other samples, the differential of the reaction rate was
found to be either constant or increasing almost linearly for a few hours. Before

the peak of heat-evolution the second order differential starts to reduce, almost
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linearly, up to a few hours after the peak. When compared to the calculated
values, the trend starting a few hours before the peak, up to 24 hours is similar to
that observed for the curve calculated from the Avrami equation. It must be noted
here that the Avrami equation is used here only as an example of the nucleation

and growth process since it represents the shape of the evolution quite well.

The smooth, almost linear, variation of the second order differential from a
few hours before the peak to a few hours after the peak suggests that the
mechanism of the reaction does not change in this period, pointing towards the
nucleation and growth mechanism continuing well beyond the peak. A similar
conclusion was drawn by Thomas® on comparing a relation derived for

heterogeneous nucleation and growth with measured heat evolution values.

One of the important prerequisites for the reaction to be controlled by a
diffusion mechanism is the presence of a thick and continuous layer that inhibits a
free exchange of ions. However, in order to explain the accelerating part of the
reaction using the nucleation and growth mechanism, as discussed earlier, it is
necessary to assume that the surface of the particle is not completely covered by
product until the peak. This implies that the surface of particles is still partially
exposed to the pore solution, without any diffusion barrier inhibiting reaction. It is
therefore only logical that the diffusion controlled regime can only become the

controlling mechanism after the peak.

5.8.3 Dependence of Reaction Rate on Hydrate Thickness

The approximate dependence of the reaction rate on the thickness of the
layer of hydrates was studied. The thickness of the product was calculated from
the degree of hydration, assuming mono-sized spherical particles. The size of the
particles was set at the median radius of the distribution. The variation of the rate
of heat evolution with the thickness of the product is shown in figure 5.25. While it

is understood that the calculated thickness of the product is only an approximate
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Figure 5.25: Dependence of the rate of hydration on the approzimate thickness of products

value, it can be seen that, depending on the particle size, the rate of hydration can

vary to a large extent even when the thickness of the product is the same.

The arguments above strongly point towards the diffusion controlled
mechanism not reducing the hydration rate at least up to a few hours after the
peak. In the following discussion, a modification to the nucleation and growth
mechanism, which could explain most of the observed behaviour during the first

24 hours, is presented.

5.9 C-S-H with Age-Dependent Density

5.9.1 Kinetics

In this set of simulations, the kinetics used are similar to those used in the
earlier case where the nucleation and growth mechanism was simulated on the
particles, with the C-S-H only partially covering the surface of the particles during
the first few hours. The main difference in these simulations is that the density of
the product formed is variable. Here, it is assumed that the product formed from

the reaction is low in density and that its density increases with time.
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This process of 'densification' is assumed to occur as a nucleation and growth
as well. The presence of C-S-H with variable density has been proposed earlier to

220 Tt was also shown

explain surface area measurements by nitrogen adsorption
that the specific surface area of C-S-H reduces with time, indicating an increase in
density of the product. To explain the measured specific surface areas and
phenomenon such as drying shrinkage, creep and visco-elastic deformation, a
colloidal structure for C-S-H has been proposed”. In fact, a progressive

densification of the product was also proposed much earlier by Powers®.

A mechanism of growth, similar to that in the previous section, is used here
to explain the observed reaction rates. In this study, the rate of hydration is
assumed to be controlled by a nucleation and growth mechanism, the main points

of which are as follows:

* The surface of the particles is only partially covered by product, and the
nucleation and growth mechanism controls the growth of product over the
surface,

* Fresh outer product has a low density and a high internal specific surface
area,

* The internal surface of C-S-H serves as growth sites along with the exposed
outer surface of the growing clusters, and

* The internal surface area of C-S-H is assumed to decrease linearly as its

density increases.
The schematics of this mechanism is shown in figure 5.26.

The amount of material around a particle at any moment in time can be

calculated in a way similar to the last set of simulations as follows:

rotk,t

S pAr) g, (5.20)

m,= f 4emr-r-|1—exp|—k,- )

K3

0
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-

Figure 5.26: Schematics of the nucleation and growth mechanism with different parallel
and outwards growth rates and densification of the product for a single particle (top) and
between particles (bottom)

The above relation includes a variable density, o(r), which depends on the
distance from the centre of the particle. It is assumed that the internal surface area

(si) of the product varies linearly with density, as follows:

pmaz_p
50— T (5.21)

7

p maz p min

In the above equation, gni» and @m. are the minimum and maximum possible
densities of the product respectively. Since, the internal densification is
proportional to the available internal surface area, the rate of change of the

density of the product, g, can be related to time, ¢, as follows:

dp_y  PuP

kg, ———— 5.22
dt o pmaw_pmin ( )
In this equation, kg, is a rate constant. Rearranging we get:
D P p
[ Fmer T g o= k,,,-dt (5.23)
P nin pmzzz - p 0

Where ¢, is the age of the product at any point at a distance r from the

centre of a particle. Integrating we get:
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P oz ™ Pmi
(pmaz'_pmin) hl ——||= en Ur 524
P maz— P ! ( )
Rearranging we get:
_kden.tr
p:pmaw_(pmaz_pmm).exp _p (525)

As in the last case, t. can be related to the distance of the product from the
original surface of the particle, r, and time, ¢, using the vertical rate of growth, ks,

as follows:

(5.26)

5.9.2 Fit Parameters and Results

Equations 5.20, 5.25 and 5.26 were given as an input plugin in yic and solved
numerically to calculate the amount of product around the grains at any moment
in time. Similar to the last set of simulations, the rates of reaction were calculated
from the demand generated from the nucleation and growth process described
above. The results from the simulations are shown in figure 5.27 along with the
experimentally measured values for the corresponding powders. The fit parameters
used in the simulations are listed in table 5.7. The value of g was set to 2.0 g/cc

for all simulations, which was also assumed to be the density of the inner product.

In the simulations, the parameters were varied using manual trial and error.
Like in the previous case, perfect fits were not sought and the trials were stopped
when it was considered that the calculated results fairly replicate the
experimentally measured values. The value of n was again fixed at 3.0 and the
other four parameters were varied for individual simulations. It must be noted that
since the density of the inner product was fixed at the highest possible density of
the product, the actual average density of the product is higher than g..
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Figure 5.27: Comparison between simulations and experimental results of heat-evolution
rates and degrees of hydration for simulations with variable density of product
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The position of the peak was observed to depend on ts/, and k, and ks, were
observed to have a combined effect on the rate of hydration. The factors ks ks,
and o have a combined effect on the time and heat evolution at peak and also
the rate of heat evolution after the peak. Once again, the fits were found to be
extremely sensitive to all four parameters and obtaining good fits was time-
consuming. Due to time-constraints, in some cases the trials were stopped when a
reduction in the rates was observed at degrees of hydration similar to those in the
experiments. Figure 5.28 shows the variation of the curves with the parameters.
The parameter k, was found to have a large dependence on the particle size

distribution. The value of this parameter was found to be lower for finer particle

4 R — Normal
7 \,
’I \\ = Kgen =0
3 ,' % =: Double ks
! A Y

Rate of heat evolution
(mW/g)

T T T T T T T T
0 5 10 15 20 25 30
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Figure 5.28: Dependence of simulated heat-evolution on parameters for fraction E-18 um
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Figure 5.29: Variation of k., with the number of particles per unit volume in the
simulations
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size distributions. The variation of this factor with the number of particles per unit

volume is shown in figure 5.29. The data used for this figure is listed in table 5.7.

Table 5.7: Parameters used in variable density nucleation and growth simulations

Fraction A-38 pm | B-83 pm | C-38 pm | D-21 pm | E-18 pm | F-15 pm | G-6 pm
ts/5 (hours) 6.2 8.0 7.0 8.0 8.0 8.4 10.2
n 3.0 3.0 3.0 3.0 3.0 3.0 3.0
ks (um/hour) 0.04 1.10 0.78 0.12 0.34 0.08 0.23
Kuen (g/cc/hour) 0.0050 | 0.0020 | 0.0052 | 0.0095 | 0.0110 | 0.0090 | 0.0050
Omin (8/cC) 0.214 0.100 0.109 0.150 0.182 0.127 0.245
ao (%) 2.90 2.20 2.30 4.70 3.15 5.90 0.80

Table 5.8: Details of simulations with densifying C-S-H

Fraction A-38 pm | B-83 pm | C-38 pm | D-21 pm | E-18 pm | F-15 pm | G-6 pm
Number of particles | 2034071 241 244 2096401 | 2173 | 805725 | 843168
Size of C.V. (um) 100 400 175 125 100 75 40

Similar to the earlier fits, there is a redundancy in the fit parameters in these
simulations. While four parameters, not including n, could be varied, three main
features of the curves, viz. the time of peak, the height of the peak and the rate of
deceleration were sought to be reproduced. However, despite the redundancies, in
these simulations all the four parameters were varied together in order to avoid
biasing effects resulting from fixing one parameter to a value that might not work

well for some of the simulations.

5.9.3 Discussion

For all particle size distributions, it was found that, using the proposed
mechanism, it was possible to obtain reasonable fits to the experimental results for
a large part of the first 24 hours. Although the best possible fits were not achieved
in some cases, the trends demonstrate that the experimentally measured reaction

kinetics can be obtained using the described mechanism. The variation in the fit
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parameters, specially ks, is quite large, however a large number of unknowns and

assumptions exist in the simulations, some of which are listed below.

* The variation of specific surface area with density is not known. The first
order approximation used here can affect the shape of the results.

* The inner product is assumed to always have a high density. While this
assumption should not affect the results much and is only expected to scale
the parameters, some side-effects might occur.

* No induction period was assumed. The shape of the curves is affected if an
induction period precedes the nucleation and growth process.

* At any moment, the same fraction of all particles is assumed to be covered

by product.

Apart from the numerical factors discussed above, one of the most important
factors affecting the results is that, as discussed above, the measured calorimetry
results do not scale with the specific surface areas calculated from the measured
particle-size distributions. The nucleation and growth mechanism simulated here
assumes that the rate of nucleation and therefore the rate of initial growth depends
on the surface available, which, in the current case, is proportional to the specific
surface area of the cement. This observed variation might be either due to errors
in the measured particle size distributions, or in the nucleation and growth process
being non-homogeneous on the surface of the particles. While the initial dissolution
of cement, which is not considered in the simulations, would also affect the surface
available for nucleation, it is not expected to lead to the large deviation observed

in the trend (figure 5.13).

Figure 5.30 shows a slice of the simulated fraction B-83 ym at the peak, with
the outer boundary of the hydrates marked in white. It can be seen in the figure,
at the peak, the low density product has filled a significant portion of the
microstructure, explaining the sharp peak observed in the simulations. The high

outward growth rates simulated here quickly increase the reach of the reaction to
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Figure 5.30: A slice from fraction B-83 um close to the peak, with pore-space in black,
anhydrous grains in dark grey and hydrates in white

almost the entire microstructure, covering the entire volume with a fine mesh of

low-density product, converting the process into a volumetric process.

It was also observed that the fit parameter k, was lower for simulations with
larger number of particles per unit volume. In computational volumes with larger
number of particles, the average distance between neighbouring particles is lower
and grain boundaries are distributed more uniformly throughout the volume. A
lower rate perpendicular to the grain boundaries is, therefore, required for
impingement between different particles. The observed dependence of k; on the
average distance between particles indicates that the process of nucleation and

growth of C-S-H tends to spread throughout the pore-volume quite rapidly.

5.10 Simulating the Filler Effect

In order to understand the possible mechanism of the observed effect of fine
inert fillers on hydration kinetics, simulations using the above-discussed nucleation,
growth and densification mechanism were carried out. Here, it is assumed that this
C-S-H also forms on the surface of the filler particles and densifies, similar to the
product growing on the surface of the alite particles. The particle size distribution

used for the alite particles is the same as that shown for PSD-2 earlier in figure 4.2
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(page 84). The filler particles were assumed to be of a uniform size with a diameter
of 0.4 ym. In these simulations, while the parameters of growth on the alite
particles were the same as those used in the simulation with neat alite, additional
C-S-H was assumed to grow on the filler particles, with a mechanism similar to
that on the alite particles. The rate of outwards growth of C-S-H on the filler
particles was assumed to be less than that on the alite particles. The parameters
used in the simulations for the rates of growth and densification on the alite and
filler particles are listed in table 5.9. The parameters were chosen arbitrarily, based

on the simulations presented earlier.

Table 5.9: Parameters used in simulations to study the filler effect

Simulation | ] i v

Replacement | 0% 5% 10% 15%
Particle Alite | Alite | Filler | Alite | Filler | Alite | Filler
ts/5 (hours) 70|70 70| 70 | 70| 70|70
n 30 | 30| 30 30| 30| 30 30

k,(wm/hour) | 0.30 | 0.30 | 0.17 | 0.30 | 0.17 | 0.30 | 0.17
kuen (g/cc/hour) | 0.008 | 0.008 | 0.008 | 0.008 | 0.008|0.008 | 0.008
0w (g/cc) | 0.15 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15 | 0.15

The calculated rates of heat-evolution are shown in figure 5.31. Due to a

large number of unknowns, fits with experimental results presented in section 5.5.3
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Figure 5.31: Calculated rates of heat-evolution from simulations with inert fillers
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earlier have not been attempted. Still, the above results show that the
enhancement in hydration on the addition of inert fillers can be explained by the
additional growth of C-S-H on the filler particles, which provide additional surface
for nucleation of the product. As a larger fraction of the product grows close to a
surface, the average density of C-S-H is higher at the same degree of hydration.
These simulations also predict a denser and less-porous microstructure with the
addition of fine fillers resulting from the more uniform distribution of hydrates in

the microstructure.

5.11 Deductions from the Simulations
Based on the simulations discussed above, given that the assumptions made

above are not incorrect, the following deductions can be made:

* The low heat evolution during the 'induction period' and the acceleration
of the hydration rate afterwards can be explained by the nucleation and
growth mechanism.

* In the nucleation and growth mechanism, nuclei of product form on the
surface of the particles and grow at a constant rate. The rate may be
different in the directions along the surface and outwards from the particle.

* The peak in the hydration curve corresponds to the time when the surface
of the particles is almost fully covered.

* A pure nucleation and growth process with the formation of a uniformly
dense material cannot explain the post-peak behaviour of the hydration
curves.

* In order to explain the observed deceleration with the slow diffusion of ions
through the layers of hydrates, a large variability in the transport
properties of C-S-H has to be assumed.

e Almost the entire hydration kinetics during the first 24 hours can be fit if

it is assumed that the initial density of the product formed is low and that
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there is an internal surface associated with the low density product, which
is available for growth.

The process simulated in the simulations with variable densities, is close to
a volumetric homogeneous nucleation and growth, and models the
formation of a fine low-density mesh of the product through a large portion
of the volume, which grows in density with the progress of hydration.

The fit parameters obtained from these simulations vary to a large extent.
However, a clear relationship between the rate of perpendicular growth
from the particle boundaries, ks, which is the parameter showing the largest
scatter, and the number of particles per unit volume was observed. This
might indicate that the process tends to spread throughout the pore-
volume quite rapidly.

The enhancement in the rate of hydration observed on the replacement of
alite by fine inert fillers can be explained by the nucleation of C-S-H on the
filler particles, and the faster densification of C-S-H occurring due to a

larger proportion of the product being present close to grain boundaries.

5.12 Discussion

The results above indicate that the nucleation and growth process in

hydration is more volumetric in nature than being confined to the surface of the

particles. The results indicate the presence of a loose product, holding all the

particles together, from quite an early age. Although such a microstructure is not

seen in micrographs of cement paste, this could be attributed to the process of

sample preparation required for microscopic observations, which involves drying.

As this outer product would be suspended in the pore-solution like a colloid,

drying of the paste will lead to a collapse of the structure. Still, a loose, low-

density structure of C-S-H, growing as a loose packing of fires or sheets can be

observed in many micrographs

36,27,24
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Although with a much higher density, a colloidal structure of C-S-H was
postulated by Jennings, in order to explain its specific surface, creep and visco-
elastic behaviour”. Since the techniques reported measure only the bulk values,
only an average estimate of the values is obtained and a much higher localised
variation in the properties could still lead to similar bulk values. Therefore,
although only two possible densities of C-S-H have been proposed by Jennings',
the actual variation at the level of individual particles could be much higher and

more continuous.

Another evidence in the support of a low density product filling a large part
of the microstructure is that when pore-sizes are measured using Quasi Electron
Neutron Scattering and NMR relaxation, which are two of the few techniques that
can explore the pores without having to dry the samples, capillary pores are not

d2%1%  Tn these measurements, mobile water was not observed after just

observe
one hour of hydration, indicating that most of the water at this stage is present
only in smaller pores. This observation has been explained by the hypothesis that
since the water is present close to surfaces its mobility is limited, similar to water
in supercooled state®. It was also proposed that the water continues to get
“glassier” as it penetrates into the colloidal particles of C-S-H, increasing its
immobile fraction. However, the absence of large capillary pores, and the increase
in the glassiness of the water with hydration observed in these experiments could
also support the argument that a low density product quickly fills a large amount

of the space available in the system and continues to get denser.

This process of densification can also explain the early setting of paste even
at low degree of hydration, when just a small amount of product can lead to the
transformation of the paste from a viscous liquid to a visco-elastic solid. The
presence of a low-density product can improve the bond between the particles
leading to a set and the progressive densification of the product would lead to a

stiffening of the matrix.
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Figure 5.32: Degree of hydration against the rate of heat-evolution from different alite
samples with and without fine filler particles

In figure 5.32, the observed rate of hydration is plotted against the degree of
hydration at around 24 hours, just after the reaction reaches a more constant rate.
In this figure, data points from different series of experiments, first series with
variable particle size distributions, second series with rutile as a fine filler and the
third series with silica fume as a filler, which were presented in section 5.5.3, are

plotted using different shapes of points.

Contrary to intuition, it is observed that the rate of hydration is higher when
the degree of hydration is higher. One of the points, corresponding to fraction
G-6 ym, was found to be much higher than the rest of the trend as data points
beyond 21 hours of hydration were not available. The results show that around 24
hours the rate of hydration is approximately proportional to the volume of the
product present in the microstructure. This is consistent with the hypothesis above

that the process of hydration at this time is volumetric in nature.

Although, conclusive photographic evidence of the presence of this low-
density product is currently not available, the current study points towards an

important possibility in microstructural development, which requires further
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investigation. It is not claimed that the presented hypothesis is an accurate
representation of the hydration mechanism. Even if the basic mechanism is correct,
the current version of the theory has many gaps and uses many assumptions that
may not necessarily be justified. The spread in the fit parameters also indicates

significant missing information in the input and the mechanism.

More importantly, it has been conclusively shown that in the form it is
currently accepted, the nucleation and growth mechanism cannot explain the
observed reaction rates beyond the peak of hydration. It was also shown that in
order to explain the decelerating part of hydration using the diffusion controlled

mechanism, hydrates with widely varying diffusion properties have to be assumed.

The simulations presented also shows the adaptability of pic to different
simulation scenarios and in predicting results based on different mechanisms that
can be input to the model. The results also show that as long as unreasonable
simplifications are not made, microstructural models can be used to study

hydration mechanisms.

5.13 Conclusions

In this chapter, the hydration kinetics of alite were investigated using uic.
The rates of hydration for different particle size distributions were studied and
were observed to be higher for finer powders. Powders of similar particle size
distributions close to the measured particle sizes of the powders were simulated in
uic using two different nucleation and growth mechanisms. It was shown that the
nucleation and growth of a uniformly dense material alone cannot explain the
observed hydration kinetics of alite. It was also shown that in order to explain the
deceleration using a diffusion controlled regime, drastic changes in the transport
properties of C-S-H, only with the variation of cement particle sizes would have to

be assumed. If a low-density C-S-H is assumed to be distributed in the pore-space,
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the reaction kinetics for most of the first 24 hours of hydration can be explained

using a nucleation and growth mechanism.

The versatility of pic in enabling the simulation of a wide range of
phenomenon in three-dimensions was demonstrated. The simulation of kinetics,
taking into account both the consumption of particles and space-filling would not
be possible in two-dimensions. Although there is a lot of information regarding the
simulated processes missing, this study demonstrates how pic can be used to
identify the important parameters in the process, to help in the design of further

experiments.
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6.1 Microstructural Modelling and pic

In the current work it was shown that microstructural models can provide
important information about cement hydration. It was also shown that a flexible
modelling platform, which enables an easy inclusion of new mechanisms in the
simulations, can help in the better interpretation of experimental results. The
design of better algorithms can help us to avoid unnecessary simplifications in the
models and can lead to more accurate results. For example in the case of cement,
the possibility to simulate the microstructure, with every particle included in the
simulations, can provide more accurate results and a better understanding of the

mechanisms.

With this objective in mind, pic has been designed to provide cement
scientists with a powerful and flexible modelling tool. pic uses the vector approach
to enable the multi-scale representation of the cement microstructure. The
performance of the vector approach has been improved to allow modelling of
millions of cement particles. The flexible architecture of uic allows simulations of a
wide range of particulate growths. The user is allowed to define the materials,
particles and reactions in the simulations and to control the reaction mechanisms
by creating short programmes, called plugins, that can be given as input at
execution-time. The high amount of flexibility offered by pic can help achieve a

better understanding of cement hydration.
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Some of the important numerical and scientific advanced made with the

development of pic are listed below.

* The vector approach was improved to enable simulations with millions of
particles with the explicit calculation of all interactions.

* A microstructural modelling platform with the ability to simulate user-
defined materials, reactions, particles and mechanisms was developed.

* The flexibility of pic enables the easy inclusion of more cement phases and
hydration conditions in simulations.

* The flexibility is also useful for studying the macroscopic effects of

microscopic phenomena for comparison with experiments.

6.2 Hydration Kinetics

It has been shown that a simple nucleation and growth mechanism cannot
explain the deceleration in reaction rates observed after the peak. In order to
explain the deceleration by a diffusion controlled mechanism, the transport
properties of C-S-H would have to vary drastically between samples. The
nucleation and growth of a low-density product and its subsequent densification
can explain the experimentally observed hydration rates at least during the first 24
hours of hydration. Experimental evidence, such as the absence of large capillary
pores when pore-sizes are studied using QENS or NMR without prior drying of the

129,130
Y

samples and the fibrous low-density structure of C-S-H seen in TEM

24,27

images®**, supports the presence of a disperse C-S-H that can fill a large part of
the microstructure from the early hours of hydration. Simulations of the nucleation
and growth mechanisms demonstrate the synergy between hydration kinetics and
microstructural development. Nevertheless, many aspects of the hypothesis

presented here have to be refined.

Still, since these suppositions are mostly speculative and are based on

microstructural fits of hydration kinetics, perfect accuracy of the model presented
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is not claimed. In fact, the main aim of the current study is to demonstrate the
need for a better understanding of the hydration mechanisms and shows that the
mechanisms that are mostly assumed to be true might not be as accurate as they
are believed to be. It is also demonstrated that computers and numerical models
can aid in better understanding of cement hydration and also in the verification of

the currently accepted theories on microstructural development.

Some of the important conclusions from the numerical study of the hydration

kinetics of alite are listed below.

* The simple nucleation and growth mechanism cannot explain the
deceleration of hydration after the peak.

* In order to explain the deceleration using the slow diffusion of ions through
the layer of hydrates growing of the surface of the particles, large changes
in the transport properties of C-S-H across particle size distributions have
to be assumed.

* The rate of hydration during the first 24 hours can be fit with simulations
modelling the nucleation and growth of a loosely packed C-S-H, which
densifies with hydration, but a large variation in the fit parameters is
observed.

* The fit parameters were observed to depend on the number of particles per
unit volume in the simulations, with the trends indicating a that the
loosely packed C-S-H spreads throughout the pore-volume within a few
hours.

* This study demonstrates the important role that numerical modelling can

play in further developing our understanding of cement hydration.

6.3 Perspectives on Microstructural Modelling
uic, like most other microstructural models, is currently limited to spherical

particles. While it is possible to build most shapes as an assembly of smaller
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spherical particles, this can be computationally expensive and less accurate than
explicit modelling of other shapes. The modelling of certain microstructural
features might necessitate the presence of non-spherical shapes in the simulations.
It is therefore important to develop algorithms that can enable fast calculation of
interactions between non-spherical shapes such as rods, cubes, prisms and

ellipsoids.

A resolution-free, or even high-resolution, characterisation of the porosity
poses a great challenge to modelling the microstructure and other important
properties, such as ion-transport, that can affect the durability of concrete.
Currently two different pore-characterisation methods have been implemented in
uic. One of the techniques implemented uses the vector approach to characterise
the pores and their connectivity. However, this approach is currently limited to
200,000 particles and requires further improvement before it can be applied to
cement. In the other approach, a regular mesh with 1 billion pixels has been used
to obtain the approximate pore-sizes. However, for typical simulations, the voxel-
size in this approach is limited to 0.1 ym, which, although smaller than the voxels
used in other voxel-based models, is much larger than the smaller capillary pores.
In order to be able to use the simulated microstructures to calculate durability-

related properties of cement, a better characterisation of the pores is needed.

In all the simulations presented here, thermodynamics and ion diffusion are
ignored and only processes that depend on physical characteristics have been
modelled. While thermodynamic calculations have not been included in the current
version of pic, because of the flexible and extensible design of pic, a
thermodynamic engine could be easily added to the model. A discrete model
simulating local thermodynamic properties and ion transport could be overlaid on
the vector information in the model in order to obtain a better representation of
cement hydration. The current architecture of pic already provides tools to overlay

discrete information on the vector-encoded geometry and also to facilitate
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communication and inter-conversion between the vector and discrete information.
Further development would still be required for efficient modelling of the coupled

chemical and physical processes.

6.4 Perspectives on Hydration Kinetics

While it has been demonstrated that our current understanding of hydration
kinetics is limited, the implications of the kinetics on the microstructure and vice-
versa have also been shown. The study points towards the need for new ideas to be
developed and tested in order to better explain cement hydration. As kinetics
depend directly on the mechanism, it is more important to achieve a better
understanding of hydration mechanism than to obtain blind fits to widely accepted
equations. Significant amount of work is still required to understand the hydration
mechanism of alite and other phases in cement in order to allow comprehensive
modelling of cement hydration. The results also show that many of the currently
accepted ideas may have to be reverified using the newer computational and

experimental techniques.

While only limited evidence supporting the hypothesis presented in this study
is present, the real mechanism of hydration could still be similar to that presented
here. A refinement of the assumptions and the information used in the current
study could provide important information pertaining cement hydration. The early
dissolution of cement phases, which can potentially alter the surface available for
the growth of products, and also cause a variation between different particle sizes
has not been studied here. This process could, however, be easily included in the
calculations, if the dissolution mechanisms and saturation concentrations were

known.

This study demonstrates the importance of the importance of using a
combination of experimental techniques and a good balance between experimental

and analytical studies. Many possibilities of development in cement science still
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exist and tremendous development can be made using the right combination of

experimental, numerical and analytical techniques.
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