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hydration kinetics and

poromechanical behaviour



Abstract

The prediction of the performance of cement-based materials requires a holistic model integrating
the progressive hydration of the material, the coupling between water consumption and strains, and
the history of the applied loadings. This is particularly important when modelling the behavior of
the cement sheath in oil wells which is subjected, from its earliest age and during its lifetime, to a
wide range of mechanical and thermal loadings that could have a detrimental effect on its future

mechanical properties.

The aim of the present thesis is to provide a complete modelling framework for the hydro-
mechanical behavior of an oil well cement paste from its earliest age to its hardened state. The

manuscript is divided in two parts.
Part I: hydration kinetics

The evolution of the most significant physical properties of cement-based materials is controlled

by the advancement of the hydration reactions. Two different modelling approaches are presented:

— A theoretical framework for the modelling of cement hydration is developed as an extension
of classical nucleation and growth models. The proposed multi-component model explicitly
considers anhydrous cement and water as independent phases participating in the reaction.
We also introduce a growth rate that encompasses linear as well as parabolic diffusion growth
in a single continuous mathematical form. The formulation naturally introduces some of the
most relevant parameters of cement paste mixtures, such as the cement powder composition,
mass densities of the different phases, water to cement ratio, chemical shrinkage and hydrates
properties. The different rate-controlling mechanisms can be identified and interpreted on

the basis of the proposed physical model.

— A general hydration kinetics law based on the theory of solid phase transformations is
proposed. This formulation is compared with the evolution laws found in the literature and
helps providing a physical explanation that could shed light on the understanding of cement
hydration kinetics.

In both cases, the kinetic models are calibrated over a series of experimental results in order to

properly evaluate the quality of the predictions.
Part 1I: mechanical constitutive law

The mechanical behavior of cement paste is described in the framework of reactive porous media.
The cement paste is modelled as a multi-phase porous material with an elastic-viscous-plastic
constitutive law, with mechanical parameters depending on the hydration degree. Furthermore, the
cement paste chemical shrinkage and pore water consumption during hydration are accounted for
in the determination of the macroscopic strains. The evolution of the poroelastic parameters of the
cement paste during hydration is calculated by means of a micromechanical upscaling model. An
asymmetric yield surface with compressive and tensile caps is adopted for the elastoplastic regime,
with hardening mechanisms considering both the cumulated plastic deformations and the hydration
degree. The viscous behaviour is based on the notions of solidification theory. A water retention

curve is introduced to account for the potential desaturation of the material during hydration.

The model parameters for a class G cement paste are evaluated by simulating the results of
mechanical loading experiments in a device specially designed for testing the thermo-mechanical
behavior of cement paste from the early stages of hydration. The results show that the proposed
model predicts with good accuracy the response of a hydrating cement paste when subjected to
various loading paths from its early age. The importance of the loading history is outlined, as
well as the need for the accurate determination of the effective stresses throughout the life of the

material.

Keywords: cement, hydration kinetics, poromechanics, oil well, cement sheath



Résumé

La prédiction des propriétés mécaniques des matériaux cimentaires nécessite d’'un modele intégrant
I’hydratation progressive du matériau, le couplage entre la consommation d’eau et les contraintes et
I’historique des charges appliquées. Ceci est particulierement important lors de la modélisation du
comportement de la gaine de ciment des puits pétroliers qui est soumise, des son plus jeune age, a
une large gamme de chargements mécaniques et thermiques qui pourraient avoir un effet négatif

sur ses propriétés mécaniques.

L’objectif de cette these est de fournir un cadre de modélisation pour le comportement hydro-
mécanique d’'une pate de ciment pétrolier des son plus jeune age jusqu’a son état durci. Le manuscrit

est divisé en deux parties.
Partie I : cinétique d’hydratation

L’évolution des propriétés physiques des matériaux cimentaires est controlée par ’avancement

des réactions d’hydratation. Deux approches de modélisation sont présentées:

— Un cadre théorique pour la modélisation de I’hydratation du ciment est développé comme une
extension des modeles de nucléation et de croissance classiques. Le modele multi-composants
proposé considere explicitement le ciment anhydre et ’eau comme des phases indépendantes
participant & la réaction. Un taux de croissance est introduit qui permet de représenter sous
une forme mathématique unique la croissance linéaire ainsi que la diffusion parabolique. La
formulation introduit naturellement des parametres des mélanges cimentaires tels que la
composition de la poudre de ciment, les densités des différentes phases, le rapport eau/ciment,
le retrait chimique et les propriétés des hydrates. Les différents mécanismes de controle de la

réaction sont identifiés sur la base du modele physique proposé.

— Une loi générale de la cinétique d’hydratation basée sur la théorie des transformations en
phase solide est proposée. Cette formulation est comparée aux lois d’évolution trouvées
dans la littérature et contribue & fournir une explication physique qui pourrait aider a la

compréhension de la cinétique d’hydratation du ciment.

Dans les deux cas, les modeéles cinétiques sont calés sur une série de résultats expérimentaux.
Partie II : loi de comportement mécanique

Le comportement mécanique de la pate de ciment est décrit dans le cadre des milieux poreux
réactifs. La pate de ciment est modélisée en tant que matériau poreux multi-phases avec une loi
constitutive élasto-visco-plastique, dont les parametres dépendent du degré d’hydratation. Le retrait
chimique de la pate de ciment et la consommation d’eau pendant I’hydratation sont pris en compte
dans la détermination des déformations macroscopiques. L’évolution des parametres poroélastiques
de la pate de ciment lors de I’hydratation est calculée a ’aide d’un modele micromécanique. Une
surface de charge asymétrique avec des seuils de compression et de traction est adoptée pour le
régime plastique, avec des mécanismes d’écrouissage tenant compte a la fois des déformations
plastiques accumulées et du degré d’hydratation. Le comportement visqueux est basé sur les notions
de la théorie de solidification. Une courbe de rétention d’eau est introduite pour tenir compte de la

désaturation potentielle du matériau lors de ’hydratation.

Les parameétres du modele pour une pate de ciment pétrolier classe G sont évalués en simulant
des expériences de chargement mécanique dans un dispositif spécialement congu pour tester le
comportement thermo-mécanique de la pate de ciment des le début de 'hydratation. Le modele
prédit avec une bonne précision la réponse d’une pate de ciment en cours d’hydratation lorsqu’elle
est soumise a divers chemins de chargement des son plus jeune adge. L’importance de I’histoire de
chargement est mise en évidence, ainsi que la nécessité de la détermination des contraintes effectives

tout au long de la vie du matériau.

Keywords: ciment, cinétique d’hydratation, poromécanique, puits pétrolier, gaine de ciment
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Chapter 1

Introduction and Fundamentals

1.1 General introduction

For over a century, oil, gas and geothermal wells have relied on the sufficiency of the cement
sheath placed between the casing and the rock formation to assure the zonal isolation of
geological substratum layers. In addition, the cement sheath is essential to provide well
stability and guarantee the physical integrity of the casing, protecting it from corrosion

[17].1

The cement sheath is submitted, from its earliest age and during its lifetime, to a wide
range of mechanical and thermal loadings that could have a detrimental effect on its
future performance. Starting from drilling and production phases, and during its long-term
abandon period, the wide range of solicitations, from below-zero temperatures to 250°C
and from tens to hundreds of megapascals, might compromise the material properties
required to assure the proper fulfilment of the cement sheath basic roles. Furthermore,
the recent advances in drilling and production technologies, e.g. hydraulic fracturing,
steam injection, and high-pressure, high-temperature wells, pose new challenges and raise
important questions regarding the reliability of current industry standards, demanding
further investigation of the material properties under such conditions. The determination of
appropriate constitutive laws describing the evolution of the material properties spanning
from the early to the advanced age is required for a correct evaluation of the effect of these

loadings.

The present work is inscribed in the decade-long collaboration between Total and the Ecole
Nationale des Ponts et Chaussées (ENPC) regarding the mechanical behaviour of cement
paste in various oil-well conditions. The results of this joint research efforts, embodied
in the works of Ghabezloo [18], Vu [8] and Agofack [16], have provided fundamental

experimental and modelling insight of the behaviour of a class G cement paste, the most

IThe first reported use of cement for the sealing of an oil well dates to 1903, in California, USA.
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common formulation used for the primary cementing job.

Ghabezloo [18] clearly demonstrated that the hardened cement paste can be considered
as a poromechanics material based on an experimental campaign following classical thermo-
poro-mechanical testing procedures. Vu [8] extended the analysis by considering the effects
of curing temperature and pressure conditions on the early age behaviour of the material.
More recently, Agofack [16] described the mechanical behaviour under various loading paths
of a cement paste hydrated at low temperature based on an elastoplastic poromechanical

constitutive model.

The collection of results suggests that the prediction of the performance of cement-based
materials requires a holistic model integrating the progressive hydration of the material, the
coupling between water consumption and strains, and the history of the applied loadings.
The aim of the present thesis is to provide a comprehensive modelling framework for the

mechanical behaviour of an oil well cement paste from its earliest age to its hardened state.

1.2 OQOutline of the manuscript

In the present chapter, a brief summary of the fundamental concepts is recalled. The
remaining of the manuscript is divided in two parts. The first part, comprising Chapters 3
and 4, is dedicated to the formulation of hydration kinetics models. The evolution of
the most significant physical properties of cement-based materials is controlled by the
advancement of the hydration reactions. Two different modelling approaches are presented
and calibrated over a series of experimental results in order to properly evaluate the quality

of the predictions.

In Chapter 3, a theoretical framework for the modelling of cement hydration is developed
as an extension of classical nucleation and growth models. The proposed multi-component
model explicitly considers anhydrous cement and water as independent phases participating
in the reaction. We also introduce a growth rate that encompasses linear as well as parabolic
diffusion growth in a single continuous mathematical form. The formulation naturally
introduces some of the most relevant parameters of cement paste mixtures, such as the
cement powder composition, mass densities of the different phases, water to cement ratio,
chemical shrinkage and hydrates properties. The different rate-controlling mechanisms can

be identified and interpreted on the basis of the proposed physical model.

Chapter 4 introduces a general hydration kinetics law based on the theory of solid
phase transformations. This formulation is compared with the evolution laws found in
the literature and helps providing a physical explanation that could shed light on the
understanding of cement hydration kinetics.

The second part, comprising Chapters 5 and 6, is dedicated to the formulation of a

mechanical constitutive law and the determination of its parameters. In Chapter 5, the
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mechanical behaviour of cement paste is described in the framework of reactive porous
media. The cement paste is modelled as a multi-phase porous material with an elastic-
viscous-plastic constitutive law, with mechanical parameters depending on the hydration
degree. Furthermore, the cement paste chemical shrinkage and pore water consumption
during hydration are accounted for in the determination of the macroscopic strains. The
evolution of the poroelastic parameters of the cement paste during hydration is calculated by
means of a micromechanical upscaling model. A yield surface with compressive and tensile
caps is adopted for the elastoplastic regime, with hardening mechanisms considering both
the cumulated plastic deformations and the hydration evolution. The viscous behaviour
is based on the notions of solidification theory. A water retention curve is introduced to

account for the potential desaturation of the material during hydration.

Chapter 6 is dedicated to the evaluation of the model predictions for a class G cement
paste. The results include the simulation of the results of mechanical loading experiments
in multiple experimental configurations, including a device specially designed for testing
the thermo-mechanical behaviour of cement paste from the early stages of hydration.
The results show that the proposed model predicts with good accuracy the response of
a hydrating cement paste when subjected to various loading paths from its early age.
The importance of the loading history is outlined, as well as the need for the accurate

determination of the effective stresses throughout the life of the material.

Finally, the main conclusions and future work perspectives are outlined in Chapter 7.

Cement paste model

4 N\
‘ Mechanical behaviour ]

Hydration Volume
kinetics fractions
- J
Chapters 3 & 4 Chapter 5 Chapters 5 & 6

Figure 1.1: Modelling framework and manuscript structure.
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Figure 1.1 summarizes the workflow of the modelling framework and the manuscript

structure.

1.3 Cement powder

Anhydrous Portland cement powder is commonly composed of five main phases: alite
(C38S), belite (C2S), aluminate (C3A), ferrite (C4AF) and gypsum [19]. The abbreviations
follow the cement chemistry notation, where C=Ca0O, S=SiO3, A=Al>,03, F=FesO3 and
H=H30. The first four phases (C3S, C2S, C3A and C4AF) constitute the clinker, resulting
from the partial fusion of clay and limestone at very high temperatures in the kiln. The
cement powder is obtained from the fine grounding of clinker together with gypsum, added
to control the reaction rates [19]. The availability of these materials (clay, limestone
and gypsum) throughout the world and the well-established industrial process of cement
production, together with the reliability of cementitious materials, has made of Portland

cement one of the most widely manufactured materials in the planet [20].

The composition of cement powders can vary according to the specific designated use
of the material. The oil well cement powders are classified on the basis of their chemical
composition by the American Petroleum Institute (API) in eight main classes, A to H, to
be selected according to the oil well depths and their service conditions [21]. The intended
uses of each class can be found in the API documentation or literature compendiums on the
subject [17]. The most extensively used classes are G and H, with nearly identical chemical
compositions, class G being finer grounded, that represent over 90% of the cementing
jobs, and have the typical mass composition presented in Table 1.1. Fortunately, the
compositions are not too distant from that of ordinary Portland cement used in everyday
applications — over 99% of the cements used worldwide [22]- hence allowing the collective
inclusion and consideration of results and findings pertaining both civil and petroleum

engineering literature.

Table 1.1: Typical mass composition of ordinary class G and H cement powders [17]

Component
C3S CoS C3A C4AF
% 50 30 5 12

1.4 Cement paste

1.4.1 Chemical reactions

The cement hydrates, main constituents of the cement paste skeleton, are the result of

the reaction of the anhydrous cement powder and water. The average hydration reaction
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stoichiometry of C3S and CsS, that account for over 70% of the cement powder mass, can

be expressed in the following general form:
C.S+ (¢#—z+yH —» C,—-S-H, + (z—2)CH (1.1)

where z = 2,3 for C2S and C3S, respectively. The parameters x and y stand for the C/S
and H/S ratios, and are a function of the hydration conditions, most notably temperature
[23]. At standard conditions of atmospheric pressure and 20°C their values are z = 1.7
and y = 4 [24]. The set of reactions concerning other clinker phases and gypsum has been

omitted, their expressions being available in the literature [25-27].

The main hydration products resulting from the reaction are crystalline calcium hydroxide
CH, also known as Portlandite, and calcium silicate hydrate, abbreviated C-S—H. The
dashes in C—S—H reflect the variability of the stoichiometric composition of this amorphous
phase. The complex series of reactions concerning C4AF and C3A result in different
hydrates phases which we will summarily group as aluminate hydrates for the sake of

simplicity.

1.4.2 Microstructure

In a coarse description, the cement paste can be considered as a heterogeneous mixture of
anhydrous cement powder, cement hydrates and water in different physical states [7]. In
addition, minor quantities of supplementary cementitious materials or impurities can also
be present. Figure 1.2 schematically represents the distribution of the different phases of

the cement microstructure.

Wy

g <~——— Macroscopic pore

1 | {

- ¢

— . < Portlandite and

@l aluminate hydrates

|

S - ] . ‘ Anhydrous cement
powder

C-S-H gel
Figure 1.2: Schematic representation of the cement paste microstructure.
The most intriguing phase of the microstructure is without doubt the amorphous C-S-H

gel, the main hydration product of the hydration reactions and the binder giving cement

paste its characteristic cohesion. The extensive research of the C-S—H structure over the



6 Chapter 1: Introduction and Fundamentals

last decades, together with the evolution of the experimental techniques and analytical
tools available, are summarized in ref. [27]. The understanding of the nature of the C-S-H
gel has evolved significantly, with major milestones being the pioneering work of Powers and
Brownyard [28] and the models by Feldman and Sereda [29] and later Jennings [1, 26]. The
main challenge in a complete material characterization resides in the extreme sensitivity of
the C—S—H gel structure to hygroscopic conditions. For such reason, the study by means of
new non-destructive and non-drying techniques (e.g. SANS and NMR, as in ref. [30, 31])
and the simulation of the structure at the molecular level (e.g. [32]) hold significant promise

of future findings.

The microstructural model developed by Jennings [1, 26], commonly known as the
Jennings model, conceives the C—S—H gel as constituted of elementary globules arranged
in two colloidal nanostructures with different packing densities: low density C-S-H (LD
C-S-H) and high density C-S-H (HD C-S-H). These two structures are differentiated by
their amount of gel porosity, estimated to 36 and 26% for LD and HD C-S-H, respectively.
According to the Jennings model, LD C—S—H is produced during the initial stages of
reaction, as long as sufficiently large pore spaces are available. Later, as the growth
of hydrates becomes space constrained, HD C-S—H is the main product. The globules,
of around 4 nm in size, are formed of packed layers of solid C—S—H and internal water,

surrounded by an adsorbed water layer.

The formulation of the Jennings model is based on the analysis of sorption isotherms
performed on cement pastes. The existence of the LD and HD C-S—-H gels has since been
confirmed using different experimental techniques [33]. The main feature of the model is
the nano-granular description based on discrete globules, while conserving the colloidal
nature of the material at the level of the gel. The basic globule and C-S—H gel structure

as described by the Jennings model are presented in Figure 1.3.

Globule C-S-H gel

C-S-H solid 50 nm

Monolayer of water
Interlayer water

Gel pores

Figure 1.3: The Jennings model of C—S—H microstructure [1].

The Jennings model of C—S—H gel, together with the hydration model describing the
evolution of the volume fractions of cement phases, allow us to quantitatively describe
the distribution of the different phases of the cement paste microstructure at its multiple

levels. The description across material length scales will be exploited by our multi-scale
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model to determine the poroelastic properties of the material at macroscopic scale from its

microscopic composition.

1.4.3 Hydration kinetics

The mechanisms of cement hydration have been extensively studied in the cement literature,
for both their practical and fundamental scientific relevance. Indeed, the main physical
properties governing the behaviour of cement-based materials (e.g. mechanical properties

[7, 34-36]) are intimately related to the degree of advance of the hydration reactions.

In the case of oil well cements, an appropriate description of the hydration kinetics is of
the highest priority, since the reactions are highly sensitive to pressure and temperature
conditions —both of which vary in one order of magnitude in deep boreholes— calling for
comprehensive models being able to properly assess the kinetics within an acceptable range

of precision for the practical applications.
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Figure 1.4: Hydration evolution for cement components a) in pure-component paste; b) in
Portland cement paste. After Blackie [2].

The multiple clinker components hydrate at rates that are different from the overall
observed hydration rate of the cement paste. As can be noted in Figure 1.4, the hydration
kinetics of each component are slightly different when considered in its pure form, if

compared to the more complex Portland cement kinetics. In an effort to simplify the
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system complexity, some authors have focused on the hydration of its main component, C3S,
which represents about 2/3 of the total cement powder mass [3, 37, 38]. Furthermore, C3S
tends to dominate the early hydration and setting in well-dosed cements, where gypsum

delays the large exothermal reaction of C3A [19].

The cement hydration reaction involves diverse physico-chemical mechanisms, among
which we can cite diffusion, nucleation, growth, complexation and adsorption [22]. The
difficulties in modelling the hydration reaction can be traced to the strong coupling and
interdependence of the different processes involved, which constitute barriers to the isolation

and resolution of individual mechanisms.

The analysis is eased by schematically dividing the hydration reaction in four stages
according to the reaction rate [39]: initial fast reaction, induction, acceleration and
deceleration (Figure 1.5). Traditional approaches modelling the hydration of cement make
use of this division in order to formulate sequences of rate controlling mechanisms. The
distinction of different stages is, however, rather arbitrary and holds no strict relationship
with distinct physical mechanism, with multiple classifications being attributable to different
authors (e.g. refs. [22, 40, 41]).

The initial fast reaction (IR) typically lasts few minutes, and follows immediately after
the contact between cement grains and water. As cement powder is brought in contact
with water, the difference between the initial surface energy and the energy required for
the creation of the new solid-fluid interface —the heat of wetting— is liberated, in addition
to the energy released by the dissolution of the clinker phases. Therefore, the heat emission
during the IR is not primarily due to the hydration of the clinker components and hence

has no significant effect on the evolution of the mechanical properties of the material [41].

The induction period corresponds to a very low reaction rate, mainly due to the slow
dissolution of the clinker grains, and can extend from minutes to several hours. The
dissolution mechanisms depend on the concentration of the different species, which is the

driving force of the reaction [42-44].

The acceleration period follows after the minimum of the hydration rate, which indicates
the ending of the slow reaction period, although there seems to be no real transition in the
mechanism driving the hydration evolution [41]. The duration of the acceleration period
depends strongly on the curing conditions, as will be made clear in our examination of the

experimental results in Chapters 3 and 4. The typical duration is between hours and days.

Finally, after the hydration rate peak, the reaction rate decelerates and the hydration
proceeds at an ever diminishing rate until reaching the asymptotic hydration degree by
exhaustion of the available reactants, either water or anhydrous clinker phases. The
deceleration period can span over years for the typical particle size distribution of modern

cements.

The total degree of hydration at the end of the induction stage is normally well under 1%
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IRI IN ) Accelerationl Deceleration

Hydration rate &

Time
(a) Hydration rate as a function of time

Acceleration | Deceleration

Hydration rate &

Hydration degree
(b) Hydration rate as a function of hydration degree

Figure 1.5: Schematic representation of the hydration rate. Stages are divided in initial
fast reaction (IR), induction (IN), acceleration and deceleration.

[41]. As a result, most authors disregard this contribution to the total degree of hydration
and focus instead on the two final phases. This will be the approach in the present work, in
which we dedicate our attention and modelling efforts on the two final phases (Chapters 3
and 4). The consideration of the two initial stages will be limited to the correct definition
of the initial hydration time, which will be considered to be coincident with the acceleration

period. For this definition, the effect of additives should be accounted for.

1.5 Hydration kinetics models

The efforts dedicated to the development of predictive hydration kinetics models can be
traced back at least half a century, as detailed in the comprehensive reviews by Thomas et

al. [45] and Scrivener et al. [46], that also include references to the most recent advances in
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the field.

Among the multitude of approaches have been adopted by different authors, one can
broadly distinguish those proposing empirical or semi-empirical mathematical expressions
representing the different hydration stages (e.g [47-49]) and those based on more physical
considerations, which attempt to describe the mechanisms of hydration reaction (e.g.
[3, 37, 50]). In addition, a number of computationally-intensive tools have been developed
to predict the hydration and microstructural development of the cement paste (e.g. [38, 51—
53]). These computational tools are based on the same physical mechanisms suggested
in analytical or semi-empirical models, but allow the consideration of discrete grains or

modelling units, in an attempt to closer mimic the real physical system.

There is a general agreement on the assimilation of the early hydration phase of the
cementitious materials to a nucleation and growth mechanism [41]. A transition to diffusion
control is commonly assumed to take place late in the reaction because of the increase of
the characteristic transport time of water with hydration [4, 37, 45, 48]. It is suggested that
as the pore space is progressively reduced and the coating of hydrated material surrounding
the clinker grains becomes thicker, the diffusion time of the hydration water through the
material layers increases significantly, causing the shift to a diffusion-controlled reaction.

Other possible reason for deceleration might be the lack of space or water [54].

In the present review, we limit our attention to the most widely used analytical models,
that outline the basic physical mechanisms that will be considered in the development of
the hydration models of the present work. The limitations of the current approaches will

be discussed upon introduction of the hydration models in Chapters 3 and 4.

1.5.1 Nucleation and growth models

The nucleation and growth model was developed for studying the kinetics of phase change
in metals, from molten fluid to solid state, and have, over the past decades, been profusely
applied for modelling cement hydration kinetics [41, 55-57]. Among the main variations,
we can cite the conventional nucleation and growth (NG or JMAK, by the initials of
the authors) [55-57] and boundary nucleation and growth (BNG) [3, 58]. The book by
Christian [59] explains the theory in extensive detail and is a recommended reference for
the interested reader. The mathematical expressions constitute particular cases of the

general model presented in Chapter 3, and hence their derivations are omitted.

The NG model considers a system composed of two phases, initial and transformed, each
one occupying a certain fraction of the total volume. The transformation from initial to
transformed phase starts from identifiable nuclei in the initial phase, in a process known as
nucleation. The new transformed phase grows at the expense of the initial as the reaction
progresses. The newly created regions will eventually come in contact with each other,

and following this contact they are assumed to develop a common interface, across which
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the growth is inhibited. In the case of a cement paste, even if the initial state is fluid and
particles could separate from each other as the hydration advances, the formation of a
solid structure will most certainly cause the appearance of common interfaces once the

hydration is sufficiently advanced.

The hydration degree according to the original NG model is given by

371 44
a=1-—exp <7rG3L,t> (1.2)

where « is the hydration degree, G is the linear growth rate of the transformed phase
—assumed isotropic and constant— I,, is the nucleation rate per unit volume of the transformed
phase —also assumed constant— and ¢ is the total elapsed time. A corrective coefficient is
often introduced to improve the fit quality [3, 60]. In the case of non-spherical growth, G
can be considered equivalent to an averaged growth rate. Even though the model requires

two input parameters, G and I,,, their effect are encapsulated by k = G®I,,.

The original NG model can be extended to the general expression [41]:
X =1—exp(kt™) (1.3)

where k is a rate constant, and m = p/s + ¢q. The variable p is related to the morphology
of the transformed regions (p = 1 for needle growth, 2 for sheet growth and 3 for isotropic
growth), s is related to rate-controlling process (s = 1 for phase-boundary control and 2
for diffusion control), and g is related to the evolution of the nucleation rate (¢ = 0 for fast
exhaustion and 1 for a constant nucleation rate). The exponent m in the equation can
therefore have a wide range of values 0.5 < m < 4, in agreement with the equally scattered

values reported in the cement literature [3, 61].

One of the main assumptions of the NG model is the random character of the nucleation
process. In reality, nucleation often occurs preferentially at some locations. In 1956, Cahn
[58] proposed the BNG model as an extension of the NG formulation in which nucleation
occurred on the boundaries of the grains. The formulation has been recently brought to
the attention of the cement research community by Thomas [3], who used it to model
the hydration of C3S. It has also been used by other authors to model Portland cement
hydration [8, 16, 62]. The hydration degree is expressed as:

! kit® (223 1
a=1—exp(—2k4t)exp 2kgt/ exp | —m—2— S dz (1.4a)
0 k, \ 3 3

where k, = (N B)l/ 1G3/4 and ky = BG. N is the nucleation rate per unit area, considered
constant, and B is the randomly distributed specific nucleation surface per unit volume.

The use of a corrective fitting factor is also common in applications [3, 8, 16].
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For sufficiently small ¢, or if k; < kg4, the exponential term can be estimated by its first

order expansion. After integration, we obtain:

444
X =1—exp (kat ) (1.5)

3

This expression is the same as Equation (1.2), which corresponds to spatially random
nucleation. The parameter kj, is associated with the nucleation at small area transformations,
when nucleation sites are considerably distanced from each other and the mutual interaction
of nodules is very weak. On the other hand, if we consider the case kj > kg4 or a sufficiently

large t, the expression for X becomes:
X =1—exp(—2k,t) (1.6)

in which case the transformed volumes grow like slabs, with a volume 2k4t at any given
time t. The parameter k, is best interpreted as the rate of growth in an advanced stage,

where much of the boundary has been transformed.

The BNG formulation has several advantages over the standard NG. First and foremost, it
is closer to the real physical process of cement hydration, for which the growth occurs from
the grain boundaries [63]. Thomas suggested, as an additional advantage, the possibility to
introduce the cement fineness in the BNG formulation through parameter B [3]. The same

parameter can be introduced with equivalent ease in the NG model by defining I, = BN.

Hydration Rate (mW/g C3S)

o
2000000000000 0 4

0 5 10 15
Time (h)

Figure 1.6: Experimental and BNG model hydration rates for C3S paste hydrated at
two different temperatures. Solid lines correspond to models, while dashed lines are
experimental results. Adapted from Thomas [3].
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As illustrated by Figure 1.6, the BNG model can be fit very precisely to the first part of
the reaction, but it deviates from the experimental curve as the hydration advances. This
is normally considered to be a consequence of the change in the rate-controlling process, as

discussed in the following paragraph.

1.5.2 Long-term hydration models

It is generally assumed that the deceleration period and late hydration are dominated by
diffusion mechanisms due to the hindered transport of the reactants [37, 45]. To describe the
late hydration, Fuji and Kondo [37] adopted a parabolic law combined with the assumption
of a spherical geometry of the grains and hydrates, in a similar way as done before by
Jander [64]. The following expression by Fuji and Kondo [37] has found wide acceptance
and applications:

2D(t — t¥)

(1—a)/? = +(1—a")? (1.7)

'm
where D is the diffusion coefficient, r,, is the initial radius of the clinker grain, a* and t* are
the hydration degree and time corresponding to the onset of diffusion control, respectively.
The same approach can be applied to the diffusion problem for a spherical particle for
which the thickness of the coating is evolving, modifying the parabolic law to account
for the curvature of the surface, deriving in the model of Ginstling and Brounshtein [64].
An interesting comparison and discussion of these approaches, as applied to cement paste

hydration, is available in ref. [65].

There are examples of attempts to integrate different rate-controlling mechanisms in
order to model the short and long term reaction. Parrot and Killoh [48] propose three
different rates —nucleation and growth, diffusion and shell hydration— that ought to be
compared to determine the limiting process, deemed responsible for the observed reaction
rate. The concatenation of successive mechanisms must be done carefully to assure smooth
transitions and avoid discontinuities either of rate or rate variation that are not consistent
with the observed reaction. Another example can be found in the work of Pang and Meyer
[4] (Figure 1.7), who made use of a nucleation and growth model connected to a Fuji-Kondo

diffusion model.

1.6 Mechanical behaviour

Immediately after mixing, the cement slurry behaves as a fluid, with no resistance to shear.
As long as the solid phase of the cement paste —anhydrous grains and cement hydrates—
does not percolate the medium, the material behaviour is similar to that of a bulk fluid
[16].

Under controlled conditions of pressure and temperature, the main observable during
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Figure 1.7: Evolution of hydration degree and rate according to the model of Pang and
Meyer [4].

this initial non-percolating period is the macroscopic volumetric strain of the slurry. As
demonstrated by Le Chatelier over a century ago, the cement paste volume might diminish
in the order of 0.05 cm?3 /g of cement powder as a result of the hydration reactions. It is now
well established that the change in volume of fluid slurry is due to chemical shrinkage, i.e.
volume differences among reactants and products, which might be analytically calculated
or experimentally determined (see Sections 5.3.1 and 6.7.1). As long as the cement paste
remains fluid, the chemical shrinkage is directly converted to macroscopic observable

shrinkage.

1.6.1 Solidification model of Bazant

The percolation of the skeleton brings the transition from a fluid to fluid-saturated solid.
The efforts to describe the effect of the precipitation of new hydrates on the mechanical
behaviour of the material have been numerous, but perhaps none is better known and has
found wider acceptance that the solidification model of Bazant and co-workers [5, 6, 66, 67].
In this approach, the evolution of the cement paste properties is described on the basis
of the properties of its constituents, whose volume fractions change as a result of the

hydration reactions, as stated by Bazant [67]:

Ageing has traditionally been treated simply as a change of the material
parameters involved in the calculation (...) The mechanical properties of
chemical substances are generally fixed; they do not change with time. Their
change must be regarded as a change in the concentrations of various substances

in concrete or hardened Portland cement paste.

The solidification process is illustrated in Figure 1.8. The mechanical behaviour of the
system is governed by the constitutive layers and their concentrations. The modelling

problem is reduced to the determination of appropriate volume fraction evolution laws and
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=03

Figure 1.8: Solidification model of a hydrating cement paste with a parallel arrangement
of constituent layers. The volume of constituents is V, their internal stress is given by s,
and o and e are the total stress and strain, respectively [5].

the determination of the mechanical behaviour of the constitutive layers, by either inverse

analysis or micromechanical tests (e.g. [68] and [69, 70]).

The model was originally formulated to predict the long term creep behaviour of cement
paste and concrete. The results of the application of the solidification model in Figure 1.9

show that the effect of ageing on the viscoelastic properties of concrete is very well captured.
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Figure 1.9: Long term evolution of strains of ageing concrete subjected to different loading
paths, experimentally measured (marks) and determined from the solidification model
(solid line) [6].
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The model extension to a poromechanical medium with elastic, viscous and plastic
behaviour will be the subject of Chapter 5 and hence the details of the formulation are

omitted here.

1.6.2 Poromechanical models

Some of the most recent developments regarding the mechanical behaviour of the percolated

cement paste are based on the theory of porous media developed by Biot [71, 72].

Ulm et al. [73] are among the first to describe the poroelastic properties of concrete. In
their work, they determined the macroscopic properties of the material from the microscopic
properties of the matrix components via micromechanical upscaling techniques adapted to

the different scales and pore structures of the material.

Later, Ghabezloo and co-workers [18, 74, 75] provided experimental evidence of the
poromechanical nature of a hardened cement paste. In a series of experiments in high-
pressure triaxial cells, they successfully determined a complete set of compatible poroelastic

parameters for a class G cement paste hydrated at 90°C.

The application of poroelastic homogenization frameworks to hydrating cement paste
and concrete has seen a progressive adoption in advanced mechanical models [16, 76, 77].
An example of the dependency of a set of poroelastic parameters on the water to cement
ratio determined from an upscaling model is presented in Figure 1.10. The effect of a
decrease in the water to cement ratio might be regarded, amid some minor differences, as

equivalent to an increase in the hydration degree.
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Figure 1.10: Poroelastic parameters as a function of the water to cement (w/c) ratio,
determined from a micromechanical model by Ghabezloo [7]. The parameters are described
in Chapter 5.

Regarding the chemo-hydro-mechanical couplings necessary to the comprehensive mod-
elling of hydrating cementitious materials, one can trace the original work of Coussy and

Ulm [78-80] as a notable source of inspiration for the more recent models available in
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the literature [16, 81-83]. In their work, Coussy and Ulm considered a closed hydrating
concrete (or cement) system and demonstrated that, in such scenario, the hydration degree
is the single internal variable governing all evolutions. Their thermodynamic formulation
reveals the origin of some of the couplings existing among the mechanical, thermal and
chemical variables. The application of the model, however, is not trivial, mainly because the
isolated evaluation of the parameters is not straightforward. Furthermore, the evolution of
the pore pressures is not explicitly considered and hence an extension to a poromechanical

framework remained lacking.

Recently, Agofack [16] proposed a chemo-poro-mechanical model that features cement
paste as an elastoplastic material from its earliest age. The formulation considers the
cement paste as a closed system and explicitly derives the expressions that account for the
coupling of chemical, mechanical and hydraulic variables in a poromechanical framework.
Among the strengths of the model is the consideration of detailed mass balance equations
allowing to effectively couple the consumption of water and pore pressures, essential for the
determination of the mechanical behaviour of porous materials. The evolution of the elastic
properties was based on a micromechanical upscaling model, while the plastic yield followed
an empirical chemical hardening law. The results outlined the importance of the loading
history on the behaviour of the cement paste and the strong chemo-hydro-mechanical

coupling evidenced by simulations and experimental results.

1.6.3 Effect of relative humidity and partial saturation

We believe it useful to clarify common concepts and naming conventions of the cement
literature to avoid confusions and clarify the scope and reach of the formulation presented

in Chapter 5.

In civil engineering, the term drying shrinkage is commonly used to designate the
macroscopic volumetric strains of the cement paste observed by the decrease of the relative
humidity (RH), i.e. the removal of water from the structure. In general, the cement paste
is assumed to have a stalled age. In an ageing cement paste, endogenous shrinkage, as its
name suggests (endo-within, genous-producing), is defined as the change in volume due
exclusively to the action of internal agents, excluding changes of temperature, stress or
moisture conditions originated from the exterior. In such a closed system, the internal
evolutions are exclusively related to the advance of hydration reactions [78]. The hydration
of a percolated cement paste, by virtue of the chemical shrinkage volume imbalance,
progressively removes the water from the cement paste pores and lowers the RH, in a
process known as self-desiccation. In our approach, we do not differentiate the physical
mechanisms at the origin of drying or endogenous shrinkage, and interpret these as
analogous, in the same way as discussed in ref. [84]. A review of the driving mechanisms

of bulk volume changes is presented by Abuhaikal [85].
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The mechanisms driving volumetric strains due to the change in RH of the cement paste,
either by drying or self-desiccation, have been the subject of discussion by multiple authors,
notably regarding their nature and physical origin (see [86], [87], [88] and [89]). Acker [89]
suggests two essential mechanisms by which the change in relative humidity might affect

the macroscopic strains: disjoining pressure and capillary pressure.

The disjoining pressure is the result of the interaction forces at the molecular level
among C-S—H platelets and the water layers populating the space between solid particles.
The magnitude of the disjoining pressure depends on the thickness of the liquid film, and
therefore of RH. The increase of RH produces an increase in the repulsive force among
particles, which reaches a maximum value in the saturated state. The changes in magnitude

of the disjoining pressure, however, are negligible in the range of relative humidities between
50 to 100% [84, 89, 90].

The main mechanism acting for high RH, in the range of 80 to 100%, is the capillary
pressure [84]. This is the range of relative humidities in which hydration reactions are
possible [91], and concern the applications considered in the current work. Jennings and
co-workers [90] extend the range and suggest most dimensional change from the saturated

state to 50% RH is due to capillary stresses.

In addition, Hua et al. [84] judiciously recall that the meniscus effects are accurately
estimated by the Kelvin-Laplace equation for pores of diameter above 10 nm. Such
diameters correspond, for most cement pastes, to a RH above 80% which is, as previously
mentioned, the minimum required RH for the hydration reactions to proceed. Therefore,
the effects of relative humidity will be completely accounted for by means of capillary

pressure effects as described by the Kelvin-Laplace equation.
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Materials and methods

This chapter presents the composition of the class G cement paste that will be the main
subject of study of our hydration kinetics and mechanical behaviour models. The details

concerning the preparation methods and conservation of the specimens are also addressed.

In addition, we describe the experimental devices, methods and procedures that will be
employed to characterize the material. The interpretation of the experimental results is

discussed in the concerned chapters.

2.1 Material

The cement paste is prepared using a class G cement powder with the composition presented
in Table 2.1. The mixture proportioning corresponds to a water to cement ratio w = 0.44,
and incorporates additives to optimize the slurry stability and homogeneity, as detailed
in Table 2.2. In the experimental procedures requiring a setup time between the mixing
and the beginning of the test (see Sections 2.2.1, 2.2.4 and 2.2.5), a retarding agent
was added (commercial denomination D177). The density of the slurry after mixing is
1.91 g/cm?®. This cement paste formulation has been consistently studied in the decade-long
collaboration between Total and the ENPC (consult the works of Ghabezloo [18], Vu [§]
and Agofack [16]).

The cement powder has a density of 3.21 g/cm? and the particle size distribution (PSD)
presented in Figure 2.1. The distribution features a median particle diameter of 13.5 pm,
with a mean of 20.8 ym and a mode of 32 um. The cement fineness determined from the
PSD is 0.178 m?/g, while Blaine fineness is 0.323 m?/g. As usual, the Blaine fineness
is larger, likely due to the non-spherical shape of the grains, contrary to the adopted

assumption in the determination of the fineness from the PSD.

The slurries were prepared following the API recommendations [92]. For the experimental

procedures that required the maturation of the samples before testing, the conservation of
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Table 2.1: Composition by mass of class G cement powder. From Rietveld analysis

Component
C3S CsS C3A C4AF  Others
% 58.9 15.5 2.3 174 5.9
8 ‘ ‘ ‘ 100
- Differential
7H —  Accumulated D

Differential volume (%)
=~
Accumulated volume (%)

Particle diameter(pum)

Figure 2.1: Particle size distribution of the class G cement powder. Adapted from Vu [8].

the cement paste specimens was under controlled conditions of temperature and pressure
inside a lime-saturated water bath. The curing containers are sufficiently large as to assure
a significant thermal inertia and avoid possible temperature shocks when manipulating
the specimens. For all the experimental procedures performed in the present work, if the
conservation temperature is different from the test temperature, the sample is allowed to
reach the test temperature in a natural cooling process inside the container which might

last from 6 to 24 hours.

Table 2.2: Composition by mass of 600 ml of cement slurry

Component Mass (g)
Cement powder 783.53
Water 339.54
Dispersant (D604AM *) 9.47
Anti-foam (D047 *) 6.27
Anti-settling (D153*) 1.18

Commercial denominations.

The specimens for the uniaxial and triaxial experiments are cored in cylinders of 38 mm

diameter and 76 mm height, providing a convenient factor of 2 that minimizes border
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effects and allows the formation of complete shear bands if the material is loaded to failure.
The coring was performed with diamond core drill bits and, to guarantee an even load
distribution, the top and bottom surfaces are cut and their parallelism and surface quality
assured by treatment with a polishing machine. Throughout the procedure, the room

temperature is held constant and the sample saturated.

2.2 Experimental devices and methods

2.2.1 Isothermal calorimetry

Isothermal calorimetry provides an effective method for the quantification of the hydration
evolution of the cement paste due to the highly exothermal nature of the hydration reactions.
In the procedure, the heat emitted by a cement paste specimen is monitored continuously
starting immediately from the minutes following the mixing. Assuming the heat release to

be proportional to the consumed mass, the hydration degree « is given by:

Q)

‘W= .

(2.1)
where Q(t) is the cumulated heat release at time ¢ and Q is its ultimate asymptotic value.
The temperature —and in our case also the pressure— are controlled inside the calorimetric
cell. The hydration rate can be directly determined from the heat emission, and hence

integrated to provide the hydration degree of the specimen.

All tests were run on a Setaram BT 2.15, with maximum temperature and pressure
ratings of 200 °C and 60 MPa, respectively. A summary of the experiments together with

the notation conventions adopted in the following is presented in Table 2.3.

2.2.2 Triaxial experiments

Triaxial tests are commonly performed for the characterization of geomaterials, most
notably soils and rocks (e.g. [93, 94]). The experimental characterization of the mechanical
properties of cement pastes from a poromechanical standpoint under triaxial conditions

was pioneered by Ghabezloo [18].

The schematic representation of a typical triaxial setup is presented in Figure 2.2.
A cylindrical specimen is placed inside a rubber membrane, on which aluminium rings
are mounted to support 6 linear variable differential transformers (LVDT) to measure
displacements, 4 acting radially and 2 in the axial direction. All 4 radial LVDTs pierce
through the rubber membrane and are in direct contact with the specimen via a thin
aluminium sheet. The support rings are kept in contact with the membrane by metallic
springs (not represented in the illustration). At the top and bottom of the sample, porous

stones are placed to allow the homogeneous distribution of the pore pressures across the
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Table 2.3: Isothermal calorimetry experiments

Hydration conditions

Reference Source
T (°C) P (MPa)

IC - T7PO 7 0.1  Agofack [16]
IC - T7P15 7 15 Agofack [16]
IC - T7P45 7 45  Agofack [16]
1C - T20P0 20 0.1 Current work
1C - T20P25 20 25  Current work
1C - T20P45 20 45  Current work
IC - T30P30 30 30 Agofack [16]
IC - T40P0 40 0.1 Vu [8]

1C - T40P25 40 25 Current work
1C - T40P45 40 45 Current work
IC - T60PO 60 0.1 Vu [§]

1C - T60P25 60 25  Current work
1C - T60P45 60 45  Current work
1C - T90PO 90 0.1 Current work
1C - T90P25 90 25  Current work
1C - T90P45 90 45 Current work

specimen section. The pore pressures are measured by electronic transducers, and might
be controlled by hydraulic pumps if desired. The axial force is applied on the top cap by a
hydraulic piston. The radial stress is controlled by a hydraulic pump. The temperatures of
the triaxial cells as well as the water exchange pumps are set and regulated to 20°C for all
the tests.

Different mechanical loading paths can be adopted in the triaxial cell, with thorough
descriptions available in the literature [18, 94]. The mechanical tests in the present work,

schematically outlined in Figure 2.3, include the following loading paths:

e [sotropic: drained, undrained and unjacketed

e Deviatoric

A summary of the experiments together with the notation conventions adopted in the
following is presented in Table 2.4. The tests were performed at different effective stress
levels in order to explore the effects of such variable on the material properties, as discussed

in the results section of the present manuscript.

All samples were cured for at least 120 days, corresponding to a hydration degree of
85% (see Chapter 4). Although the samples were kept in lime-saturated water during their
curing period, the complete pore space saturation could not be asserted with certainty
before the experiments, since the specimens are exposed to room conditions of 50% relative

humidity during the triaxial test setup for at least 30 minutes. To assure the complete
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Figure 2.2: Schematic representation of the triaxial test setup. Supporting springs and
axial LVDTs are not represented in the cross section for the sake of clarity.
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Figure 2.3: Typical loading paths of the triaxial experiments.

saturation before the execution of the experiments, the specimens inside the triaxial cell

were confined under an effective stress of at least 4 MPa and a pore pressure of at least

1 MPa for 3 days before the application of the loadings. No significant fluid exchanges

were recorded, suggesting the dissolution or absence of gas bubbles inside the pores of the
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Table 2.4: Triaxial experiments

Reference [nitial pressure (MPa) Loading [‘40ad Specimen
Confinement  Pore amplitude (MPa)

TX - D1 10 1 D 30 I
TX - D2 10 1 D 30 IT
TX - D3 10 1 D 5 I
TX - D4 15 1 D 5 IT
TX - D5 30 10 D 6 I
TX - D6 35 10 D 5 III
TX - D7 30 1 D 5 1AV
TX - D8 43 10 D 5 III
TX - D9T20 * 4 2 D 31 vV
TX - UD1 23 5 UD 16 I
TX - UD2 23 2 UD 16 IT
TX - UJ1 21 11 uJ 19 I
TX - UJ2 39 5 ulJ -15 I
TX - DV1 17 8 DV 13 I
TX - DV2 15 8 DV 20-30 IT
TX - DV3 13 8 DV 57 VI
TX - DV4 30 5 DV - VII

Loading types: D = Drained Isotropic; UD = Undrained Isotropic; UJ = Unjacketed Isotropic;
DV = Deviatoric

* Cement paste hydrated at 20°C.

cement paste. The saturation degree of all specimens is hence considered to be 100%.

The adopted loading rate for the drained isotropic and unjacketed tests is of 0.01 MPa/min.
The undrained loading rate is 0.015 MPa/min, with the top and bottom fluid exchange
valves closed immediately after the pore pressure transducer. For deviatoric loading paths,
we note that the ratio of increments of axial stress to mean stress is 1/3, and therefore the
deviatoric loading rate should follow an equal ratio with respect to the isotropic loading rate.
Therefore, we adopt a deviatoric loading rate of 0.03 MPa/min, although it is important
to bear in mind that the previous analysis is only valid for the elastic domain, where the

pore pressure and mean stress are related by the Skempton coefficient (consult Chapter 5).

The adopted loading rates are lower than those chosen by Ghabezloo [18] and Vu [8], who
tested the same cement paste hydrated at higher temperatures (90 and 60°C, respectively).
The decrease in loading rate accounts for the reduction of permeability of the cement paste
expected as a consequence of the lower capillary porosity of the cement pastes hydrated
at lower temperatures (see Section 6.2). The suitability of the loading rates has been
previously discussed in the literature [18]. The loading rate in the drained, deviatoric and

unjacketed tests has to be sufficiently low as to assure the dissipation of pore pressure and
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its homogeneity throughout the specimen, while at the same time minimizing the viscous
effects, specially significant at higher temperatures [8]. For undrained tests, the loading
rate is theoretically unlimited, since the only requirement is to forbid mass exchanges of
the specimen. In practice, however, the loading rate has to be limited to allow sufficient
time for the transport and equilibrium of the fluid inside the pore pressure transducer
connection conduits, if the pore pressure build-up is to be measured. The consideration of
the dead volume of the measuring system, disregarded in the present work, leads to the

correction of undrained poroelastic parameters, as discussed by Ghabezloo and Sulem [95].

2.2.3 Uniaxial experiments

Uniaxial tests are a simple mean to determine some of the basic mechanical properties of

materials. A schematic representation is presented in Figure 2.4. A cylindrical sample is

loaded axially under compression, whilst axial and radial strains are measured by means of

i Axial force

strain gages.

Figure 2.4: Schematic representation of the uniaxial test setup.

The adopted loading rate is of 0.025 mm/min, which corresponds to a deformation
rate of 3.33x107%/min. This loading rate assures the dissipation of possible pore water
over-pressures for the given specimen dimensions while minimizing the possible viscous
effects by keeping the total test duration to a minimum. To minimize the fluid exchanges
with the exterior, a coating of grease is applied on the surface of the specimens immediately
before the experiments. This thin coating does not prevent the drainage of the sample, but
serves to limit the evaporation of water through the sample surface, which is exposed to a
50% relative humidity in the testing room. The temperature of the room was regulated to

20 °C. A summary of the experiments together with the notation conventions adopted in
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the following is presented in Table 2.5.
Table 2.5: Uniaxial experiments

Hydration conditions

Reference

T (°C) Time (days)
UX - T7A1 7 1
UX - T7A3 7 3
UX - T7A14 7 14
UX - T7A120 7 120
UX - T20A120 20 120
UX - T60A120 60 120
UX - T90A120 90 120

2.2.4 Slurry To Cement Analyzer

The Slurry To Cement Analyzer (STCA) is an experimental device conceived for the
study of the mechanical behaviour of cement paste from its earliest age in conditions of
temperature and pressure that emulate those of the cement sheath in oil wells. A complete
description of the different components and operation modes of the STCA is available in
the works of Vu [8] and Agofack [16]. The same authors provide details of the validation,

verification and calibration procedures that were performed on the device.
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Figure 2.5: Schematic representation of the STCA oedometric test setup.

In the present work, the oedometric setup has been adopted for the study of a hydrating

cement paste. A schematic representation of the device is presented in Figure 2.5. The
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cylindrical pressure vessel, at controlled temperature, is filled with fresh cement slurry
poured within the 5 minutes following its mixing. The specimen has a diameter of 50 mm
and a height of 85 mm. The cement paste is immediately loaded by means of an axial piston
with a maximum admissible stress of 120 MPa. The axial deformation is determined from
the measurement of the longitudinal displacement with a LVDT. The interior surface of
the steel cylinder is greased in order to minimize the friction among cell wall and specimen.
As a result, the state of stress of the material can be considered homogeneous and the

axial and lateral normal stresses are the principal stresses acting on the material.

A schematic illustration of the typical loading path of the oedometric STCA test is
presented in Figure 2.6. The control of the experiment relies completely on the axial
force. In the cyclic loading paths the loading rate is of 3 MPa/min. The lateral steel walls,
50 mm thick, are rigid enough as to be considered non-deformable, hence the oedometric or
uniaxial strain designation. In all the experiments, no mass or fluid exchanges are allowed
and, for a part of the experiments, the pore pressure variations were measured at both

ends of the specimen.

1 Monotonous loading Cyclic loading Multi-cyclic loading
,,,,,,,,,,,,,,,,,,,,,,,,,, bmmmmmeeee oo Lo

Axial stress
Axial stress

Time Time

(a) Monotonous followed by cyclic (b) Multi-cyclic

Figure 2.6: Typical loading path of the oedometric STCA experiments.

The time of application of the loading cycle depends on the hydration conditions. The
load is applied when the axial strain rate becomes sufficiently small to allow the admission
of a nearly constant hydration degree, simplifying the examination of the results. The
summary of the experiments together with the notation convention adopted in the following

is presented in Table 2.6.

Among the main features of the STCA oedometric setup is the possibility to mechanically
load the cement paste from its earliest age [16]. Furthermore, the measurement of the pore
pressure evolution in the sample can be related to the autogenous water consumption by
hydration and the evolution of poromechanical properties of the cement paste from the

onset of a percolating solid skeleton.
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Table 2.6: Oedometric STCA experiments

Hydration conditions Axial stress

Reference lo ti h Source

Temperature (°C)  Axial stress (MPa) ©Y¢¢ 1 (hours)
Monotonous followed by cyclic
O -T7P3 7 3 144 Agofack [16]*
O - T7P25 7 25 144 Agofack [16]*
O - T7P45 7 45 287 Agofack [16]*
O - T20P3 20 3 60 Current work
O - T22P25 22 25 144 Agofack [16]*
O - T20P45 20 45 48 Current work
O - T60P3 60 3 24 Current work
O - T60P25 60 25 48 Current work
O - T60P45 60 45 48 Current work
O - T90P3 90 3 48 Current work
O - T90P25 90 25 48 Current work
O - T90P45 90 45 72 Current work
Multi-cyclic
OC - T7P45 7 45 - Agofack [16]*
OC - T20P45 20 45 - Current work
OC - T60P45 60 45 - Current work
OC - T90P45 90 45 - Current work

*Pore pressure measurements not available.

2.2.5 Ultrasonic Cement Analyzer

The Ultrasonic Cement Analyzer (UCA) is an experimental device that has found a
privileged place in the cement laboratories of the oil and gas industry. The device,
conceived by Rao et al. [96], consists of a sealed steel vessel in which the cement slurry is
hydrated under controlled temperature and pressure conditions. The longitudinal wave
velocity Vi, is monitored as the hydration reactions progress by means of a compressive
wave pulse emitted through the sample, with recordings every 30 seconds for a duration of
at least 48 hours or longer, depending on the hydration conditions. A schematic illustration

is presented in Figure 2.7.

In a typical UCA test, the cement paste is poured into the cell within the 5 minutes
following the mixing. The test temperature and pressure conditions are attained in no
longer than 30 minutes for the target values considered in the present study. The cement
hydration is retarded when necessary to allow the stabilization of the temperature and
pressure conditions before the beginning of the hydration acceleration phase. The fresh
slurry specimen has a diameter of 50 mm and a height of 85 mm, and rests below a 1.5 mm
layer of water that serves to apply the objective pressure and allow a continuous travelling

path for the ultrasonic waves. More details regarding the experimental procedure and test
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setup can be found in ref. [97].
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Figure 2.7: Schematic representation of the UCA setup.

The UCA is extensively employed for the estimation of the strength development of
cement pastes, since wave velocity has been shown to correlate with the compressive
strength of the cement paste, a guiding indicator for drilling operations in the field [96].
The correlation among these parameters has been exploited extensively in practice since,
when compared with more traditional crush tests [17], the UCA tests resemble closely
the hydration conditions in the well and have the advantage of being non-destructive,
therefore providing continuous information with significantly less effort. In our applications,
however, we will not attempt to correlate strength with velocity, but rather appeal to the
determination of elastic moduli from the wave velocity according to the theory of elastic

wave propagation in porous media.

The possible influence of pressure and temperature conditions on the measured wave
velocity has been examined by Vu [8] for the same device used in the present work. From
his experimental measurements of longitudinal wave velocity in water, determined between
temperatures of 20 to 62°C and pressures from atmospheric to 42 MPa, he concluded that
the discrepancies with respect to reference literature values (e.g. ref. [98]) can be estimated
to be lower than 1%. These small effect will therefore be disregarded since they do not
significantly change the overall results. In consequence, the experimentally determined

values are considered to reflect the real values within the previously mentioned precision

range.
All tests were run on a Chandler 4265-HT UCA, with maximum temperature and pressure

ratings of 315°C and 135 MPa, respectively. A summary of the experimental conditions
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together with the notation conventions adopted in the following is presented in Table 2.7.

Table 2.7: UCA experiments

Hydration conditions

Reference Source
T (°C) P (MPa)
UCA - T7P0 7 0.1 Vu [§]
UCA - T7P15 7 15 Agofack [16]
UCA - T7P25 7 25  Agofack [16]
UCA - T25P0 25 0.1 Vu [§]
UCA - T25P25 25 25  Current work
UCA - T25P45 25 45 Current work
UCA - T40P0 40 0.1 Current work
UCA - T40P25 40 25  Current work
UCA - T40P45 40 45 Current work
UCA - T60P0 60 0.1 Current work
UCA - T60P25 60 25  Current work
UCA - T60P45 60 45 Current work
UCA - T90PO 90 0.1 Current work
UCA - T90P25 90 25  Current work
UCA - T90P45 90 45 Current work

2.2.6 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is among the most widely used experimental tech-
niques for the analysis of the microstructure of ceramic materials [99]. It consists in
the injection of fluid-state mercury under pressure into the porous space of the material
specimen. Mercury is preferred because it is non-wetting and chemically inert when in
contact with most tested materials. MIP constitutes a simple and efficient experimental
method for probing the microstructure of the cement paste porous space requiring only

three physical parameters: pore geometry, contact angle and surface tension.

The mass of the material sample is in the order of 1 gram due to the limited volume
of the intrusion chamber, known as penetrometer, as well as to assure reasonable times
for the penetration of the mercury throughout the tortuous pore voids. It is important,
however, to use samples that remain sufficiently representative volumes to average possible
heterogeneities. The similarity of sample volumes for different tests is important to assure

the consistency of the results, for the same reasons mentioned above.

The preparation of the sample prior to intrusion requires the removal of the fluids in the
pore space, achieved in our experiments by freeze-drying. The comprehensive comparison of
cement paste drying and hydration arresting methods suggests that freeze-drying effectively
removes the free water from the pores, thus arresting the chemical reaction, while causing

minimal damage to the microstructure [100, 101].
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Inside the penetrometer and before the injection, a very low vacuum is applied to the
sample which, together with the low vapour pressure of mercury, assure a negligible gas
pressure, the capillary pressure being therefore given directly by the injection pressure.
Calibration runs are performed beforehand to correct the parasitic effects due to the

injection chamber and mercury compression or dilation as the injection is executed.

There has been significant criticism of the MIP methodology, notably regarding the
interpretation of the results [99, 102]. One of the main remarks concerns the frequent use
of MIP to estimate pore size distributions, which is inappropriate mainly due to ink-bottle
effects. Indeed, one can only determine pore entry distributions from the injection results,
which is the main use to be made of the results in the current work. In addition, only the
connected porosity can be measured by the intrusion, for which the occluded pores remain
invisible.

All tests were run on an AutoPore IV 9500 Micromeritics, with a maximum pressure
of 230 MPa. A summary of the experimental conditions together with the notation

conventions adopted in the following is presented in Table 2.8.
Table 2.8: MIP experiments

Hydration conditions

Reference

T (°C) Time (days)
MIP - T7A1 7 1
MIP - T7A3 7 3
MIP - T7A7 7 7
MIP - T7A14 7 14
MIP - T7A28 7 28
MIP - T20A1 20 1
MIP - T20A3 20 3
MIP - T20A7 20 7
MIP - T20A28 20 28
MIP - T20A60 20 60
MIP - T40A28 40 28
MIP - T60A28 60 28

MIP - T90A28 90 28
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Chapter 3

A comprehensive framework for
the modelling of cement hydration
kinetics: application to
multi-component nucleation and

diffusion-enriched growth

3.1 Introduction

In this chapter, we propose to revisit the formulation of hydration kinetics models with the
aim of developing a comprehensive framework appropriately describing the fundamental
physical mechanisms of the hydration reaction throughout the various steps of its evolution.
In our view, a complete hydration model is the result of the combination of two essential
modelling components: volume filling and growth kinetics. This chapter devotes a part to

each of these components, which can be approached independently.

The first part concerns the transformation of the system volumes from reactants to
hydrates with the evolution of the reaction. We present the basic rules of volume filling and
interaction among phases in a multi-component domain such as a cement paste. We first
introduce the notions of transformed mass and volume fractions, reviewing the underlying
implicit assumptions in the traditional models. Additionally, the mechanisms of interaction

among these phases in a hydrating cement are described.

The second part presents the growth kinetics models, describing the evolution of the hy-
drates formation. We employ profusely the concept of extended volume, defined as the trans-

formed volume fraction without considering interactions —overlapping and impingement—
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with its surrounding [56]. The hydrates are considered to grow isotropically from their

nucleation sites following either a linear or parabolic-diffusion growth rate.

The result of the combination of volume filling and growth kinetics models is a com-
prehensive hydration kinetics model. A general framework is thus made available for the
formulation and tailoring of hydration models according to desirable physical mechanisms
and features, adding significant flexibility and simplifying the analysis of complex reaction
processes. The proposed modelling framework overcomes the two main limitations of
previous hydration kinetics models, i.e. mechanism discontinuity and single-component

reaction.

Finally, we present application cases demonstrating that the comprehensive description of
the entire hydration kinetics is henceforth possible with a single hydration model formulated
with adequate physical features. The applications include the simulation of cement paste
hydration kinetics under different conditions (hydration temperature and pressure, cement
fineness, water to cement ratio), together with the examination of the resulting parameters

from the fitting of the model to the experimental results.

3.2 Volume filling model

3.2.1 Volume and mass fractions of the cement paste

We consider the cement paste as composed of three main phases: anhydrous cement powder,

I The volumes and masses of these components are those

mixing water and hydrates.
presented in Figure 3.1 for a unitary cement mass. These components are homogeneously
distributed in the elementary representative volume, but distinct at the scale of the

hydration transformations.

In the following, we adopt the naming conventions p., p,, and py, for the cement, water
and hydrates mass densities respectively. The water to cement ratio of the cement paste is
given by w, while wy, is the water to cement ratio consumed in the hydration of a unitary
mass of cement. In addition, the definition of the ratio w, = w/wy, will prove convenient: if
w, > 1, the mixing water is sufficient to hydrate the totality of the mixing cement powder;
if w, <1, only a fraction w, of the initial cement powder mass can be hydrated by the
mixing water. From mass conservation of the closed system, the mass fractions of the
different phases are:

1—a w— awy, Ca(l4wy)

1+w’ M = 1+w ’ Mh = 1+ w

me =

(3.1)

IFor simplicity, we will refer to the anhydrous cement powder simply as cement or clinker.
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Figure 3.1: Volume (left) and mass (right) distributions for a cement paste, featuring cement
powder (bottom), hydrates (middle) and water (top). For convenience, normalization is
with respect to the cement powder mass.

where the hydration degree of the cement paste « is defined as

M.(t)

AT (3.2)

a=1-

with M.(t) the mass of cement powder at time .

The volume of a system with an initially unitary volume evolves with hydration as:
V=1-a&/V (3.3)

where Vo = 1/p. + w/py is the initial volume of the cement paste per unit mass of cement

powder, while £ is the chemical shrinkage, defined in terms of volume per unit cement

1 1
= < + wh) ) (3.4)
Pc Pw Ph

Vol. reactants  Vol. products

mass as:

In the previous expressions, we have assumed that the chemical shrinkage is converted to
macroscopic volumetric shrinkage. This hypothesis is valid in the early stages, when the
solid skeleton has not yet percolated. We revisit the consequences of this assumption in
Section 3.2.3.2.

For the sake of simplicity, we will assume in the following that the chemical shrinkage
is constant throughout the reaction. The previous definitions allow expressing volume

fractions as:

Ve =

T peVo—ad) T pu(o—ad)
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where hydrates mass density pj, is given by:

14wy
—+— =
c Pw
thus also allowing to express vy, as:
1 w
(oz-g
pC pw « (37)

The expressions we have derived can be generalized for the case of more than two reacting
phases, allowing to account for different hydration products and reactant phases if so

required.

Although not explicitly stated, a significant number of hydration models adopt the
hypothesis of equivalence between hydration degree and volume fraction of hydrates
[3, 37, 48]. We can deduce from Equation (3.5) that the hypothesis vy, = « is valid for its
original intended application to metal solidification, where a single reacting component is
present and there are no significant density changes between the initial and final components
(i.e. w = wp = £ = 0). In the case of a cement paste, the validity of this assumption can
be evaluated in Figure 3.2 for w, = 0.4, an average value for usual cement compositions.
The specific mass of clinker being nearly constant for cement compositions, the ratio is
determined by parameters w, and £. An increase of wy, results in larger discrepancies. It
can be observed that the assumption v, = « is only appropriate for the very restricted

case w, =1, £ =0.

3.2.2 Model formulation

For the formulation of the space filling model, we appeal to the concept of extended volume
[56], which corresponds to an imaginary volume of hydrates for which the neighbouring

material is considered as invisible, thus allowing mutual impingement.

Consider a tentative growth step during which we introduce into the domain an extended
volume dV¢. In a system composed of n phases, the likelihood of a randomly chosen
material point being part of the i** phase is v; = V;/ > i=0 Vj, where V; is the volume of
phase ¢ and v; its volume fraction. The extended volume dV¢ will thus be split among the
different phases in proportions equal to their respective volume fractions. If we expect a
tentative of growth into phase ¢ to be successful with a probability p;, we can determine
the real transformed volume dV generated due to the introduction of the extended volume
dVe as:

AV =dve)  piv; (3.8)
=0
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Figure 3.2: Hydration degree o and transformed volume fraction of hydrates vy, (wp, = 0.4).

where dV < dV*€ since > v; = 1 and p; < 1.

The growth of the newly-formed regions leads, eventually, to them coming in contact with
each other. Following this contact, a pair of growing volumes might either unite in a single
volume, separate and continue their independent growth, or develop a common interface,
across which the growth is restricted [59]. The latter case corresponds to the hypothesis
p; = 0, meaning that there are no successful attempts on a given fraction. In general,
although the introduction of an extended volume is always possible, its transformation into

an actual physical volume depends on p;.

Applying the previous notions to the case of solidifications of metals is straightforward.
The domain is split in two phases: untransformed liquid volume [, of fraction 1 — «, and
transformed solid volume s, of fraction «. If we consider all attempts of growth in the
untransformed volume to be successful (p; = 1), while all attempts in the transformed

volume are unsuccessful (ps = 0), we derive the expression employed in the NG model [56]:
AV = dve (1 — a) (3.9)

In the case of a cement paste Equation (3.8) becomes:
AV, = dVy7 (pe ve + pw v + ph vn) (3.10)

where dV}, and dV}¢ are the transformed and extended volume increments of the hydration
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products.

As anticipated, we might regard p., p,, and pp, as the success rate of the growth attempts,
and therefore as strictly non-negative. A wider interpretation contemplates the possibility
of negative values, implying certain fractions could act as transformation inhibitors or
retarders. Although not presented here, a particularly interesting case consists in assuming

self-similar growth kinetics inside the hydrates, in a recursive series of steps.

For the current model, we will consider all growth attempts into hydrates as unsuccessful,
i.e. p, = 0. This seems to be the most appropriate hypothesis for the cement paste: even
if the initial state is fluid and hydrate volumes could distance each other, the percolation
of the solid structure constrains growth and leads to the appearance of common interfaces

once the hydration is sufficiently advanced.

For the water and cement phases, since the hydration reaction requires the participation
of two reactants, the success rate of growth attempts depends on the availability of the co-
reactant phase. The likelihood of success of the growth attempt is given by the probability
of finding the appropriate complementary reactant, which we will consider equal to the
concentration of such reactant, i.e. p. = v,, and p,, = v.. The consideration of two reactants

and their interaction constitutes a distinctive feature of the present formulation.

For an initial unitary untransformed volume, for which the overall volume V' evolves
with the reaction, the volume of hydrates is given by V;, = v, V, allowing to rewrite
Equation (3.10) as:

d(vp, V) = 2vv. dVE (3.11)

where dV}¢ is the extended volume increment per unit initial untransformed volume.

For any given phase, if only a fraction is available for transformation, we might divide its
volume in two parts, one of which will have null success rate. This provides a simple mean
to introduce the ultimate hydration degree as a function of the cement mass consumption
by considering only a fraction a, of cement powder will be consumed. Replacing the
volume fractions from Equation (3.5) into Equation (3.11), the expression to integrate

becomes:

2
Ve = / dvye = / — 9/ _da (3.12)
0 Qq, Wr JO (1 _ O[> <1 _ Oé)
Qy Wy

where « is a dummy integration variable and the dimensionless parameter z is defined as

1 w Mc
Z:wp P Vo (3.13)

2wy pa
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The previous expression can be integrated, yielding:

9 2
Ve — s (£>2a_wln<1_a)+wln(1_“> (3.14)

Vo Wy — Oy

If the available water is completely consumed by hydration, i.e. w, = «,,, the expression

becomes:

foel(§) o () (Ll 2)]

and thus for the case w, = o, = 1:

Vhe:zl(‘i)2a+<l_é>21i‘a_?/§(1—5{))111(1—601 (3.16)

These rich expressions consider the main characteristics of a cement paste: the multi-

component nature of the mixture, the fractions of active reactants, the effects of excess

water and the chemical shrinkage of the hydrates.

In practice, for typical values of ¢, terms O(£2) might be neglected. Furthermore,
completely overlooking changes of the total volume during hydration, i.e. £ = 0, leads to

an explicit expression for «:

Qy, — Wy)

1 —exp {(
{(auzw»

Vhe]

Vi fun

o =

(3.17)
1/ay, — exp

If the available water is completely consumed by hydration, i.e. w, = oy, we obtain the

remarkably simple expression:

21/e

a, Vi
=__uw'h 3.18
‘T + o, V¥ ( )

and thus for w, = o, = 1:
Vi

= 3.19
“ 2+ VE ( )

These expressions constitute the extension of the volume filling model of Avrami to the

case of a multi-component and multi-reactant system.

3.2.3 Analysis and discussion

The current section explores the main consequences and predictions of our volume filling

model. We quantify the effect of model parameters by assuming the same evolution of
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V¢ —same growth kinetics— for the models we ought to compare, thus avoiding the need
to effectively evaluate the extended volume from a kinetic growth model. We determine
isochronous reaction degrees from reaction curves with different parameters, and compare
the reaction extent to a reference reaction curve. The procedure is illustrated in Figure 3.3.
In the following figures, the diagonal line with unitary slope corresponds to the reference test.
In comparison, faster reactions will be above this diagonal master line, while slower reactions
will be below it. We chose a reference reaction curve for which wy, = 0.4, w, = a,, = 1 and
£E=0.

Reference curve
(€ f
: 3
o
I
« —>» < . .
= Point corresponding
g time t
Compared curve 3 to time
o O e A’ } oY SRR,
L &r
t Time Reference o

Figure 3.3: Procedure for comparing hydration curves. Left: the hydration degree of the
curves to compare is determined for time t. Right: the hydration degrees are represented
together.

3.2.3.1 Availability of water

The parameter w, provides a measurement of the availability of water for the reaction.
Values equal or above unity imply sufficient water is available for the complete hydration of
the cement powder, while values lower than unity will limit the ultimate hydration degree

to w,. Water-diluted mixtures have large values of w,, while dry mixtures have low values.

It is worth noting that we do not require the supersaturation of the pore solution
for the precipitation of the products. In practice, a mixture with very large w, would
not precipitate because of the impossibility to reach supersaturation with respect to the
hydration products [41]. In a more rigorous approach, we would correct the initial fractions
to account for the initial dissolved mass before the beginning of the formation of hydrates.
Furthermore, we consider the characteristic diffusion time in the pore solution as negligible
when compared to nucleation, growth or diffusion processes. This will likely have an
influence when the dissolution times are important, as could be the case in highly diluted

mixtures.

The consequences of the lack or excess of water can be observed in Figure 3.4. If w, < 1,
the hydration stops at o = w;., while if w, > 1 the hydration proceeds until completion.

The excess water accelerates the reaction, but such acceleration is limited. The reaction
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becomes progressively insensitive to an increase of w,, with very large amounts of water
needed for marginal accelerations. Indeed, for very large w,, and for o, = 1, & = 0,

Equation (3.14) becomes:

2pw
a=1-exp (—pVh@) (3.20)
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Figure 3.4: The effect of w, on the hydration reaction.

From the previous equation, we can infer the condition leading to the NG model [56] in

the case of multi-component reaction:

2 1
Pw o, Yh_ 2 (3.21)

Pw + WhPe Pw Pc
The NG expression is consistent with a large excess of one of the reacting components a
non-shrinking (£ = 0) reaction product combining equal volumes of reactants. These very

special conditions are far from those of the usual cement paste mixtures.

3.2.3.2 Properties of hydrates: water consumption, chemical shrinkage and

density variations

The composition and density of the hydration products are accounted for by means of
parameters wy and &, whose values can be either calculated analytically or determined

experimentally as discussed in Section 3.5.

The effect of the water required for hydration of the cement powder is presented in
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Figure 3.5. For the reference scenario with w, = 1 and £ = 0, the maximum rate occurs for
Wp, = pw/pe = 0.32, corresponding to equal initial volume factions for both reactants. The
difference with respect to the reference case is marginal and practically indistinguishable,
and for such reason has not been represented. In practice, for typical values of wy ~ 0.4,

compositions requiring more water have an overall slightly slower hydration.
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Figure 3.5: The effect of wy, on the hydration reaction.

Regarding chemical shrinkage, its effect on volume fractions will be effective as long
as the solid skeleton has not percolated. After percolation, chemical shrinkage is mostly
assimilated as macroscopic porosity and thus included in the volume fraction of hydrates,
no longer affecting the resulting volume filling evolution. The effect of chemical shrinkage
can be assessed in Figure 3.6. The chemical shrinkage results in an acceleration of the
reaction which, for typical values of £, might be neglected for the sake of simplicity without
significant consequences. We also present the effect of swelling, opposite to that of chemical

shrinkage, that characterizes some special cement formulations (see, e.g. ref. [103]).

The changes of hydrate densities are useful, for instance, to assess the impact of hydration
temperature on volume filling, excluding growth kinetic effects. As discussed by Gallucci
et al. [104] and Bahafid et al. [23], higher densities, corresponding to higher hydration
temperatures, result in variations of wj, and &, with effects that can be estimated from
Equation (3.14) and observed in Figures 3.5 and 3.6.

In addition, the density of hydration products pp might evolve as the reaction progresses,
mainly due to the lack of space and physical constraints imposed on the forming skeleton

[31]. To accommodate this modification, the formal mathematical statement of the problem
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Figure 3.6: The effect of £ on the hydration reaction.

has to be reconsidered from Equation (3.11) onwards which, together with Equation (3.7),

allows expressing the differential d (v,V) as:

d(opV) = (1 4+ 2h 5) da+a <dw" - dg) (3.22)
Pc  Puw Pw
An increase of wy, leads to a higher volume of hydrates, while the opposite is true for
increments of £. It is worth noting that wy, and £ are associated to the overall hydrates
production, resulting from the integration of instantaneous variations. For typical cement
mixtures with small variations of product density, it is reasonable to neglect the last terms
of the right hand side of Equation (3.22). The changes of hydrate density might thus
be accounted by updating only the first term, so that no changes are necessary in the

mathematical expressions we have previously derived.

From the previous observations, we conclude that typical hydrate density variations have
minor consequences on the volume filling models. If hydrate density is to have a significant
effect, as suggested by some authors [54, 105], we expect it to manifest predominantly in

the growth kinetics model parameters.

3.2.3.3 Ultimate hydration degree

The hydration reaches an ultimate plateau by either water or clinker exhaustion. To limit
the clinker consumption, we have incorporated only a fraction of it as consumable mass.

Additionally, as previously discussed, if the water in the mixture is insufficient for hydration,
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the reaction will naturally be arrested. The effective ultimate hydration degree is therefore

the lowest among «, and w,. The influence of the parameter «,, is presented in Figure 3.7.
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Figure 3.7: The effect of «, on the hydration reaction. Dashed lines correspond to linear
scaling by .

It is important to note that the curves are not linear. This is to be contrasted with
the common practice of scaling the hydration curve by a factor «, to derive the curve
corresponding to such ultimate hydration degree [106, 107] or correcting the curves by a scale
factor corresponding to the transformed fraction [3, 60]. The consideration of an ultimate

hydration degree in a single-reactant configuration requires rewriting Equation (3.9) as:
dV = (o, — a) AV (3.23)

for which, assuming a constant density (i.e. £ = 0), we obtain the expression for the

hydration degree:

(3.24)

a:au[l—@(p(_vhe)]

Ay,
The linear scaling can only be seen as an approximation even in the simplified single-reactant

configuration.

3.3 Growth kinetics model

The growth kinetics models describe the extended volume of hydrates V¢, requiring the

definition of the the growth rate and geometry of the hydrates, as well as their nucleation
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distribution in time and space.

3.3.1 Growth rate and shape of hydrates

The main product of hydration in the reaction of the clinker phases is the calcium
silicate hydrate phase (C—S—H), produced along with Portlandite (CH) and some other
minor hydration products [19]. Microscopic observation of the C-S-H hydrates reveals
their laminar and fibrous structures [63, 108], as depicted in widely employed C-S—H
microstructural models [1, 29]. It is essential, however, to note that the growth of the
products is dependent on their packing and spatial distribution, rather than their underlying
morphology. In the case of C—S—H, their clusters are disordered and suggest no preferential
orientation, allowing the adoption of spherical hydrate volumes as the averaged result of
these randomly-oriented needles. The growth of the hydration products can consequently

be considered isotropic.

We propose a simple equation for the advancement of the transformed hydrates front that
satisfies a phase boundary-controlled growth in the early age and later yields to diffusion
control with a simple mathematical expression. Considering a germination point growing

from an initial time ¢t = 0, we adopt the following expression for the front advance:

r=— S (3.25)

GQt 1/2
(55

The expression is particularly advantageous because it allows a smooth transition of the

9\ 1/2
growth control. Indeed, consider the two extreme cases for small and large (QDt) :

a2\ V2
r=Gt for <2Dt> <1 (3.26a)
1/2
—_ (2D1)/2 &
r = (2Dt) for 2Dt > 1 (3.26b)

The fist expression corresponds to a boundary control growth rate, where G is the growth
rate of the boundary-control mechanism. This growth rate may be itself a function of
time, depending strongly on the driving force, i.e. the difference of free energy among the

product and reactant configurations.

The second expression corresponds to a parabolic diffusion law, where D is the diffusion
constant. Diffusion-controlled growth has often been adopted for the modelling of the
late phases of cement hydration, but displayed unlimited growth rate at the mechanism-
transition threshold (consult ref. [37]).
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The transition of the control mechanisms and the deceleration of the advancement front
is made clear in Figure 3.8, where the two characteristic slopes can be observed. Initially,
the advance is boundary-controlled, with a rate G that we consider constant. As the
transformation front advances, the transition of the mechanisms takes place, with an

estimated transition time
2D

a2

The two asymptotic lines represent the limiting behaviours. At any given time, these

Td =

(3.27)

describe the position of the front according to either mechanism. The resulting advance
corresponds to the slowest among these two, with a smooth transition in the intersection

neighbourhood.

logr

log (2D)?

log G

logt

Figure 3.8: Schematic evolution of the linear dimension with time in logarithmic scale.
Note the two characteristic slopes of the evolution: early age boundary control and long
term diffusion control. The estimated transition time is indicated.

It is important to note that the proposed growth law expressed in Equation (3.25)
possesses only two parameters: G controlling the first phase and D controlling the second
phase. By adopting this hypothesis, we are implicitly imposing the transition time. In
addition, we have assumed that the diffusion resistance is proportional to the coating
thickness: early, when the process is boundary-controlled, the thickness is small and
diffusion does not have a significant effect; only later we observe, as the layer thickens, the

delaying of the growth rate due to the low permeability to ions of the hydrates coating.

Finally, it is convenient to define
1/2
G2
() oo

which will lighten significantly the resulting expressions.

We will consider parameters G and D as constants throughout the hydration, although
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modifications might be accommodated if their evolution is known.

3.3.2 Space and time distribution of nucleation seeds

The formation of the hydrates starts at discrete identifiable centres —nucleation seeds— from
which the newly-formed hydrate grows. The location of these nuclei and their formation rate

is often explained according to two different hypothesis: the volume or surface nucleation.

3.3.2.1 Volume nucleation

The consideration of the probability of reaction as equal at every location inside the volume
leads to the standard NG model, originally intended for the description of the kinetics
of phase change in metals, from molten fluid to solid state. Details might be found in
Christian’s comprehensive book on the subject [59]. In this scenario, the nuclei are assumed
to be randomly distributed in the untransformed volume, with a constant rate of nucleation
per unit volume. The standard form of NG is also the solution for nucleation occurring
both randomly in the volume and on the product boundaries. If both the initial and the
newly-formed regions have the same growth rates, the solution of the impingement problem

is trivial because the offspring regions are immediately ingested.

3.3.2.2 Boundary nucleation

An important criticism of the NG model is the assumption of nucleation being distributed
randomly in the volume. As an alternative, Thomas [3] made use of the Boundary
Nucleation and Growth model proposed by Cahn [58]. In this model, the nucleation occurs
on the surface of the grains. Although intended for the modelling of phase transition of
metals, its application to alite has shown that experimental data can be correctly fitted in
the early stage of reaction. In addition, the depiction seems to be in closer agreement with
observed evolution of hydration under the microscope, with precipitation occurring with

preference on the surfaces [63].

3.3.3 A variety of kinetic models

Combining different volume filling and growth kinetics models results in different hydration

models. The most notable combinations are presented in Table 3.1.

An important feature of our framework is the ability to separate the model in its essential
components, each of which can now be formulated independently from the other with
convenient assumptions in accordance with the physical characteristics of the system. In
the remaining of the present paper, we derive and apply a multi-component model of
hydrates nucleating on the boundary, for which we consider both phase boundary and
diffusion control. Other models resulting from the different combinations are presented in

the Appendix.
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Table 3.1: Summary of hydration kinetics models

Model Volume filling Growth kinetics
MCK-1  Multi-component  Boundary nucleation

MCK-2* Multi-component  Volume nucleation
SCK-1*  Single-component Boundary nucleation

SCK-2*  Single-component Volume nucleation

* Derivation available in the Appendix.

3.4 MCK-1: multi-component boundary nucleation and

growth with diffusion-enriched control

Among the variety of candidate hydration models, we select the one featuring most of the
physical mechanisms commonly attributed to the hydration of cement paste. The model
considers the cement paste as a mixture of water and anhydrous cement powder which,
upon reaction, produce cement hydrates following a given stoichiometry. Each of these
phases and their mutual interactions are considered independently in the volume filling
model. Regarding the growth kinetics of the hydrates, these are supposed to nucleate
on the boundaries and grow isotropically outwards from it. The growth rate of hydrates
is first phase-boundary controlled and later becomes diffusion-controlled as the coating

around the grains thickens.

3.4.1 Derivation of the model

Consider a boundary plane P of unit area, separated from plane Q by a distance y. At time

t, a spherical nodule nucleated at time 7 on plane P, will intersect plane Q over a surface:

2
t— t—
(M) _ y2] i _Glt-1) >yelse S, =0 (3.29)

S,=m
1+ k(t—1) 14 k(t —7)1/2

The extended surface S¢ —analogous to the extended volume- corresponding to the total
intersection area of nodules nucleated on plane P between times 7 and 7 + dr, without

accounting for their overlapping on plane Q, is given by:

Git—1) . G(t—1)
e _ T\ 2 TN T sy e _ )
S¢=nN Kljtk:(t—T)l/Z) y°| dr if T k(= 1)1 > yselse SE=0 (3.30)
where N is the nucleation rate per unit area, considered constant. Scherer et al. [109]
have explored the consequences of adopting a fixed number of nuclei, a consideration that

might readily be added to the current formulation if desired. The last expression can be
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integrated to obtain the total extended surface on plane Q of nodules nucleated on plane
P from time t = 0 to t. Since only nodules that have a radius larger than y at time ¢ will

intersect plane Q, the integral to be evaluated becomes:

e t=t G(t — T) 2 2
where )
| ky+ o/ (ky)? + 4G
o | (22 Y (3.32)

is the time required for a nodule nucleated on plane P to reach plane Q. Integration yields:

S¢ =1N [GQ / ((SZ’J) — vy (t— ﬂ} (3.33)

where
Flht) = 3k (12— 12) — 8k° (32 — £/2) 4 18k2 (t — ) — 48k (#1/2 — /%) 4

1/2 (3.34)
12( Lo b ) Y
L4 ktl/2 1+ kt!/? 1+ ktl/2

For small values of k —considering terms up to O(k?)- the expression simplifies to:

G? (tg 3 P s E)) —y' (L f)} (3.35)

e _ N
S T - 1

The consideration of the impingement problem of the hydrates precipitating on the
surface of grains requires shifting the reference frame to the scale of the reactions. At this
level, the transformation stoichiometry requires a unitary mass of clinker per w; mass of

water, so that w, = 1.

We can calculate the real surface fraction following the same reasoning presented in
Section 3.2, but with surface fractions instead of volume fractions, given the isotropic
nature of the cement paste. For the sake of simplicity, we limit ourselves to the cases of
negligible overall volume changes as in Equations (3.17) and (3.18) which, together with
Equation (3.5), yield the real surface fraction S:

1-— u
1—exp (— z’a Se>
S = i ( T a. e) (3.36)
— —exp|————08
oy z
where
2wp \pe  Pw '
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For the limiting case «,, = 1, the expression reads:

Se

The real volume generated from plane P can now be calculated by integrating over the y

axis to intersect all neighbour planes:

oo th 3
V=[S ay= [ ) ay (3.39)
0 0

where the integration limits have been fixed considering the predominantly one-directional
growth of the products from the boundaries to the furthest reached plane at time ¢. The
surface S(y) is given by Equation (3.36). The total extended volume generated from all

nucleating boundaries is therefore:

Gt
Ve =BV =B /0 R Gy dy (3.40)

where B is the randomly distributed specific nucleation surface per unit volume of hydrate.

The inspection of Equations (3.33) to (3.40) in the absence of diffusion, i.e. D — oo,
reduces the number of effective parameters in a similar way as discussed by Cahn [58] and

Thomas [3]. Indeed, we can express the extended surface area as:

2 1
S¢ = tNG?*#3 (3373 — 22t 3) , where z = % (3.41)

In addition, since dy = Gtdx, the extended volume becomes:
1
Ve — BGt / S(z) dz (3.42)
0

where the integration limits have been appropriately updated. It is clear that only two

rates dominate growth kinetics:
ko = (NGH'Y3, k= BG (3.43)

both with units inverse of time. On the contrary, when diffusion is prevalent, i.e.

o2 1/2
<2Dt) > 1, the extended surface area is:

Y

2
S¢ = 7N Dt? (f2 — 1) , where T = 7
(2Dt)Y/

(3.44)
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and since dy = (2Dt)1/ 2 dz, the extended volume becomes:
Ve = (232Dt)1/ ? /0 1 S(z) di (3.45)
so the two rates dominating the growth kinetics are now:
ke = (ND)Y2 k= B2D (3.46)

both with units inverse of time. In both limit scenarios, parameter k, is concerned with
the rate of boundary coverage, while k;, is related to the slab-like growth of hydrates, as

discussed in Section 3.4.2.

The formulation of the model is now complete. The evolution of the hydration reaction
will be completely determined from the choice of volume filling model among Equations
(3.14) to (3.19), and the extended volume from Equation (3.40). The effect of water or

clinker exhaustion, as well as the effect of kinetic parameters, can be appraised in Figure 3.9.

3.4.2 Rate-controlling mechanisms

Owing to the diversity of mechanisms featured by the model, we might observe successive

transitions of the rate-controlling mechanisms as the hydration progresses.

Regarding hydration control by the rate of hydrates growth, the choice of a phase
boundary control with linear growth dictates the reaction rates early in the reaction.
The transition to diffusion control of the boundary growth rate can be estimated from
Equation (3.25), for which transition to diffusion control is expected at a characteristic

time
2D

a2

Td =

(3.47)

In addition to the control operated by the rate of growth of the hydrates, two other
mechanisms might control the reaction rates, here related to the mutual impingement of

components.

As the hydration products grow in size, they cover nucleation sites on the grain boundaries,
which will become inactive. The extensive coverage of the surface significantly inhibits
the nucleation of new sites, and the growth of the hydrates proceeds thereon in the form
of slabs, growing outwards from the grain boundaries [58]. The characteristic time of
this process, known as nucleation site saturation, can be appraised for the MCK-1 model
from the knowledge of the fraction of transformed surface S on the grain boundaries, i.e.
evaluating Equation (3.36) for y = 0. The characteristic time can be estimated from the
half-life of the transformation (S = a, /2, since w, = 1 and £ = 0), yielding;:

. Jn (2 —ay,)

R i (3.48)
u
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Figure 3.9: Hydration degree and rate for the MCK-1 model. Curves in black correspond
to the same reference test, presented in all figures to ease comparisons.

the expression for S, being given by Equation (3.33). In general, an estimate can be

readily obtained by assuming «, = 1 and k£ = 0, in which case the characteristic time for

32 \'/3

In addition to nucleation site saturation, the filling of the volume available for product

nucleation site saturation is

growth leads to the decrease in the rate of reaction by what we will call volume saturation.
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In a similar way as previously done for the surface transformation, the characteristic time
for volume saturation 7, might be estimated as the half-life of the transformation of the
total volume to hydrates (v;, = 1/2). This can be determined from the definition of the
hydrates volume fraction in Equation (3.7) together with the definition of the hydration
degree in Equation (3.17), neglecting chemical shrinkage. We obtain:

. 2 1/, — 22"
Vh,t:Ty - Oy — Wy ln <l/w7~ _ 22//> (350)

which, considering the case w, = «a,, = 1, yields the simplified estimate

y4
Vit=r, = 2.1 (3.51)
where )
i Ypetwn/pw (3.52)

1/pe +w/pw
For the MCK-1 model, 7, must be calculated from the numerical integration of the extended

volume from Equation (3.40).

The definition of 7, is valid for ordinary mixes, where the proportioning of reactants
is close to the stoichiometric balance, thus leading to the filling of most of the system
volume by hydrates. Although not often the case, if one of the reactants is largely in excess,
the available co-reactant leftover might have control over the reaction rate. The model
naturally accounts for such reaction rate control by reactant exhaustion, which can be

assessed from the characteristic half-life of either reactant mass.

In summary, the initial phase boundary control can shift to either diffusion, nucleation
site or volume saturation control. Each of these rate controlling mechanisms have their
own characteristic times, which have to be compared in order to estimate their relative

importance and the onset of their controlling stages.

3.5 Overview of model parameters

The application of the model requires the determination of the input parameters presented

in the theoretical framework and summarized in Table 3.2.

The parameters related to the materials and stoichiometry account for the mixture
proportioning and can be determined performing simple calculations. The cement powder
mass composition is often provided by the manufacturer, from which the mass density of
the cement powder can be calculated knowing the mass density of its individual components
as:

pe = (Z m) (3.53)

i Pi
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Table 3.2: Parameters of the MCK-1 model

Ref. values Unit

Materials and stoichiometry of reaction
m; Mass fraction of cement powder components -

w  Water to cement mass ratio of the cement paste 02-06 -

wyp, ~ Water to cement mass ratio for complete hydration 0.30 - 0.45 -

pe  Mass density of cement powder 31-33 g/em3
pw Mass density of water 1.0 g/cm?
prn Mass density of hydrates 1.8-21 g/cm?
a, Ultimate hydration degree 06-10 -
Growth kinetics

B Specific nucleation surface 0.1-1.0 pm™!
N Nucleation rate per unit surface 0.01-0.10 (pum? h)_1
G Linear growth rate 0.5-50 pm/h
D Diffusion coefficient 10-100  pm?/h

where m; and p; correspond, respectively, to the mass fraction and mass density of
component i = alite (C3S), belite (C2S), aluminate (C3A) and ferrite (C4AF).? The minor
phases, such as gypsum and impurities, might also be included. When minor components
are neglected or unidentified, the normalized mass fraction with respect to the main clinker

components should be preferred.

The ratio of water to cement mass for complete hydration can be determined from the

basic hydration reactions stoichiometry and the cement composition.

wp = My % i = (38, 028, C3A, C4AF (3.54)

)

where, for component i, M; is its molar mass and the stoichiometric coefficient nf; is its

number of moles participating in the reaction with a mole of water.

The density of the hydrates can be determined from knowledge of the density of reac-
tants, the reaction stoichiometry and the chemical shrinkage £, according to Equation (3.6).
Although the chemical shrinkage depends on a large number of parameters, most notably
temperature and pressure, reference values might be determined from the basic stoichio-
metric reactions or experimentally measured [25, 110]. Knowing the volume changes of
the reaction of individual clinker phases, the resulting overall chemical shrinkage can be

determined:
£=> m&, i=C3S,Ca8,C3A, C4AF (3.55)

where &; is the chemical shrinkage per unit mass of the clinker component i.

2Cement chemistry notations: C=Ca0O, S=SiO3, A=Al,03, F=Fe,O3 and H=H,O.
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The hydration degree is often monitored by means of isothermal/isobaric calorimetry,
consisting of measuring the heat flow from a hydrating sample under constant temperature
and pressure [111]. Assuming the heat release to be proportional to the consumed mass, o

is given by:
_ Q@)
Qe

where Q(t) is the cumulated heat release at time ¢ and @ is its ultimate asymptotic

a(t) (3.56)

value. Qs can be determined by adding the individual contribution of total heat Q°_ of

individual clinker reacting phases:

Qoo = Zszéov 1= C3S, CQS, C3A, C4AF (3.57)

The ultimate hydration degree a,, can be estimated from empirical expressions. Among

such expressions, the most widely used form was proposed by Mills [112]:

1.031w

4= 0194 + w (3.58)

Other authors have proposed expressions that account for the effects of temperature, particle
size distribution and cement composition [113, 114]. In addition, the ultimate hydration

degree is bounded by the available mixing water ratio w;, as discussed in Section 3.2.3.1.

Table 3.3: Reference values for the material and stoichiometry of reaction parameters

Reactants
Cgs CQS C3A C4AF Water
p(g/cm3) a 3.15 3.28 3.03 3.73 1.00
M (g/mol) ab 228.32 17224 270.20 485.96 18.02
nb, b 5.3 43 100 140 -
Qf)o (J/g) ¢ 500 250 880 420 -

& (107 2em?/g)? 514 475 1137 8.14 -

Sources: @ Tennis and Jennings [24], ® Bentz [52], © Bensted and Barnes
[41]. ¢ Assumed the conversion of aluminates to monosulfate.

Regarding growth kinetics parameters, the specific surface of grains B can be determined
from the specific surface area per unit mass S of the cement powder, evaluated from
Blaine fineness or calculated from the particle size distribution. In the present model, B is

defined with respect to the elementary volume of reaction, thus leading to

Sa

B=——"—""—"— 3.99
1/:00 + wh/pw ( )

It is very important to emphasize the definition of B with respect to volume of hydrates,

instead of the total volume. This is a consequence of the separation of the geometric and
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kinetic problem.

The remaining growth kinetics parameters NV, G and D are determined from the fitting

of the model to the experimental measurements.

3.6 Applications

The current section presents the application of the MCK-1 model to simulate experimental
observations of the hydration kinetics of cement pastes over a wide spectrum of conditions.
The modelling scenarios include hydration temperature and pressure, cement fineness and

water to cement ratio effects.

For the determination of model parameters, simulated annealing [115] and basin-hopping
[116] algorithms were used at first to explore large parameter domains and assure the
identification of global best-fit values. In general, simple convex optimization algorithms in
the neighbourhood of reference parameters (e.g. Growth kinetics, Table 3.2) should suffice

to determine global optimal values.

3.6.1 Materials and experimental conditions

The cement pastes compositions and model parameters are presented in Table 3.4. The
cement powder composition was determined from Rietveld analysis for cements C1, C2 and
C3, and from Bogue analysis for cements C4 and C5. The specific surface area corresponds
to Blaine fineness for all cements with the exception of C1, for which the particle size

distribution was instead employed.

3.6.2 Effect of temperature and pressure

The hydration kinetics of an API Class H cement paste have been adapted from the
experimental results of Pang et al. [9]. The slurries were prepared according to the API
recommendations [92], with a water to cement ratio of 0.38. Isothermal calorimetry tests
were performed at different curing conditions, constituting a rich and compatible data set
with varying temperatures (T = 25, 40, 60°C) and pressures (P = 2, 15, 30, 45 MPa). The
remaining parameters can be calculated following the procedure described in Section 3.5

and are presented in Table 3.4, where the cement is identified with reference C1.

The results of the model fitting are presented in Table 3.5. Figure 3.10 presents a close
look of the hydration results for a temperature of 25°C and various pressures. Increments
of pressure, considered equivalent to temperature increments according to activation theory
[117], result in changes in the rate of reaction. It is important to observe that the variation
is not homogeneous throughout the reaction. The increase in pressure results in an

acceleration early in the reaction. In the long-term, however, the rate of reaction is lower
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Table 3.4: Cement paste properties

Identification reference
Cl1® C2a’ (C2p° C3a® C3b® (€3 €4  Cx?

Cement powder mass
composition (%)

CsS 48.2 60.3 595 70.1 70.8 67.9 56.7 65.0
CoS 294 172 13.2 10.3 8.2 9.1 172 297
CsA 0.0 9.4 94 108 10.1 10.2 6.7 5.3
C4AF 17.2 4.7 4.7 2.5 3.3 3.4 7.9 0.0
Others 5.2 8.4 13.2 6.3 7.6 9.4 115 0.0
Other parameters

w 0.38 050 050 050 0.50 0.50 - -
wp, 0.42 040 039 042 042 041 040 0.42
ay " 0.68 074 074 074 074 0.74 - -
pe (g/cm?) 3.28 318 318 316 3.16 3.17 3.21 3.7
pn (g/cm?) 1.95 195 197 192 193 194 196 1.93
S (m?/g cement) 0.254 0.395 0.618 0.357 0.495 0.663 0.312 0.317
B (um™1) 0.349 0.549 0.871 0.482 0.675 0.913 0.438 0.429
Qoo (J/g cement) 387 288 289 321 318 311 322 323

Sources: “ Pang et al. [9], ® Termkhajornkit and Barbarulo [10], ¢ Danielson [11], “ Bonavetti et al. [12].

* Determined according to Equation (3.58).

Table 3.5: Model parameters for cement paste C1

Hydration conditions Model parameters

T(°C) P (MPa) N (um?h)"' G(um/h) D (um?/h)
25 2 0.025 0.592 18.38
25 15 0.029 0.669 19.68
25 30 0.033 0.770 24.07
25 45 0.039 0.887 24.25
40 2 0.052 1.193 48.29
40 45 0.076 1.774 64.86
60 2 0.101 2.645 117.26
60 15 0.122 3.066 113.35
60 30 0.146 3.496 84.93
60 45 0.172 3.988 95.89

under higher pressure or temperature, in agreement with the experimental observations.

The effect of the hydration conditions is best examined in Figure 3.11, where the
capacity of the model to correctly capture the hydration kinetics and its variations with
temperature and pressure is shown. The largest discrepancies correspond to hydration at
high temperature, due to the appearance of the rate bump characteristic of the formation of

monosulfate [19], that has a long-term effect on the hydration degree upon rate integration.

The effect of temperature on the hydration model parameters can be observed in the
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Figure 3.10: Experimental (dashed) and model (solid) hydration curves for hydration under
25°C and various pressures. Experimental data from Pang et al. [9].

Arrhenius plot of Figure 3.12a. Parameters N and G both display evolutions in accordance
with a thermally-activated rate process. Their respective average activation energies are
En = 33.7 kJ/mol and Eg = 35.3 kJ/mol. The adoption of a single average activation
energy E, = 34.5 kJ/mol might provide an acceptable simplifying assumption. On the
other hand, the diffusion parameter D, although similarly sensitive to temperature, does

not seem to follow an Arrhenius activation law.

The observations are analogous for the effect of pressure, as can be seen in the Arrhenius
plot of Figure 3.12b. As for temperature, parameters N and G both display evolutions
in accordance with a pressure-activated rate process. Their respective average activation
volumes are AVy = —2.90x107° m?/mol and AV = —2.47x107° m?/mol, with an
average activation volume AV = —2.69x10~® m?3 /mol yielding a reasonable approximation
for both parameters. The sensitivity of diffusion parameter D to pressure does not follow
an Arrhenius activation law. Both activation parameters F, and AV are within the range

of commonly reported values [118-120].

The characteristic times of different mechanisms, discussed in Section 3.4.2, provide
important insight on the underlying rate controlling processes. Figure 3.13a illustrates
the evolution of the characteristic times of diffusion (74), volume saturation (7,) and
nucleation site saturation (7,) with temperature. As expected, the characteristic times
decrease significantly with temperature, the sharpest changes occurring for the diffusion
and nucleation site saturation. This is a consequence of the previously discussed thermal
activation of the model parameters. The analogous commentary can be made regarding

the effect of pressure, observable in Figure 3.13b.

Interestingly, the characteristic time scales are sufficiently distant as to allow the clear
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Figure 3.11: Experimental (dashed) and model (solid) hydration curves. Experimental
data from Pang et al. [9].

distinction of the dominating mechanisms. In all the simulated hydration conditions, the
reaction rate is first dominated by the initial linear growth rate, followed by nucleation
site saturation on the boundaries and then by volume saturation. Only in the long term
does diffusion takes over the reaction rate control, which it will dominate until reaching
the ultimate hydration degree. The separation of scales confirms the remark of [22], who

suggested that diffusion control should occur very late in the reaction.
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(a) Evolution of model parameters with temperature for two different hydration pressures.
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(b) Evolution of model parameters with pressure for two different hydration temperatures. Lower
and upper horizontal axes corresponds to 25°C and 60°C, respectively.

Figure 3.12: Arrhenius plots portraying the effect of temperature and pressure on the
model parameters. Marks correspond to experimental observations, dashed lines are drawn
to guide the eye, and solid lines are linear trend fits for the determination activation
parameters.
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(b) Evolution of characteristic times with pressure. Constant temperature of 25°C.

Figure 3.13: Characteristic times of diffusion (74), volume saturation (7,) and nucleation site
saturation (7). Marks correspond to times as determined from fitting of the experimental
data while dashed lines are drawn to guide the eye.
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3.6.3 Effect of cement powder fineness

In order to explore the effect of specific surface area on the hydration rates, we consider the
isothermal calorimetry experiments by Termkhajornkit and Barbarulo [10] performed on
mixes with cement powders of different particle size distributions, identified with references
C2 and C3 in Table 3.4. The cement pastes were all hydrated at a temperature of 20°C
and under atmospheric pressure. Among the variety of cement powders analysed by these
authors, we selected those featuring the most significant contrasts in both mineralogical

composition and specific surface area.

The model parameters for the two groups of cement pastes are presented in Table 3.6.
Despite the slight difference in compositions among cements of the same reference class, the
reproduction of the experiments is possible without changing the model parameters other
than the specific nucleation surface B, which is updated according to the experimental
measurements presented in Equation (3.59). The remaining growth kinetics parameters
might also be dependent on the changes of particle size distribution and specific surface
area, although we would expect a smaller relative change [54, 121]. The model results,
presented in Figure 3.14, show a very close agreement with the experiments, and produce
excellent estimates of the effects of specific surface on the kinetics of hydration. In both
cases, the modification of the specific nucleation surface explains the essential part of the

total observed variation of the kinetics of reaction.
Table 3.6: Model parameters for cement pastes with different specific surface areas

Cement reference N (um? h)_1 G (pm/h) D (um?/h)

C2a / C2b 0.078 0.416 6.33
C3a / C3b / C3c 0.060 0.371 13.58

3.6.4 Effect of water to cement ratio

The experimental results of Danielson [11] and Bonavetti et al. [12], identified with references
C4 and C5 in Table 3.4, are considered in the examination of the effect of water to cement
ratio on hydration kinetics. The experiments were performed at room temperature and

pressure.

Table 3.7 presents the base model parameters determined for the two cement pastes.
As we did before for specific surface, we assume the growth kinetics parameters to be
independent of water to cement ratio in order to capture the isolated effect of the latter on
the reaction kinetics. Only the water to cement ratio parameter w has been updated for
the model predictions, which we expect will account for the major part of the observed

experimental differences.

The results are presented in Figure 3.15. The model predictions follow the general
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Figure 3.14: Effect of fineness on hydration evolution. Dashed lines correspond to ex-
periments while solid lines are model results obtained considering only B as variable.
Experimental data from Termkhajornkit and Barbarulo [10].

trends of the experimental tests. The most important discrepancies appear early in the
reaction, likely due to the effect of water availability on the kinetic parameters, which we
have not considered. The long term predictions are acceptable, but sometimes below the
experimental measurements. This is due to an apparent underestimation of the ultimate
hydration degree by Mills’ formula, as can be confirmed for the tests with the highest w,
where long term experimental data is often above the calculated «,. Overall, the model
results in predictions within the range that might be expected from our overly simplified

hypothesis of constant kinetic parameters.
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Table 3.7: Model parameters for cement pastes with different water to cement ratios

Cement reference N (um2h)~" G (um/h) D (um?2/h)

C4
Ch

0.052
0.034

0.449
0.605

5.99
22.23
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Figure 3.15: Effect of water to cement ratio on hydration evolution. Marks correspond to
experimental observations and solid lines are model results obtained considering only w as
variable. Experimental data from Danielson [11] and Bonavetti et al. [12].
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3.6.5 Additional modelling scenarios

For the sake of brevity, we have presented some of the most relevant applications of the
hydration model in the scientific and engineering contexts. There remain, of course, a
number of variables that have not been dealt with in detail, but call for consideration

under the light of the new hydration model.

In our formulation, the physical mechanisms are essentially intended to model the
acceleration and deceleration phases (see Figure 1.5). The consideration of the induction
period, as proposed by Thomas [3], is also possible. The initial fast reaction, mainly due to
the cement powder heat of wetting and initial dissolution [22], is disregarded without major
consequences, since the degree of hydration at the beginning of the acceleration stage is

usually below 1%, and is not attributed to the formation of the hydration products [41].

The consideration of performance enhancers additives, fine fillers and supplementary
cementitious materials, subjects of intense research for their technical and economical
advantages [122], is certainly possible under the current framework. The analysis of their
effect on the different model parameters will provide useful information of the mechanisms
by which such additions influence the cement hydration kinetics and the volume filling

process in a cement paste, allowing a better design of the mixtures.

In addition, the effect of relative humidity, known to be responsible for the reduction of
the reaction rate [91, 123] might be introduced in the modelling framework by reducing the

water available for reaction in the same way as done for the ultimate degree of hydration.

We have demonstrated the robustness of our formulation by successfully modelling the
hydration kinetics of cements pastes in different scenarios. We expect a similar performance
for alite mixtures —often used as benchmarks in the literature, e.g. [37, 54, 124-126]- since
experimental observations are comparable in what respects temperature and pressure [3],

powder fineness [127] and water to cement ratio effects [63].

Finally, regarding the practical civil engineering applications, the extension to hydration
of concrete is immediate. Thanks to the different scales of aggregates with respect to the
cement powder and hydrate phases, there are likely no additional considerations to be

made in either the volume filling or growth kinetics formulations.

3.7 Conclusion

We have proposed a general framework for the formulation of hydration models of cement-

based materials based on two main elements: volume filling and growth kinetics models.

The volume filling model features a symmetric view of the reactants, where none of
the reacting phases —cement powder or water— is privileged. The formulation naturally

introduces some of the most relevant parameters of cement paste mixtures, such as the
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cement powder composition, mass densities of the different phases, water to cement ratio,

chemical shrinkage and hydrates properties.

The growth kinetics model proposes a single simple analytical equation describing
the front advance as a boundary-controlled growth at early times, that later transitions
smoothly to a diffusion control. The hydration products are considered to grow isotropically,

nucleating randomly either in the volume or on the surface of the grains.

Hydration models are the result of the combination of volume filling and growth kinetics
models, resulting in a multitude of possibilities of different physical complexity. The models
require a reduced number of parameters, all of which have clear physical meanings. In the
paper, we have explored the comprehensive and feature-rich MCK-1 model. The remaining

formulations are detailed in the Appendix.

The MCK-1 model considers the cement paste as a mixture of water and cement powder
which, upon reaction, produce hydrates following a given stoichiometry. The hydrates
nucleate on the boundaries and grow outwards isotropically, with a growth rate that
transitions from boundary to diffusion control as the coating around the grains thickens.
The reaction rate can be controlled by linear boundary growth, volume space constraints,
nucleation site saturation, diffusion or limiting amounts of reactants. To the best knowledge
of the authors, this constitutes one of the most complete, simple and physically intuitive
models of its kind to feature such a wide range of mechanisms and a powerful tool for the

analysis of the kinetics of cement hydration.

The model is applied in the simulation of cement paste hydration continuously throughout
the hydration reaction. We first discuss the application to the modelling of cement paste
hydration under different temperature and pressure conditions, revealing the activated
nature of the growth kinetics parameters. In addition, the model naturally accommodates
the variations of specific surface area, yielding excellent estimates of the effects of change
of particle size distribution on the kinetics of hydration. Finally, the effect of water to

cement ratio can also be accounted for with minor parameter updates.

The modelling of hydration kinetics based on elementary physical considerations provides
an unique opportunity to gain insight on the relevant parameters that control the reaction.
The new model, as much an engineering tool as a scientific research instrument, promises
to enrich the understanding of the underlying hydration processes and ultimately assist in

the prediction of cement paste behaviour and optimal performance design.

3.A Appendix: Derivation of other hydration models

We present the derivation and basic parameters of the most notable hydration models
stemming from the combination of the volume filling and growth kinetics models. Naming

conventions are consistent with those presented in the paper.
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SCK-1: single-component boundary nucleation and growth with diffusion-
enriched control

The original model by Cahn [58] can be enriched with a diffusion boundary control
by reconsidering the mutual impingement of hydrates on the surface. In analogy with
Equation (3.24), if only a fraction o, of the surface is liable to transform, the transformed

surface fraction is given by:

(3.A.1)

S:aubamFyﬂ

Qg

where S¢ is given by either Equation (3.33), (3.35) or (3.41). The real volume generated

from the plane P can now be calculated by integrating over the y axis:

o th p)
v=["sway= [ s ay (3.A.2)
0 0

where the integration limits have been fixed considering the one-directional growth of the

products from the boundaries and the furthest reached plane at time ¢.

Having solved the impingement of the nodules nucleated on a single surface, we now
consider all the surfaces in a given volume. For a unitary volume the total extended volume

generated from all nucleating boundaries is:

Gt
W:BVZBA”W”aw@/ (3.A.3)

where B is the boundary surface per unit volume of hydrate, that we assume randomly

distributed. The hydration degree can be determined from Equation (3.24):

a:aub—@m“WS} (3.A.4)

Qy,

The characteristic times of the diffusion control, nucleation site saturation and vol-
ume saturation can be determined in a similar way as discussed in Section 3.4.2. The

characteristic time of nucleation sites saturation is:

Volume saturation characteristic time 7, for a = 1/2 is:
Viter, = In(ay — 1/2) (3.A.6)

where the time 7, has to be determined from the numerical integration of V;°. Diffusion
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characteristic time is:
2D

= (3.A.7)

Td

Volume nucleation models: SCK-2 and MCK-2

The introduction of diffusion-controlled particle growth in a volume-nucleating model
requires the reconsideration of the growth of hydrates. For an individual transformed
region, nucleated at time 7 and growing isotropically, volume at time ¢ is given by:
4w G(t—rT) )3
Vie—|————— fort>71; Vy=0 fort<r 3.A8
3 (1+k(t—r)1/2 - ! (3:4.8)
where we have adopted Equation (3.25) for the linear dimension in any given spatial

direction.

We assume volume nuclei seeds to be randomly distributed in the untransformed volume,
with a rate of nucleation per unit volume of N,. Considering a region of unitary volume,
the number of regions nucleated in a time interval dt is given by N, dt. The extended

volume of the regions nucleated between times 7 and 7 + dr is therefore given by:

47N, < G(t—)

3
Vi = 3 1+k(t—7)1/2> dr ift>r V.=0 ift<rt (3.A.9)

Assuming a constant nucleation rate N,, the integration from time ¢ = 0 to t yields the

extended volume:

 27N,GB f(k, 1)

where
F(k,t) =130 + 4k°¢%/% — 15k%% + 40k3t3/? — 100k%t + 300kt'/%—
14 1 3.A.11
L 0 420m (1+kt'2) ( )
L+ KtV2 0 (1 4 kt1/2)
For small values of k —considering terms up to O(k?)- the expression reads:
N, G3 8kt/2  24k2t5
Vg = —— [t - 3.A.12
so we naturally recover the standard NG expression for k = 0:
N,G3t
Ve = WT (3.A.13)

The general expression from Equation (3.A.10) is determined by only two parameters,

N,G? and k, therefore simplifying significantly the fitting procedure and exposing the
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equivalence among the kinetic parameters.

It is also worth mentioning that the comparison among the volume or surface nucleation

models is straightforward by determining the volume nucleation rate N, = BN.

SCK-2: single-component nucleation and growth with diffusion-enriched con-

trol

The consideration of the single-component volume filling model leads to a modified version
of the original NG model. According to Equation (3.24), if only a fraction «,, of the initial

volume is liable to transform, the hydration degree is given by:

a = o [1 - eXp(_VhE)} (3.A.14)

Qy,

where V)¢ is determined by either of Equation (3.A.10), (3.A.12) or (3.A.13).

The characteristic time for volume saturation, defined as the half-life of the transformation,

will be approximately given by

0 (2/a,)\ 4
- (%) (3.A.15)

while diffusion control characteristic time is given by

2D

= (3.A.16)

Td

MCK-2: multi-component nucleation and growth with diffusion-enriched con-
trol

The consideration of a multiple-component reaction requires the use of the adequate
volume filling model among those proposed by Equations (3.14) to (3.19) together with
the definition of V)¢ given by either Equation (3.A.10), (3.A.12) or (3.A.13).

The characteristic time for volume filling neglecting chemical shrinkage is:

-1 ~=3 _ " 1/4
Ty = l3ZN” ¢ 1n<1/au 2 )] (3.A.17)

7 (o — wy) 1/w, — 22"

which, considering the case w, = a,, = 1, yields the simplified estimate

3z 1/4

while diffusion control characteristic time is given by:

2D
G

T4 =

(3.A.19)
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As previously discussed in Section 3.4.2, if the reactants mixture is highly disproportionate,
the exhaustion of one reactant might become rate controlling. In such cases, the half-life

of each of the reactants can be estimated.

This model is equivalent to the MCK-1 model once nucleation site saturation is attained
in the latter.



Chapter 4

Chemical kinetics model of cement

hydration

4.1 Introduction

In the present chapter, we propose a simple cement hydration kinetics model that requires
a reduced number of parameters and conserves the ability to reproduce short and long
term hydration reactions with accuracy. We address the modelling of cement hydration
from the perspective of solid phase transformation kinetics, and determine rates of the
cement hydration from the early to the advanced ages. Unlike previous kinetic models, a
single mathematical expression is shown to be sufficient to describe hydration spanning
all ages. The approach has the advantage of reducing the model parameters significantly
and providing a smooth transition of the rate controlling mechanisms. The effects of
temperature and pressure, very important for practical applications (e.g. ref. [74]), are
modelled by means of the activated complex theory. The application is demonstrated for
class H and G oil well cement pastes. The consequences in what regards reaction control

and possible governing mechanisms are discussed.

4.2 Hydration model

4.2.1 Isoconversional formulation

Isoconversional methods [128] decompose the general form of the transformation rate
& = &(a, T, P) as the product of functions, for which the dependence upon the parameters

is self-contained in each of the independent terms, i.e.

& = k(T, P) f(a) (4.1)
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where & is the hydration rate, T' and P are the absolute temperature and pressure,
respectively. The main outcome is the independence of the conversion function f(«) with
respect to the reaction temperature or pressure regimes, meaning that the conversion

mechanism is solely dependent of the hydration degree.

Isoconversional methods have been extensively used in the prediction of the effects of
temperature and pressure on the hydration kinetics of cement paste [118, 120, 129, 130].
The concepts of maturity or equivalent age of cementitious materials are also closely related
[131, 132]. The widespread use of these models is based on observations supporting the

validity of the hypothesis of separation, as will be shown in the following.

The complete description of the reaction requires the determination of the independent

rate function (7', P) and conversion function f(«).

4.2.2 Rate function

The form of rate functions has long been a subject of study in chemical kinetics. The
sensitivity of a reaction to its environment is modelled by means of activation theory, with
the most widely accepted model being that of Arrhenius, extensively used for the description
of the thermal dependency of the rate of reactions [117]. The Arrhenius equation, based
on the Maxwell-Boltzmann energy distribution in homogeneous kinetics, has been shown
to remain applicable to solid state kinetics, both from experimental results and theoretical
energy considerations [133]. We adopt the Arrhenius thermal and pressure activated rate
function:

- (4.2)

where A is a pre-exponential factor, F, and AV are the activation energy and activation

K(T, P) = Aexp (W)

volume respectively, and R is the gas constant. The equation remains separable in the case

of isothermal and isobaric processes.

A set of activation energy and volume parameters is associated with the rate-controlling
step of a specific chemical reaction. In the case of a complex process such as cement
hydration, it is more appropriate to talk about apparent activation parameters because
dominating mechanisms change as the transformation progresses. Therefore, in the fol-
lowing, activation parameters should be understood as apparent ones, unless otherwise

specified.

We might introduce variations of either activation parameter to accommodate their
possible evolutions as the reaction progresses. However, the exploration of the dependency of
activation energy on hydration degree has shown contradictory results (see [118, 134, 135]).
We analyze the evolution of E, with hydration degree for a single cement paste in Section 4.3,
where it will be shown that Equation (4.2) provides a fair description of the experimental

observations.
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4.2.3 Conversion function

The broad range of mechanisms of phase transformation of cementitious materials requires
the consideration of different kinetic models [41]. Sestdk and Berggren [136] have investi-
gated the main mechanisms underlying the transformation processes of solid-state reactions.
They propose a single mathematical expression capable of reproducing the kinetics of a

wide variety of reactions, in the following form:

fl@)=a™(1—a)" (-In(l-a))’ (4.3)
where m,n and p are constants to be determined from experiments. A comprehensive
description of the mechanisms can be found in ref. [64], with a summary available in ref.
[137].

The previous expression might be divided in three elementary kernel terms: the consumed
mass of reactants «, the remaining mass of reactants (1 — «) and the term —1In (1 — «),
related to the impingement and coalescence of reactants and products. In homogeneous
gas kinetics, exponents m and n are interpreted as the order of reaction for the products
or reactant phases, and related to the probability of collisions (order n implies n successive
collisions). Following the same line of thought for heterogeneous solid kinetics, these
exponents might be interpreted as derived from a branching process, as discussed in
Section 4.4.

The inspection of the kernel terms in Equation (4.3) permits the simplification of the
general expression. The decomposition into elementary functions is presented in Figure 4.1.
It is clear, as expected from a Taylor expansion, that terms « and In (1 — ) give a similar
trend for small values of a. On the other hand, the term (1 — «) is dominant for later stages
of the reaction. In other words, we can, without loss of generality, simplify Equation (4.3)

by assuming m = 0 and therefore reduce the number of model parameters to two.

The resulting simplified expression is rich enough as to accommodate reaction-controlling
mechanisms of nucleation and growth, phase boundary advance, diffusion and order-based

reactions (consult ref. [136]).

As a consequence of the isoconversional compliance of the cement hydration reaction,

the general expression we will use to describe the hydration reaction rate is:

& = Aexp (—W) (1= a)" (=In (1 — a))? (4.4)

where the the kinetic parameters are A, E,, AV, n and p. A total of five parameters are
needed to model hydration kinetics from early to late ages under different pressure and

temperature conditions.
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Figure 4.1: Comparison of the kernel terms of Equation (4.3).

4.3 Applications and results

The application of the model might be decomposed in two independent parts concerning
the determination of: 1) the activation parameters and 2) the conversion function. The
calibration procedure described might readily be applied to other cement paste compositions

or curing conditions.

For the determination of the model parameters, simulated annealing [115] and basin-
hopping [116] algorithms were initially used to explore large parameter domains and assure
the identification of global best-fit values in case of non-convexity of the error functions. For
our applications, the use of simple convex optimization algorithms in the neighbourhood of

reference parameters (e.g. Table 4.2) should suffice to determine global optimal values.

4.3.1 Materials and experimental conditions

The hydration kinetics of an API Class H cement have been adapted from the experimental
results of [9]. The median particle size of the clinker grains is 28.6 ym, determined by laser
scattering, and the calculated specific surface is 254 m?/kg. The slurries were prepared

following the API recommendations [92], with a water to cement ratio of 0.38.

The hydration degree is determined by means of isothermal/isobaric calorimetry, consist-
ing of measuring the heat flow from a hydrating sample while keeping the temperature
and pressure constant. The method is efficient due to the highly exothermal nature of the
cement hydration reaction [111]. The heat of reaction of the main components and their
relative masses in the cement powder are presented in Table 4.1. The calculated ultimate

heat release of our cement powder is 386.74 J/g.
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Table 4.1: Composition by mass and heat of reaction - Class H cement [9]

Component®
Cgs CQS C3A C4AF Others
Rietveld composition (%) 48.2 294 0.0 17.2 5.2
Heat of reaction Qs (J/g)® 500 250 880 420 0

@ Cement chemistry notation: C = Ca0, S = SiO2, A = Al2Os3, F = Fes0s.
® From ref. [41].

Isothermal calorimetry tests were performed at different curing conditions (Figure 4.2).
The results constitute a rich and compatible data set with varying temperatures (25, 40,
60°C) and pressures (2, 15, 30, 45 MPa), which are in the ranges of the oil industry

applications. The lower pressures concern conventional civil engineering structures.
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Figure 4.2: Curing conditions for isothermal calorimetry tests.

Figure 4.3a presents the corresponding hydration curves. The normalization of each test
by its rate peak, shown in Figure 4.3b, reveals the isoconversional nature of the cement
hydration reaction: different temperature and pressure conditions result in remarkably

similar normalized hydration curves.

4.3.2 Determination of the activation parameters

From the isoconversional hypothesis, the activation parameters FE, and AV are independent
of the function f(«). For a series of tests at different temperatures and constant pressure, the
activation energy E, can thus be determined, for a