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Abstract

Sara Bahafid

A multi-technique investigation of the effect of hydration
temperature on the microstructure and mechanical
properties of cement paste

The cement hydration process and the resulting microstructure are highly dependent
on the cement formulation and the hydration conditions. Particularly, the hydration
temperature has a significant influence on the cement paste microstructure and its me-
chanical properties. This is for instance important for understanding the behaviour
and properties of oil-well cements which are used to form a cement sheath between
the casing and the surrounding formation for stability and sealing purposes. This ce-
ment sheath is hydrated under a progressively increasing temperature along the depth
of a well due to the geothermal gradient (about 25 ◦C/km). It results generally in a
decrease of the mechanical properties and an increase of permeability along the well.
The aim of the present thesis is to investigate the effect of the hydration temperature
in the range of 7 ◦C to 90 ◦C on the microstructure of a class G cement paste and to
establish the link between these temperature dependent microstructure and the elastic
properties of the material. The microstructure characterization is done by combining
various experimental methods, including X-Ray diffraction associated with the Ri-
etveld analysis, thermogravimetric analysis, mercury intrusion porosimetry, porosity
evaluation by freeze-drying or drying at 11%RH, Nitrogen and water vapour sorption
experiments and finally 1H nuclear magnetic resonance. The mass assemblage of mi-
crostructure phases at different curing temperatures has been evaluated and showed
a slight dependence on the hydration temperature. The porosity evaluations show an
increase of the capillary porosity and a slight decrease of the total porosity at 28 days,
resulting in a decrease of the gel porosity by increasing the hydration temperature.
An analysis method has been proposed to evaluate the C-S-H saturated density and
chemical composition in terms of H/S and C/S molar ratios. The C-S-H bulk density
is increasing with increasing hydration temperature which explains the observed in-
crease of the capillary porosity for higher curing temperatures. The C/S ratio and H/S
ratio for both solid and saturated C-S-H are decreasing with increasing curing temper-
ature. The provided quantitative characterization of cement paste microstructure is
used in a micromechanical modelling for evaluation of its elastic properties at various
hydration temperatures. Two and three-scale self-consistent micromechanical models
have shown that the increase of capillary porosity with increasing hydration temper-
ature cannot fully explain the drop of elastic properties. This is mainly due to the
increased elastic properties of C-S-H being denser at higher temperature that cancel
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the effect of increasing capillary porosity on the overall elastic properties. Another
way to fully account for the decrease of the mechanical properties of cement paste
is to consider the porosity distribution inside the C-S-H in the form of two distin-
guished C-S-H types, High Density (HD) and Low Density (LD) C-S-H, as proposed
by Tennis and Jennings (2000). This possibility is probed by a combination of var-
ious porosity evaluations: Mercury intrusion porosimetry, Nitrogen desorption and
water vapour desorption and by a back calculation using micromechanical modelling.
The results show that the LD intrinsic porosity is slightly increasing while the HD in-
trinsic porosity decreases significantly with increasing hydration temperature. The
decrease of the elastic properties of cement based materials with increasing hydra-
tion temperature is therefore a combined action of the increase of capillary porosity
and the changes of intrinsic C-S-H porosities.
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Résumé

Sara BAHAFID

Etude multi-technique de l’effet de la température
d’hydratation de ciment sur la microstructure et les
propriétés mécaniques de la pâte de ciment

Le processus de l’hydratation du ciment et la microstructure qui en résulte,
dépendent des conditions au moment de la formulation et de l’hydratation.
La température d’hydratation a un effet particulier sur la microstructure et
les propriétés physiques et mécaniques des pâtes cimentaires. Ceci est partic-
ulièrement important pour l’étude du comportement des ciments pétroliers.
En effet, dans un puits pétrolier, une gaine de ciment est coulée entre la
roche réservoir et le cuvelage en acier pour assurer entre autre la stabilité
et l’étanchéité des puits pétroliers. En raison du gradient géothermique, la
gaine de ciment le long d’un puits est exposée à une température d’hydratation
qui augmente avec la profondeur menant à une augmentation de perméabil-
ité et une baisse de propriétés mécaniques et mettant en péril les fonctions
de la gaine de ciment. L’objectif cette thèse est d’étudier l’effet de la tem-
pérature d’hydratation dans la gamme de 7 ◦C à 90 ◦C sur la microstructure
d’une pâte de ciment (classe G) et d’établir le lien entre les modifications
microstructurales et les variations des propriétés élastiques de cette pâte.
L’analyse de la microstructure est basée sur une combinaison de plusieurs
méthodes expérimentales, à savoir, la diffraction des rayons X, l’analyse Ri-
etveld, l’analyse thermogravimétrique, l’intrusion au mercure, l’évaluation
de la porosité totale par lyophilisation ou par séchage à 11% HR, essais de
sorption à l’Azote et à la vapeur d’eau et finalement, la résonance magné-
tique nucléaire au proton 1H NMR. Les résultats montre que l’assemblage de
phases est légèrement modifié par la température d’hydratation. L’étude de
la porosité a montré une augmentation de la porosité capillaire et une légère
diminution de la porosité totale à 28 jours d’hydratation, ce qui résulte en
une diminution de la porosité du gel C-S-H en augmentant la température
d’hydratation. Une méthode d’analyse a été proposée pour évaluer la den-
sité du C-S-H saturé et les rapports molaires C/S et H/S pour un C-S-H
solide et saturé. Les résultats montrent que la densité de C-S-H augmente
avec la température d’hydratation expliquant ainsi l’augmentation observée
de la porosité capillaire à températures élevées. Les rapports C/S et H/S
pour le C-S-H solide diminuent avec la température. La caractérisation de
la microstructure a permis d’alimenter un modèle micromécanique destiné à
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prédire les propriétés élastiques de la pâte de ciment pour différentes tem-
pératures d’hydratation. Des modèles d’homogénéisation auto-cohérents à
double et trois échelles ont prouvé que l’augmentation de la porosité capil-
laire ne suffit pas pour expliquer la baisse des propriétés mécaniques avec la
température. En effet, l’augmentation de la température résulte en un C-S-
H dense et rigide qui annule l’effet de l’augmentation de la porosité capil-
laire avec la température sur les propriétés élastiques. La réduction des pro-
priétés mécaniques pourrait être expliquée en considérant une distribution
de porosité au sein de C-S-H sous forme de C-S-H basse densité LD et haute
densité HD telle que proposée par Tennis and Jennings (2000). Cette pos-
sibilité est investiguée par une combinaison de techniques de porosimétrie:
porosimétrie d’intrusion de mercure, adsorption d’Azote et désorption de
vapeur d’eau et via la modélisation micromécanique. Les résultats montrent
que la porosité intrinsèque LD augmente légèrement tandis que la porosité
intrinsèque HD diminue de manière significative avec l’augmentation de la
température d’hydratation. La perte d’élasticité des matériaux à base de ci-
ment avec l’augmentation de la température d’hydratation s’avère être due à
l’action combinée de l’augmentation de la porosité capillaire et des change-
ments de porosités intrinsèques des C-S-H.
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Chapter 1

Context and motivations

Cement is a widely manufactured and consumed material due to its cheap price, easy
manufacturing and high mechanical properties. Particularly, it is widely used in the
petroleum industry. During the process called primary cementing, a cement slurry
is pumped to fill the annular space between the casing and the wellbore as presented
in Figure 1.1. This cementing operation is very crucial in ensuring a well integrity
during and after drilling. After cement set, the cement sheath has to ensure three
important roles [1, 2]:

• Providing zonal isolation: This the most imperative role of a cement sheath. It
consists in preventing fluids such as gas and water in one zone to be mixed with
oil from another zone.

• Protecting the casing against corrosion: Cement sheath prevents fluids from the
surrounding formation to reach the casing and hence, prevents its corrosion.

• Providing mechanical support for the casing.

During the life of an oil well the cement sheath is subjected to various mechanical and
thermal loading endangering the well integrity during its exploitation and also after its
abandon. Furthermore, when the cement slurry is pumped, it is hydrated under var-
ious environmental conditions. For instance, due to the geothermal gradient (about
25 ◦C per km) the cement sheath along a well is exposed to an increasing hydration
temperature with depth. This causes a material potentially different in terms of its me-
chanical behaviour and its permeability along the well. It is well established that the
mechanical properties of a cement paste are decreasing with increasing the hydration
temperature [1]. The decrease of cement paste mechanical properties endangers the
supporting functions of the cement sheath. The permeability also shows an increase
with the increasing hydration temperature threatening the zonal isolation and the cas-
ing safety. The understanding and the modelling of the influence of temperature and
pressure variation on the mechanical properties of a fresh and hardened cement paste
has been a subject of research in Navier laboratory for several years. In the previ-
ous studies, the thermo-poro-mechanical and time dependent properties of cement
paste have been evaluated experimentally [3–8]. The evaluated parameters have then
been extrapolated to cement pastes with various W/C ratio and chemical composition
using micromechanical modelling and homogenization methods [9–12]. The quan-
titative description of the microstructure is an essential input for micromechanical
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Figure 1.1: Cross Section of an Oil Well

modelling. Various approaches, for instance Powers and Brownyard [13] model or
Tennis and Jennings [14] model provided a quantitative description of cement paste
microstructure phases for various clinker compositions and water to cement ratio.
These quantitative models of cement hydrates can only handle changes of the clinker
chemical composition, the water to cement ratio and the hydration degree. The tem-
perature and pressure effects on themicrostructure are not considered in thesemodels.
Additionally, the decreasing mechanical properties and increasing permeability indi-
cate that various changes occur at the level of the microstructure when the hydration
temperature is increased. The essential motivation of this work is then to conduct a
quantitative description of the microstructure in order to gain a better understanding
on the influence of hydration temperature on the cement paste mechanical proper-
ties. Primordially, the volume assemblage has to be established for different curing
temperatures. Therefore different experimental methods are used to characterise the
mass assemblage of a cement paste. However, the values of C-S-H densities, that will
help determining the volume assemblage at different curing temperatures are scarce
in literature. This motivates a better and a fundamental understanding of the porosity
variation within the C-S-H at increasing curing temperature. Along this manuscript,
we will address two principal questions:

• How does the microstructure of cement in terms of chemical composition and
pore structure evolve with increasing curing temperature for a class G cement?

• What are the origins behind the decline of the cement paste mechanical prop-
erties with increasing hydration temperature?

This manuscript is structured in five chapters after this one:

• Chapter 2: In this chapter, first a general introduction to the hydration of ce-
mentitious materials is presented. The essential parameters characterising the
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C-S-H are recalled and discussed on the basis of different models describing C-
S-H. Secondly, the main findings about the effect of temperature variation on
the microstructure of cement paste and particularly of the C-S-H structure are
reviewed. Finally, we present a review on the application of the homogenization
techniques used to study poro-elastic properties of cementitious materials.

• Chapter 3: The material and methods used in the experimental investigation
will be presented in this chapter. We will focus also on the choice of the drying
method used prior to microstructural analysis. The method used to dry speci-
mens in this study is compared to other available drying methods.

• Chapter 4: This chapter deals with the quantitative description of the mass
assemblage of cement paste at different curing temperatures and also different
ages. It focuses also on the description of the pore structure variation of cement
paste at different hydration temperatures and ages.

• Chapter 5: This chapter concentrates on the analysis of the porosity results
and phase assemblage obtained from Chapter 4 to determine the C-S-H chem-
ical composition and density variations with curing temperature and time. The
micromechanical modelling is used at this step in order to gain insight on the
influence of temperature on the C-S-H pore structure and to explain the mech-
anisms behind deterioration of the mechanical properties of cementitious ma-
terials with increasing hydration temperature.

• Chapter 6: The conclusions are presented in chapter 6 together with the per-
spectives of this work.

—————————————————————————-
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Chapter 2

Litterature review

2.1 Introduction

This chapter presents an overview on the existing literature on the microstructure of
cement. It first describes the leading chemical reactions between cement and water
and the resultant hydration products. Secondly, the different models describing the
cement porosity and explaining related phenomena are presented and discussed. The
investigation of the cement microstructure and the properties related to, such as the
total porosity and the specific surface area are very sensitive to the drying conditions.
A review of different drying techniques is presented outlining the advantages and the
drawbacks of each method in the evaluation of a given property. An overall com-
parison is then conducted to choose an appropriate drying method for the different
experimental techniques that are going to be used in this study.

The present study aims primarily at describing quantitatively the effect of temper-
ature on the microstructure of cement paste. Hence, a state of art on the effect of
the curing temperature on the chemical composition, the pore structure and the me-
chanical properties is presented. Based on the quantitative description of the cement
microstructure, micromechanical modelling is used in order to explore the degrada-
tion of mechanical properties at high temperatures. The necessary theoretical back-
ground for micromechanical analysis together of some application of the homoge-
nization method are presented at the end of this chapter.

—————————————————————————-
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2.2 Cement hydration

The hardened cement paste results from the complex reactions of the fourmain clinker
components namely alite (C3S), belite (C2S), celite (C3A) and ferrite (C4AF)with wa-
ter, where C, S, A and F are abbreviations corresponding respectively to CaO, SiO2,
Al2O3 and Fe3O3. Cement grains develop interactions with the interstitial fluid re-
sulting in dissolution of cement grains followed by precipitation of hydrates on the
surface of grains [15]. Progressively, through these dissolution-precipitation reac-
tions, hydrates form and replace the space initially occupied by grains and water. Hy-
drates first precipitate and cover the surface of cement grains and further grow into
the available space [15, 16]. This process is schematically presented in Figure 2.1.

Figure 2.1: Representation of dissolution precipitation reactions of
anhydrous grains with interstitial water [15]

The chemical reactions involved in dissolution-precipitation mechanisms translating
the complex transformation of a cement slurry into a hardened cement paste are pre-
sented in the following for each clinker component.

2.2.1 C3S and C2S hydration

Reactions of C3S and C2S following Equations 2.1 and 2.2 [17] describe the hydra-
tion of the twomajor clinker components that occupy 80% of anhydrous cement mass.
These reactions result in the development of C-S-H (calcium silicate hydrate) and CH
(calcium hydroxide mineral) which occupy approximately 80% of hardened cement
paste mass. The x and y, respectively C/S and H/S ratios are intrinsic characteristic to
the C-S-H. These reactions are only approximate because x and y are variables and de-
pend on the hydration conditions (P, T, W/C, RH), the age, the particle size, additives
and the presence supplementary cementingmaterials. These two ratios characterizing
the C-S-H will be addressed in Sections 2.4.1 and 2.4.2.

C3S + (3− x+ y) H→ Cx−S−Hy + (3− x) CH (2.1)

C2S + (2− x+ y) H→ Cx−S−Hy + (2− x) CH (2.2)
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2.2.2 C3A and C4AF hydration

The hydration reactions of C3A and C4AF presented in 2.3 and 2.4 [18] are more
complex than the ones of C3S andC2S. The hydrates formed from the hydration of
C3A depend on the presence of sulphate ions. When C3A is hydrated in pure water,
the hydration product is hydrogarnet C3AH6. This reaction releases a considerable
amount a heat and causes a flash set of cement without any gain of mechanical prop-
erties. This undesirable effect has been overcome by the addition of gypsum CS̄H2

which changes the reaction and creates ettringite instead of hydrogarnet. When the
sulfate ions are depleted, the ettringite becomes unstable and converts to other phases
with less sulphate ions, mainly monosulfoaluminates, Afm. In a cement paste these
phases can coexist simultaneously.

2C3A + 21H→ C4AH9 + C2AH8 → 2C3AH6 + 9H No sulfates
2C3A + 3CS̄H2 + 26H→ C6AS̄3H32 With sulfates
2C3A + C6AS̄3H32 + 4H→ 3C4AS̄H12 Sulfates depletion

(2.3)
TheC4AF behaves in a similarmanner toC3A. It creates ferrite-ettringite (C6(A,F)S̄3H32)
which is similar to ettringite, but this time some aluminium is replaced by iron in
variable amounts as indicated by the brackets (A,F). The (F,A)H3 is aluminium-iron
hydroxide, an amorphous phase that can be also found in a cement paste.

{
C4AF + 3CS̄H2 + 21H→ C6(A,F)S̄3H32 + (F,A)H3 With sulfates
C4AF + C6(A,F)S̄3H32 + 7H→ 3C4(A,F)S̄3H12 + (F,A)H3 Sulfates depletion

(2.4)

2.2.3 Hydration kinetics

As stated above, the hydration of cement is regarded as process of subsequent disso-
lution precipitation steps. These different hydration processes are accompanied by a
significant release of heat. The hydration process can be divided into five essential
stages that are described below as indicated by the calorimetry experiments [16, 19]
presented in Figure 2.2.

• Stage 1 (pre-induction period): This stage characterises the initial reaction re-
sulting upon wetting cement paste. The duration of this period is of few min-
utes.

• Stage 2 (Induction period): This period is characterised by a slow down of the
hydration reactions before an important increase in the reaction rate.

• Stage 3 (acceleration period): A period of several hours marked by a consider-
able release of heat. It is agreed this heat release originates from the nucleation
and growth mechanisms.
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• Stage 4 (deceleration period): An important decrease in the heat released from
reactions is observed during this stage. This is probably due to the water deple-
tion. It’s also related to the difficulty of water to access anhydrous grains being
surrounded by a less permeable product (Formed hydrates).

• Stage 5 (Curing phase): This phase corresponds to the ongoing hydration. It is
mainly controlled by the diffusion of water through hydrates to further nucleate
other grains in the anhydrous cement.

Figure 2.2: Rate of hydration of Alite with respect to time from
isothermal calorimetry experiment [16]

2.3 Cement porosity and hydrates

The cement paste is a complex multiscale porous material. The pore sizes can range
between several orders of magnitude from nano-metric spaces intrinsic to hydrate
to large sub-milimetric air voids. This complexity derives from the major hydration
product C-S-H that is porous itself. The C-S-H occupies 60% of the cement paste
volume at hardened state and is responsible for its main mechanical properties. The
understanding of C-S-H porosity is fundamental to understand many important phe-
nomena related to the cement paste. For instance, the fine porosity controls creep
and shrinkage of cement [20, 21]. Strength and permeability are mostly related to the
larger porosity [20, 21]. Hence, understanding of cement porosity is of a key impor-
tance to understand cement properties and to assess its durability. In order to relate
the different properties of cement paste to its porosity, several models have been pro-
posed. These models tried to explain and gather the variations of cement properties
(e.g, SSA) with physical parameters (e.g, W/C). In the following, we will present the
challenging aspects of cement properties discussed by these models. We will present
four models for porosity and state of water in C-S-H with a focus on the two most
used and documented ones.
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2.3.1 Challenging aspects of cement pore structure

Specific surface area SSA

The SSA of cement paste is a highly important parameter in explaining the strength
and permeability of this material [20, 21]. However, the determination of cement
paste SSA is very difficult. Different techniques provide different values of SSA and
each technique normalises the SSA per respect to different references (dried mass,
saturated volume, etc). Furthermore, the SSA determination is sensitive of the to the
pretreatment method [22–24]. Another difficulty in assessing the true SSA of cement
paste emerges from the pore structure of C-S-H, as the boundaries between the solid
phase of C-S-H and its porosity are not clearly identified. While some methods mea-
sure a part of the SSA, others may measure higher values than the true SSA according
to Thomas et al. [24]. The SSA of cement varies with various physical parameters
controlling the hydration of cement (e.g. hydration degree, W/C, clinker composi-
tion, curing temperature, pressure). For instance, the SSA increases with hydration
degree as the progressive hydration creates more C-S-H. The SSA also increases with
W/C ratio as measured by Nitrogen and presented in Table 2.1. The water vapor how-
ever measures values of SSA that are independent of the W/C ratio (Table 2.1). The
SSA and specially the disparity between the SSA as measured by Nitrogen and Water
vapor are important elements when presenting a conceptual image of C-S-H.

SSA(m2/g of dry paste)
W/C H2O N2

0.35 208.0 56.7
0.40 202.6 79.4
0.50 194.6 97.3
0.57 193.8 132.2
0.70 199.6 139.6

Table 2.1: Variation of SSA of hardened cement paste with W/C as
measured by Nitrogen and water vapor [23]

Sorption hysteresis and associated dimensional changes

Water vapor sorption isotherms obtained for cement paste exhibits an hysteresis be-
tween drying and re-wetting. The adsorption and desorption of water on cement paste
is associated with dimensional changes (drying shrinkage & swelling). Understand-
ing howwater moves in and out cement paste can help explaining the observed dimen-
sional changes of this latter. Elseways, associating the dimensional changes and the
moisture properties of cement can help shedding light on the C-S-H and cement pore
structure. The models that are going to be presented in what follows, were mostly
based on the moisture properties of cement paste, dimensional changes and mechan-
ical properties variation associated to different moisture conditions.
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2.3.2 Classification of porosity in cement paste

Powers and Brownyard [13]

Figure 2.3: The structure of C-S-H after Powers and Brownyard
model [21]

Powers andBrownyard provided the first complete description of hydrates [13], poros-
ity and water state in hardened cement paste based on their studies of water vapor
sorption isotherms and chemically bound water. They have proposed a model for
the microstructure of cement and particularly the structure of its main binder C-S-H.
In this model, the cement paste volume is regarded as an assembly of three separate
components:

• Unreacted cement paste

• Hydration products

• Capillary pores

where hydration products are a mixture of C-S-H and crystalline hydrates. The high
specific surface area of cement paste as measured by water vapor suggests a colloidal
nature of this latter [13]. The water vapor sorption of cement exhibits an hysteresis
that is commonly observed for slit-shaped materials. This hysteresis shape of water
vapor isotherm indicates a layered structure of the cement building units as can be
seen in Figure 2.3. Thus, cement is viewed as a colloid formed of small layered units
that comes together to form a porous product. The Powers and Brownyard model
classified water within cement paste based on its evaporability. The water contained
in the cement paste after D-drying or oven drying at 105◦C is refereed to as non-
evaporable water. The evaporable water is the water removed by D-drying or oven
drying at 105◦C and was further classified into gel water and capillary water.

The cement porosity according to this model is the volume of paste occupied by evap-
orable water. The porosity within the cement pastes is then classified in two types as
described below:

• Capillary porosity: contains the unreacted free water and not influenced by the
C-S-H forces. It is located at least two water layers away from C-S-H [13].
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• Gel porosity: the pores intrinsic to hydration products controlled by attractive
surface forces of Van Der Waals. The gel pores include water comprised be-
tween layered units and adsorbed water held by surface forces. The quantity of
gel pores is around four times the quantity of water forming a monolayer cov-
erage on the C-S-H surfaces. Gel porosity occupies approximately 26% of the
volume of the gel.

To explain the difference between the specific surface measured water and Nitrogen,
Powers and Brownyard [13] put forward the difference between water molecule size
and Nitrogen molecule size. Water having a molecule size of 0.325 nmwhile nitrogen
diameter is about 0.405 nm [25]. An explanation that was not highly received due to
small difference in size [21, 25].

The description of water state within cement paste allows understanding its dimen-
sional behaviour. Regarding the volume change upon desorption and adsorption,
Powers and Brownyard suggested that it is due to the disequilibrium between cap-
illary tension and solid-liquid attraction. No volume change is observed when the
magnitudes of these two forces are equal. Swelling is a result of water entering and
forming a layer between solid surfaces on each side. Shrinkage is a result of solid-
solid attractions that draw water outside the layer and brings the surfaces together. In
other words, when the solid to liquid attraction overcomes the capillary tension, the
water enters between solid surfaces and causes swelling upon re-wetting. However
when, the capillary tension overcomes the solid-liquid attraction, water is withdrawn
from layers and causes surfaces to come together.

Feldman and Sereda [26, 27]

The model provided by Feldman and Sereda [26, 27] is based on the studies of water
sorption and length changes isotherms of cement together with the variation of the
mechanical properties with moisture conditions. They proposed similarly to Powers
and Brownyard [13] a colloidal nature of cement paste and a layered structure of C-
S-H. These layers have however eccentric shapes [26, 27] resulting in larger capillary
pores. Cement paste is a cluster of single irregular layers that come together randomly
and form interlayer spaces (spaces between tobermorite sheets) and capillary pores,
as can be seen in Figure 2.4.

Feldman and Sereda [26–28] have classified the water in cement pastes in three cate-
gories as in the model of Powers and Brownyard:

• Interlayer water: The water between tobermorite sheets.

• Adsorbed water: The water adsorbed on the outer surface of C-S-H.

• Free water: water inside the capillary pores.

Regarding the interlayer water they considered that it is lost irreversibly with the D-
drying (i.e. upon wetting, water can enter interlayer spaces over the whole range of
relative humidities). Regarding the specific surface area Feldman and Sereda [28]
believed that water vapor measures a higher value than the effective surface area of
cement. These larger values are the results of water being incorporated to interlayer
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(a) C-S-H presentation (b) Water movement in the C-S-H upon dry-
ing and wetinng

Figure 2.4: (a) Presentation of C-S-H particle after Feldman and
Sereda model [26] (b) Modelling of water movement within cement

paste upon dying and wetting [26]

spaces during adsorption. The Specific surface area provided byNitrogen seemsmore
reliable than the one provided by water. The change of SSAN2 with W/C is driven by
the space change due toW/C. In fact, for lower W/C, the gel grows in a more confined
spaces, turning some of the inter-particles spaces to interlayer spaces, that are not
seen by Nitrogen and results in a smaller SSA. Regarding dimensional changes upon
drying, Feldman and Sereda model associated the shrinkage over the range of [100%-
35%] RH to capillary effects and the shrinkage below to 35% RH to the dehydration
of hydration products.

Munich model [29]

The model developed by Wittmann [29] called the Munich model, describes the C-
S-H as a three dimensional arrangement of colloidal particles. The interstices be-
tween these particles form the capillary pores. The colloidal particles do not have a
pre-assumed internal structure (in Figure 2.5). They are bonded together by Van Der
Waals forces. The particles arrangement is greatly influenced by moisture conditions.
This model focuses on studying the role of water within a cement paste and the result-
ing dimensional changes, rather than providing a quantitative description of porosity
and hydrates of cement paste. It considers the cohesion of a cement paste as a result of
equilibrium between the repulsive pressure exerted by the strongly adsorbed film on
the outer surface of particles and the attractive Van Der Walls forces trying to bring
these surfaces together [29, 30]. Another important feature of this model is that it
considers water vapor as unsuitable for measuring the specific surface area of cement
because of the interaction of water vapor and the C-S-H structure. It agrees with the
Feldman and Sereda model [26, 27] on this point.
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Figure 2.5: The structure of C-S-H after Wittman (Munich) model
[21]

Tennis and Jennings model [14, 25]

Tennis and Jennings model [25, 31, 32] is the most complete and comprehensive
model presented up to now. It was first presented by Tennis and Jennings in (1994-
2000) [14, 25] and refereed to as (CM-I) and then refined in 2008 to the (CM-II) [31].
The model integrates various aspects of Feldman and Sereda’s model and Powers
and Brownyard’s model. This model describes the cement paste as a colloid made
up of particles called globules which flocculate to form the porous C-S-H network.
The nanostructure of this globule has been elucidated through a combination of small
angle neutron and X-Ray scattering techniques. The C-S-H globule morphology as
proposed by [33] is presented in Figure 2.6. The globule is an equiaxed particle with
a cross section of 5 nm diameter that has an internal sheet like structure similar to
tobermorite. The globules are assumed to have an internal surface and internal water-
filled porosity. We can distinguish three types of water within the C-S-H globules as
detailed in the following and presented in Figure 2.6:

Figure 2.6: Schematic drawing of the C-S-H globule as determined
from SANS and SAXS experiments [33]
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• Physically adsorbed water: Water adsorbed on the outer surface present as a
monolayer coverage of the C-S-H globules.

• Physically bound water: Water stacked within the globules present in the inter-
layer spaces.

• Chemically bound water: Water bound to calcium silicate sheets as hydroxyl
groups (OH−).

The Jennings model defines four types of pores (refer to Figure 2.7):

• Interlayer spaces and intraglobular pores (IGP): The CM-II with contrast to the
CM-I distinguishes two locations of water within the globule: the interlayer
spaces and the intraglobular pores with sizes of below 1 nm. The difference
between these two types of very tiny pores is that removal of water from the
interlayer spaces induces a collapse of the globule. However, the removal of
water from the IGP does not induce any changes in the volume of the globule.
It’s worth mentioning that the distinction between these twowater locations was
suggested to explain the increase of C-S-H density observed during desorption
up to 11% and the constant C-S-H density upon adsorption as shown in Feldman
experiments [34]. In fact, desorption from 11% RH increases density (water
being removed from the surface and interlayer spaces), but the resorption up to
11% RH does not change the density of C-S-H, meaning that water enter the
IGP and adsorb on the surface without entering to interlayer spaces.

• Small gel pores (SGP): Pores filled with water trapped between the globules
that are percolated to the outer regions. They have a characteristic size of 1 to
3 nm in diameter.

• large gel pores (LGP): pores or spaces created as a result of the overlap of glob-
ular flocks, with a characteristic size of 3 to 12 nm in diameter.

• Capillary pores: Pores filled with free water and non-intrinsic to the C-S-H.
They are completely dried at around 85%RH. Jennings proposed a lower limit
size of about 10 nm for capillary pores [18].

The Powers and Brownyard’s model and the Jennings model both distinguishes gel
pores. This designation is confusing as it refers to different pore regions, although
both intrinsic to the C-S-H phase. The gel porosity of Powers and Brownyard’s model
includes the interlayer water as part of the gel porosity, while the Jennings model
considers the gel porosity as the pores outside the globules. The interlayer spaces are
not part of the gel porosity.

This classification of porosity within cement paste helps explaining the various re-
versible and irreversible dimensional changes. For instance, removal of water form
LGP explains the irreversible shrinkage in the regions of high relative humidities
[85%,40%]. This irreversible shrinkage is a result of reorganisation of globular flocks
which come closer due to capillary stresses. Further drying removes water from SGP
below 40%RH a point at which surface effects are dominant. Continuous drying be-
low [20%-10%] removes water adsorbed in the surface and in the interlayer spaces
which induces a collapse of the C-S-H layers. Upon re-adsorption water enters the
interlayer spaces over the entire range of RH [36].



2.3. Cement porosity and hydrates 17

Figure 2.7: The description of the C-S-H porosity provided by Jen-
nings [35]

Regarding the challenging measurements of SSA and essentially the differences be-
tween the SSA measured by water and Nitrogen and their evolution with the water to
cement ratio, Tennis and Jennings [14, 25] suggested that the C-S-H is non distributed
uniformly but rather fills the space in two different forms. For instance, the fact that
water SSA measurements give higher values than Nitrogen SSA measurements, in-
dicates that water can penetrates all the pores, but Nitrogen cannot. The pore region
within C-S-H into which Nitrogen can penetrate is refereed to as LD C-S-H and the
other pore region accessible to only water is refereed to as HD C-S-H. The difficulty
of Nitrogen to penetrate HD C-S-H pores is associated to the more tightly packed
pore structure of the latter. The quantities of the HD and LD C-S-H and their intrin-
sic porosities were obtained through fits of predicted properties of cement obtained
by the model and the ones measured experimentally, e.g (Nitrogen SSA, Nitrogen
porosity and capillary porosity). The quantities of these two regions varies with the
degree of hydration and water to cement ratio, while their intrinsic porosities are in-
dependent of the hydration conditions. The intrinsic porosity of LD C-S-H and HD
C-S-H are respectively 0.37 and 0.24 (see Figure 2.8). To sum up the CM-II findings,
the C-S-H is perceived as an assembly of globules packing together in two different
densities, composing the two C-S-H regions: HD C-S-H and LD C-S-H that forms
the C-S-H gel.

Further evidence of two C-S-H types

The distinction between two C-S-H phases although not very realistic as one can
imagine a continuous C-S-H density rather than two distinct densities, helps explain-
ing various measurement inconsistencies about cementitious materials. Furthermore,
others studies confirmed the existence of C-S-H packing in two densities. For in-
stance, SANS allowed following the development of surface area during hydration
[24]. The results of SSA of cement paste together with the heat released from ce-
ment paste for the first hours of hydration are shown in Figure 2.9. It can be seen that
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Figure 2.8: Characterisation of the C-S-H with its packing density as
described by Jennings [37]

the surface area follows the evolution of heat flow until 24 hours of hydration, after
which the SSA reaches a plateau while the heat continue increasing. This indicates
that the SSA of early hydration products is higher than the SSA of the hydration prod-
ucts produced lately. Thomas et al. [24] suggested that this confirms the idea of two
C-S-H types. The LD C-S-H associated to the higher SSA is formed at the first few
hours of hydration and contributes to the development of SSA as measured by SANS
experiments. The HD C-S-H which fills the space at late ages, does not contribute
to the measured SSA of cement paste. Nano-indentation experiments confirmed the

Figure 2.9: Surface area (solid circles) and heat evolved (line) for
OPC/H2O cement as adapted from [24]

existence of two C-S-H types with different elastic properties [38–40]. They con-
firmed, similarly to Jennings, that their intrinsic properties are independent of the
mix proportioning while their fractions may vary [39, 40]. Scrivener [41] observed
two C-S-H morphologies based on SEM micrographs, a more and less dense C-S-H,
corresponding respectively to the C-S-H that grows in more or less confined space.
TEM experiments [42, 43] also detected two C-S-H types which were also assigned to
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inner and outer product. The inner product grows at the surface of anhydrous grains,
while the outer product grows at the inner product surfaces and fills the porous space.
Recent studies motivated by the damaging preparation process of specimens for TEM,
have used soft X-ray ptychographic microscopy to characterise the C-S-H morphol-
ogy. They confirmed similarly to TEM, that the existence of an interglobular inner
product and outer product with a fibrillar morphology [44].

Discussion on the Tennis and Jennings model

The globular nature of C-S-H widely admitted has been questioned by Brisard [45].
In fact, while simulating the small angles scattering curves, the simulated spectrum
does not follow the experimental one, disproving the globular nature used in mod-
elling the scattering curve. Beaudoin et al. [46–48] verified different features of the
Jennings colloidal model of C-S-H and commented on their validity and here are some
of his comments. For instance, the distinction between two different packing densi-
ties of C-S-H is based on SSA measurement of water vapor and Nitrogen. The water
vapor sorption isotherm being irreversible makes BET calculation of SSA invalid ac-
cording to Beaudoin et al. [46–48]. Beaudoin [46] suggests that all the calculations
made by Tennis and Jennings to estimate SSA should be done on the reversible part
of water sorption isotherm. He agrees on this point with Wittman [29] and Feldman
and Sereda model [27]. Beaudoin et al. [47] explains that the large strain shrink-
age, which triggered the colloidal model is largely justified by the layered model of
Feldman and Sereda. Furthermore, Jennings [35] explains that upon adsorption up
to 11%, water adsorbs on the surface and enters the IGP without entering interlayer
spaces. Beaudoin et al. [46, 47] found this separation illogical as the water must enter
the interlayer space in order to reach the IGP. Recent NMR studies [49–51] are also
inconsistent with the existence of IGP. They differentiate between interlayer pore with
size below 1 nm, gel pore of size between 2-5 nm and inter-hydrate pores of 10 nm
size approximately [50, 51], but no IGP pores are detected [50].

2.3.3 Phase assemblage of cement paste

The mass and volume assemblage of hydrated cementitious materials are of great
interest in understanding the strength development of these materials, particularly
when using homogenization methods. However, due to the presence of amorphous
phases, the determination of the mass and volume assemblage is not an easy task.
There are two known models that allow the determination of the volume assemblage
of cement paste for an ordinary Portland cement paste:

• The Powers and Brownyard hydration model: It allows establishing the volume
assemblage as a function of the water-to-cement ratio and the hydration degree
[13].

• The Tennis and Jennings hydration model: This model is more sophisticated
than the one of Powers and Brownyard as it takes into account the chemical
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composition of the cement clinker and the C-S-H for the evaluation of the vol-
ume fractions [25]. It also provides a more detailed volume assemblage com-
paring to the Powers and Brownyard model.

These models are presented and discussed in the following.

Powers and Brownyard model [13]

The Powers and Brownyard model considers the paste as an assembly of anhydrous
clinker, hydration products (’called also the gel’) and the water filling the capillary
porosity, with respective volume fractions fck, fhyd and fw.

The volumetric fractions as a function of the water to cement ratio and the hydration
degree are presented in the following as taken from [52], where ρck is the clinker
density, ρw the water density and W/C is the water to cement ratio:

fck(w/c, α) =
1− α

1 + w
c
ρck
ρw

(2.5)

fhyd(w/c, α) =
0.68α
ρw
ρck

+ w
c

(2.6)

fw(w/c, α) =
w
c
− 0.42α
ρw
ρck

+ w
c

(2.7)

Tennis and Jennings model [14]

The Tennis and Jennings model is based on the initial cement composition, C-S-H
composition, water-to-cement ratio and degree of hydration. It consists of simple
stoichiometric reactions for the hydration of the four dominant compounds in Portland
cement: C3S, C2S, C3A and C4AF. The complete set of chemical reactions has been
presented in Section 2.2. If the density and the averaged chemical composition (x, y)
of C-S-H are known, the volume fractions of cement paste can be calculated from the
chemical reactions presented in 2.2 with equations (2.1, 2.2, 2.3, 2.4). A numerical
application can be found in [9, 40].

The Powers and Brownyard model permits to calculate the volume fractions in a sim-
plified manner ignoring different microstructure phases, for an overall hydration de-
gree. It seems also of limited application to provide quantitative description of volume
assemblage due to capillary porosity dependency on temperature. The Tennis and
Jennings model [25, 32] improves on the Powers and Brownyard model and assumes
however separate hydration degrees to different phases. This allows a more accurate
and detailed description of cement phases. Nevertheless, the knowledge of the C-S-H
chemical composition and the density at different hydration temperatures is required
in order to get the volume assemblage of cement with hydration temperature. These
models limitations implicate that other numerical and experimental methods have to
be used in order to establish the volume assemblage of the cement paste at different
temperatures and determine the C-S-H chemical composition and density.
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2.4 Chemical formulation

2.4.1 C/S ratio

The C/S ratio represents the calcium content of C-S-H per silicon content. As pre-
sented in section 2.2.1, the reactions producing C-S-H and CH are approximate be-
cause of the variable stoichiometry of the C-S-H. If one needs to evaluate the contents
of the C-S-H and portlandite from these chemical reactions, as proposed by Tennis
and Jennings, the average values of C/S and H/S ratios for specific hydration con-
ditions have to be known. Yet, the C/S ratio does not have a unique value, it varies
within a cement paste [53, 54]. An example is presented in Figure 2.10 for an ordinary
cement paste for which the C/S ratio ranges from 1.2 to 2.3 with an average value of
1.75 [53].

Figure 2.10: Ca/Si ratio frequency histogram for C-S-H in Portland
cement pastes [53]

The C/S ratio varies also with the hydration conditions for instance water to cement
ratio, age, cement mineral composition and the addition of supplementary materi-
als. For instance, regarding the evolution of the C/S ratio with age, it has a bimodal
distribution at the onset of hydration that tends to become homogeneous by the pro-
gressing hydration as suggested by Richardson [53]. The changes of the C/S ratio
distribution from a bimodal to homogeneous was associated according to Richardson
to a change in the morphology of C-S-H. The higher C/S ratios being associated to
the inner product with a fine morphology and lower values are associated to the outer
product with a fibrillar to a foil-like morphology. The densification of the outer C-S-
H with progressing hydration transforms the bimodal distribution to a homogeneous
one. Muller [55] has calculated the C/(S+A) ratio (where the A stands for the alu-
minium uptake of C-S-H) and confirmed that this ratio is decreasing with increasing
hydration degree as shown in Figure 2.11(a). Muller studies [55] have also shown
that lowering the W/C ratio increases the C/S ratio (Figure 2.11(b)).
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(a) (b)

Figure 2.11: Evolution of the C/S ratio of a white cement paste as
obtained from NMR-based calculations (a) with the hydration degree

and (b) with water to cement ratio [55]

2.4.2 H/S ratio

The H/S represents the water content of C-S-H per silicon content and has to be de-
fined with respect to a specific drying state. For instance, for specific hydration condi-
tions (W/C, age and composition) one can find different values of the H/S depending
on the relative humidity or the used drying technique. This causes discrepancies in
the data reported in the literature giving values ranging form 1.4 (Oven-dried or D-
dried C-S-H) to 4 (Non-dried C-S-H) or even greater values for higher W/C ratio.
Another way to define the water content of cement is by referring to different pore
reservoirs within cement pore structure addressed in section 2.3. This description
has been adopted by Jennings [35] as presented in Figure 2.12. This figure shows the
variation of the H/S ratio with the location of water. For instance, a value of 1.8 is
proposed for H/S ratio in interlayer water and 4 for C-S-H with saturated gel pores.
The H/S ratio can vary also within a certain location with the drying. For instance,
a globule with full interlayer spaces and encountered with a mono-layer of water has
an H/S ratio of 2.1. If we remove the external layer adsorbed on the globule surface
and leave the interlayer full of water we will find an H/S ratio equal to 1.8. If we
start drying the interlayer we can reach smaller values of this ratio around 1.3-1.4 by
D-drying and oven drying at 105◦C for instance.

Similar to C/S ratio, the H/S ratio is considerably influenced by the hydration con-
ditions (water to cement ratio, age, temperature, presence of additives). Muller [55]
calculated an H/S ratio for both saturated C-S-H and dried C-S-H with full interlayer
spaces for different water to cement ratio and different hydration degrees. The evo-
lution of H/S ratio with water to cement and hydration degree is presented in Figure
2.13. It can be seen that the water content of saturated C-S-H is decreasing, while
the water content of solid C-S-H is almost constant with increasing hydration degree.
The decrease of C-S-H saturated water content is due to the consumption of the gel
pore water as the hydration progresses to further nucleate solid C-S-H grains. Simi-
larly, while increasing the W/C ratio, the saturated C-S-H water content is increasing
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Figure 2.12: The water content of a C-S-H globules variation with
respect to drying conditions [35]

while the water content of solid C-S-H remains quasi-unchanged.

(a) (b)

Figure 2.13: Evolution of the H/S ratio of C-S-H for both interlayer
water and gel water (a) with the hydration degree and (b) water to ce-
ment ratio as obtained from NMR-based calculations on white cement

[55]

2.4.3 Density

Figure 2.14 reports the variation of density of both crystalline C-S-H (tobermorite and
jennite) and amorphous C-S-H (made of white cement or C3S pastes) [56]. It can be
seen that the density decreases with increasing H/S ratio. However, it increases with
increasing C/S ratio. The C/S ratio and H/S ratio are both changing with the varying
hydration conditions, resulting in a change of the C-S-H density.
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Figure 2.14: Evolution of density with water content for amorphous
C-S-H resulting from cement paste and crystalline C-S-H correspond-

ing to different C/S ratios as adapted from [56]

The density of C-S-H is however difficult to assess directly due to the amorphous
nature of C-S-H and that this latter is intermixed with portlandite particles. The val-
ues reported in literature vary widely depending on the composition of cement, the
method used for assessing the density and the pore volume excluded from measure-
ment. For instance, the CM-II model reported values ranging from 1.83 g/cm3 up to
2.85 g/cm3 depending on the water content and the considered pore reservoirs [35].
Important values to be memorised are the density of solid C-S-H globules excluding
the water monolayer coverage which is equal to 2.603 according to Allen et al. g/cm3

[33] and which decreases to 2.47 g/cm3 according to Jennings [35] when the water
monolayer coverage is accounted for and finally the density of saturated C-S-H with
its gel pores equal to 2.03 g/cm3 [35]. Feldman [57] reported value of 2.45 g/cm3

of the C-S-H density at 11%RH by Helium pycnometry and a value of 2.55 for solid
C-S-H without the monolayer water coverage. Taylor suggested for a C-S-H with a
chemical formula of C1.75SH4 a value of 1.9 g/cm3 [20]. The work of Muller et al.
[58] on the characterisation of the C-S-H enabled also the density of C-S-H to be
determined. The saturated C-S-H density increases with hydration degree witness-
ing the densification of C-S-H with ongoing hydration as seen in Figure 2.15. An
increase of the W/C causes the saturated C-S-H density to decrease, a result that is
consistent with the increase of the BET surface area with increasing W/C and sug-
gests a more open pore structure. However, the solid C-S-H density slightly decreases
with increasing water to cement ratio and hydration degree.

2.4.4 Tobermorite-Jennite model

Similar to the pore structure, the special chemical composition of C-S-H has also been
the subject of many models. Experiments of XRD, TEM and NMR spectroscopy
showed similarity between the C-S-H structure and other natural crystals and min-
erals: tobermorite and jennite [59, 60]. Tobermorite is a rare crystalline calcium
silicate hydrate that have been found in nature in the Northern Ireland with a chemi-
cal formula C4S6H6 and a C/S ratio equal to 0.83. Jennite C9S6H11 is another natural
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(a) (b)

Figure 2.15: Density of C-S-H as obtained from NMR studies on
white cement (a) with the hydration degree (b) with the water to ce-
ment ratio as adapted from [58] solid circles correspond to C-S-H solid

and empty circles to saturated C-S-H

calcium silicate hydrate that has a structure similar to tobermorite but with a higher
C/S ratio of 1.5. Tobermorite and jennite structures consist of a linear chain of sil-
icate usually called dreierkette where the silicate tethrahedra connect themselves to
the Ca2+ as presented in Figure 2.16. These dreierkette chains are repeated every 1.4
nm with the space between layers being filled by water molecules and calcium ions.
To account for the high C/S ratio found in the C-S-H, Richardson [53, 60] suggested
that the C-S-H can be modelled as a mixture of tobermorite & jennite or tobermorite
& portlandite and different mechanisms were suggested to model these mixtures.

Figure 2.16: The structure of a tobermorite layer [61]

2.5 Drying methods of cement paste

The methods available for the characterization of cement microstructure such as Mer-
cury porosimetry, water & gas adsorption, XRD, TGA, SEM and solid NMR, all re-
quire a complete removal of water from the specimen prior to testing. Removing
water from microstructure is important for multiple reasons:

• stopping the hydration at a given age of maturation,
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• some characterization methods such as MIP and N2 adsorption require empty
pores to enable the adsorption of the gas on the solid surface,

• removal of water reduces the risk of specimens carbonation and makes it easier
to prepare the material (for instance: grinding and sieving cement powder for
XRD experiments and solid state NMR analysis).

However, drying of cement paste either to arrest ongoing hydration or to assess to-
tal porosity has been shown to be very critical to the used method. In fact, drying
methods may have a great influence on the crucial information obtained from these
experiments (e.g : total porosity, Specific surface area) and can even damage the
microstructure of the cement paste. We will present briefly the standard drying tech-
niques used to remove water from hydrated cement pastes and their effects on the
microstructure, with an emphasis on their impact on the evaluation of total porosity
and specific surface area of cement paste.

2.5.1 Presentation of different drying techniques

The phase diagram presented in Figure 2.17 summarizes the conditions of pressure
and temperature of different drying methods that are presented in the following. Dry-
ing requires transforming the water inside the specimens into vapor either by decreas-
ing the pressure, increasing the temperature or decreasing the pressure at low temper-
atures.

Figure 2.17: The phase diagram of water and the transitions between
the phases for different drying methods. The red point indicates the
initial state of water in the sample at atmospheric pressure and room
temperature and the arrows indicate the paths followed during the dry-

ing process [62]

Oven drying at 105◦C

Oven drying is one of the most used drying methods. The specimen is weighed and
placed into an oven that is set at 105◦C and at atmospheric pressure. The mass of
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the specimen can be monitored periodically to follow the drying process. It is much
quicker than the other techniques and water removal is complete after 24 h of drying
for centimeter-sized specimens.

D-drying

The D-drying apparatus consists of a sealed container connected to a mechanical vac-
uum with a cooled trap (a mixture of solid CO2 and alcohol at T=-79◦C) keeping the
pressure in the system below to 4.2 Pa and at room temperature (refer to 2.17). D-
drying method is believed the most suitable drying technique, assumed to remove
all the water except the chemically bound water and without introducing damage to
the microstructure [20]. The water removed by this technique is refereed to as non-
evaporable water. However, the extraction of water by this method is very slow and
requires 14 days for the water to be completely removed.

Freeze drying

The specimen is placed directly into liquid nitrogen (-196◦C) for five minutes. This
very low temperature of liquid Nitrogen causes water to freeze immediately after im-
mersion without exerting capillary stresses on the pores structure. The specimens are
then placed in a freeze dryer at T= -77.7 ◦C. In these conditions, the ice water is then
sublimated.

Solvent exchange

This method requires replacing the pore solution of hardened cement paste with or-
ganic liquids such as acetone, methanol or isopropanol. Cement paste is crushed
finely and introduced in a large amount of solvent. This solvent has to be renewed
many times. The replacement time depends on the size of the crushed cement grains
and can take minutes to days. The organic solvent is then removed by gentle oven
drying or vacuum drying. It’s gentle drying method recognized for preserving the
pore structure.

2.5.2 Impact of drying methods on the assessment of cement mis-
corstructure

Several comparative studies of different drying techniques were conducted on cement
paste to examine the effect of drying on the microstructure. These previous studies
examined the possible dehydration of hydration products and the changes of the pore
structure for different drying techniques. The usually compared methods in literature
are : Oven drying at 60◦C and 105◦C, vacuum-drying, and freeze-drying , D-drying.
The essential conclusions drawn from the literature are summarized here for each
method separately [21, 62–68].
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Oven drying

It is reported to remove a part of the interlayer water. Hence, it results in an overesti-
mation of the total porosity. It also causes severe and irreversible changes of the pore
structure. Gallé [63] reported that oven drying at 105◦C increases the median pore di-
ameter and overestimates the capillary porosity as shown in Figure 2.18. Regarding
the chemical composition, it has also been shown that oven-drying at 105◦C dehy-
drates ettringite and Afm, and part of the C-S-H [21, 62, 67, 68]. Moreover, samples
dried in oven experience a higher risk of carbonation [64, 68]. The dehydration of
ettringite and Afm plus the enhanced carbonation risk make the use of oven-drying at
105◦C inappropriate for experiments such as XRD, TGA and NMR. Oven drying at
105◦C is far from being the drying method capable of preserving the microstructure.
Oven drying at 60◦C and 40◦C are also common in the literature and are less harmful
to the microstructure. In fact, at this temperature interlayer water is not removed, but
we are not sure to empty all the gel pores. However, some of the risks mentioned
for oven-drying at 105◦C are still relevant, as for instance the ettringite dehydration
(ettringite is unstable for temperatures above 40◦C), and the carbonation risk. Oven
drying either at 105◦C or other temperature is not adequate to stop hydration of non-
mature cement paste as it will accelerate its hydration and hence change the hydration
degree. The SSA estimations obtained from BET experiments on oven-dried samples
at 105◦C show independent variation with the hydration degree, suggesting that oven
drying cannot capture well the changes of SSA (Figure 2.19).

D-drying

TheD-drying asmentioned previously is widely admitted to be a good dryingmethod.
Powers and Brownyard [13] for instance define the total porosity as the porosity eval-
uated by mass loss during D-drying. Jennings however mentioned that D-drying re-
moves some of interlayer water [35]. Furthermore, other recent studies mentioned
that D-drying has the same harmful implications on the microstructure comparing to
oven drying at 105 ◦C [62, 69]. It overestimates the total porosity as it removes part
of the chemically bound water to the C-S-H [62, 69]. It results almost in the same
porosity as oven drying at 105◦C in a CO2 free environment. However, when com-
paring oven drying and D-drying it is found [64] that D-drying is more appropriate
for a specimen treatment before evaluation of the SSA (Figure 2.19).

Freeze-drying

The total porosity obtained through freeze-drying is lower than the porosity measured
by oven-drying at 105◦C. It seems that freeze drying is a suitable technique for drying
a cement based material, especially for a characterization throughMIP [63]. However
it probably introduces some changes at the nanoscale by creating micro-cracks [63,
70]. Also, it is accused for dehydration of ettringite [66, 70, 71]. Korpa et al. [65]
found that freeze-drying is a good for estimating the SSA of cement paste.

Solvent exchange

Solvent replacement is a gentle drying method as a result of the low surface tension of
the organic liquids. However, organic solvents can react with components [72]. For
instance the portlandite is usually consumed by these organic liquids making the use
of this technique inadequate for TGA experiments [68]. In addition to this, solvent



2.5. Drying methods of cement paste 29

Figure 2.18: Comparison of different drying techniques on the pore
structure through the use of mercury intrusion porosimetry after Galle

[63]

molecules sorb into cement components and are not evacuated by simple drying [73].
Furthermore, this method requires sufficient time to enable total replacement of pore
solution by the solvent, making it inaccurate for stopping the hydration at early age.
Regarding the SSA of cement, solvent exchange causes toomuch variation in SSA and
makes it difficult to trust the results obtained for specimens dried by solvent exchange
according to Juenger et al. [64].

Figure 2.19: Comparison of the effect of different drying techniques
on the measurement of specific surface area [64]

The different advantages and drawbacks of each of the above mentioned methods
are summarized in table 2.2. A + grade marks that the drying method is adequate
for use for the mentioned experiments and − grade marks its non-adequacy for the
measurements, the reasons are mentioned above and some extrapolations are done
by comparisons between similar methods in case the information is lacking in the
literature. It can be clearly seen that there is no perfect drying method. The choice
of the drying method has to be done according to each specific and desired property.
However, it seems that if one wants to use one method to assess different properties
freeze-drying is the most suitable to a large number of experimental methods.
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Experiments Drying OD 105(◦C) OD 40/60(◦C) DD FD SE
XRD - - - - +
TGA - - + + -
NMR - - - - +

N2 (SSA) - - + + -
N2 (porosity) - - + + -

MIP - - - + +
WVS - - - + +

Carbonation risk - - + + -
Early age hydration stoppage - - - + -
Mature age hydration stoppage + + + + +

Grade (+) 1/10 1/10 5/10 8/10 5/10

Table 2.2: A global grading of drying techniques regarding the pros
and cons of these methods as reviewed from literature

2.6 Hydration temperature influence on cement paste

The effects of curing temperature on the cement paste hydration, chemical structure,
pore structure and mechanical properties are detailed below.

2.6.1 Chemistry of hydration

The increase of curing temperature results in an acceleration of the precipitation-
dissolution process. The hydration progresses rapidly for higher temperatures and
then reaches a plateau as observed in Figure 2.20 from studies of Escalante et al. [74].
The samples hydrated at lower temperatures process slowly and the hydration evolves
continuously in time and reaches even higher hydration degrees than the pastes hy-
drated at high temperatures. Regarding the chemistry of cement hydration in terms of
the precipitated hydrates, it remains quasi-unchanged for hydration temperatures be-
low 100◦C and almost the same hydrates precipitate [20, 75, 76]. However, there are
some exceptions. For instance, ettringite shows a thermal instability with increasing
curing temperature [75]. Above 40◦C it becomes unstable and converts to mono-
sulphoaluminate. The quantities of the other hydrates (C-S-H, CH) remain constant
at different temperatures in the range of 5◦C and 50◦C according to studies of Lothen-
bach et al. [75]. Above 100◦C, several changes occur resulting in severe deterioration
of mechanical properties with time and an increase of permeability, commonly called
strength retrogression [20, 77, 78]. The phenomena related to strength retrogression
are out of the scope in this study. Regarding variation of the chemical composition of
C-S-H and its density with hydration temperature, Gajewicz [79] investigated using
an approach similar to Muller et al. [50] these properties. The values of the C/(S+A)
ratio, H/S ratio and C-S-H density are presented in Figure 2.21 at different tempera-
tures. Gajewicz [79] didn’t notice any variation of the C/(S+A) ratio under increasing
curing temperature in the range of [10◦C, 60◦C], providing a value of 1.8 of this ratio
which agrees with previous work of Gallucci et al. [80]. The H/S ratio of saturated
C-S-H and solid C-S-H are both decreasing with increasing curing temperature. It is
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Figure 2.20: Hydration degree evolution of cement paste cured at dif-
ferent temperatures [74]

worth mentioning that Gallucci et al. [80] provided previously to Gajewiz [79] values
of H/S ratio at different temperatures but those values accounted for interlayer water
and a part of gel water. The density of solid and bulk C-S-H increases with curing
temperature. The increase of solid C-S-H density was explained by the reduced num-
ber of C-S-H layers forming the globule as the temperature is increased, which is in
agreement with the decrease of H/S ratio. The increase of bulk C-S-H density with
temperature derives mainly form the increase in C-S-H solid density. The densities
of C-S-H were calculated by Gallucci et al. [80] at different temperatures, but the
obtained value at 20◦C of 1.90 g/cm3 were lower than the widely trusted value of
Jennings equal to 2.03 g/cm3. An up-scaling factor was then applied to obtain the
densities of C-S-H at different temperatures as shown in Table 2.3.

(a) C/S Ratio (b) H/S Ratio (c) Density

Figure 2.21: Evolution of C-S-H C/S ratio, H/S ratio and density
with curing temperature for 28 days and 90 days [79], For (a) Red cir-
cles correspond to 28 days of hydration and black squares to 90 days
while for (b) and (c) 28 days (triangles and diamonds) and 90 days old

(squares and circles)

It seems that the morphology of C-S-H is also subjected to change when the curing
temperature increases. Richardson [81] observed that elevated temperatures lead to
a C-S-H with a fine texture of the inner product morphology and particles about half
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T◦C 5 20 40 60
Predicted density (g/cm3) 1.79 1.90 2.04 2.13
Corrected density (g/cm3) 1.91 2.03 2.18 2.27

Table 2.3: C-S-H density estimations [80]

size comparing to that of pastes hydrated at ambient temperature. The particles of C-
S-H have a size of 3 nm to 4 nm. However, the outer product with its fibrillar structure
tend to be much coarser at higher temperatures (refer to Figure 2.22). Richardson [81]
also pointed out that the mean length of silicate chain increases with increasing curing
temperature, a point that was confirmed by other researchers [80, 82, 83]

 
(a) (b) 

Figure 2.22: (a) TEM micrograph observations of Ip and Op for ce-
ment hydrated at 20◦C and (b) at 80◦C [84]

2.6.2 Pore structure of cement paste

The various studies, as found in the literature, agree on the coarsening effect of the
hydration temperature of the cement pore structure [75, 80, 85–87]. The cumulative
pore size distribution of a cement paste hydrated under different hydration tempera-
tures as obtained from MIP shows that the higher the temperature the higher the total
MIP porosity [85]. The changes in the pore structure are more marked in the range
of 20 nm-100 nm showing an increase of the pore fraction associated to these pores
[85]. Gallucci et al. [80] estimated the capillary through SEM image analysis for ce-
ment paste cured at different temperature and hydration degree. Results of Gallucci
et al. [80] show that the capillary porosity is increasing with hydration temperature at
a given hydration degree as shown in Figure 2.23. Gallucci et al. [80] confirm simi-
larly to Bentur et al. [86] and Verbeck and Helmuth [87] that the increase of capillary
porosity with increasing hydration temperature is not the result of limited hydration
degree of pastes cured at high temperatures. Gallucci et al. [80] suggest that the in-
crease of capillary porosity with increasing hydration temperature can be explained
by the increase of C-S-H density. Lothenbach et al. [75] attributed the increase of the
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capillary porosity mostly to the conversion of Aft phases to Afm phases. The latter
being denser, contributes to the increase of capillary porosity. Lothenbach et al. [75]
also mentioned that the denser inner product formed at high temperatures may con-
tribute to this increase of capillary porosity. The more dense and stable configuration
of inner C-S-H with increasing hydration temperature has been reported previously
due to the increasing brightness of C-S-H in backscattered electron images [88–90].
Jennings et al. [91] reported that the increase of curing temperature causes the low
density C-S-H to collapse toward a denser structure with fewer gel pores. Others au-
thors however didn’t notice any difference between inner and outer products based
on analysis of grey level of BSE images [80]. Holly et al. [92] investigated the pore
structure of white cement trough nuclear magnetic resonance and confirmed the in-
creasing amount of capillary porosity. Holly et al. [92] found that after 40 days of
hydration, the relaxation times associated to gel pores are decreasingwith temperature
suggesting smaller gel pores size, while the interlayer space size remains unchanged
due to the constant relaxation times associated to interlayer water with increasing cur-
ing temperature. Gajewicz [79] by the use of NMR on white cement confirmed the
constancy of interlayer-space sizes. The relaxation times associated to gel pores ac-
cording to Gajewicz [79] are increasing with increasing temperature at mature ages
suggesting bigger gel pores.

Figure 2.23: Evolution of capillary porosity with hydration tempera-
ture and hydration degree [80]

2.6.3 Mechanical properties

As presented in different parts of Section 2.6 cement pastes experience various changes
in the microstructure when the hydration temperature is increased. These changes
have a significant impact on the mechanical behaviour of cement paste. The effects
of hydration temperature on the mechanical properties of cement has been widely
studied and presented in the literature [20, 75, 85]. It has been agreed that tempera-
ture increase induces a considerable decrease in the mechanical properties for mature
ages although the rapid development of strength at the start of hydration as observed
in Figure 2.24(a). The rapid initial gain of strength is a result of acceleration of ini-
tial hydration, promoting a rapid formation of phases [16, 75, 85], as explained in
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Section 2.6.1. This trend is confirmed from studies of Bourissai et al. [93] on the
elastic properties of class G cement paste for two different temperatures at early ages.
The results are presented in Figure 2.24(b) and show the continuous increase of the
shear and bulk moduli of class G cement paste with age for both temperatures. Af-
ter 20 hours of hydration the increase of elastic moduli slows down for 60◦C, while
it increases continuously for 20◦C, similarly to the hydration degree evolution. The
elastic properties of cement paste are higher for higher hydration temperatures at early
ages. The results of Bourissai et al. [93] confirm the rapid gain in strength at high
hydration temperatures previously mentioned in the literature [20, 74, 86]. The study
of Bourissai et al. [93] was however limited to early hydration ages (up to one day of
hydration).

(a) (b)

Figure 2.24: (a) Development of compressive strength of a portland
cement for different temperatures [74] (b) Evolution of dynamic elastic
moduli of the class G cement paste with curing age and temperatures:

23◦C (solid symbols) and 60◦C (open symbols) [93]

Regarding the decrease of the mechanical properties, Verbeck and Helmuth [87] sug-
gested that clinker grains are surrounded by a very dense hydrate that prevents further
hydration. The lower hydration degree and the associated highly porous outer product
will result in lowmechanical properties. Verbeck and Helmuth’s statements about the
formation of a denser shell around clinker grains are confirmed by Kjellsen [89] SEM
observations showing a denser inner product surrounded by a highly porous outer
product at elevated curing temperatures. However, attempts to relate the decrease of
mechanical properties to the limited degree of hydration of pastes cured at high tem-
peratures are shown to be inconsistent [86]. Figure 2.25(a) shows that the compressive
strength of cement paste for a given hydration degree is lower for high hydration tem-
peratures. Figure 2.25(b) shows that Compressive strength-capillary porosity curves
of cement paste cured at different temperatures are not identical, suggesting that the
capillary porosity increase with increasing hydration temperature cannot explain the
decrease of mechanical properties [86]. Lothenbach et al. [94] attributed the decrease
in mechanical properties to the increase of capillary porosity. Zacak et al. [95] plot
the compressive strength versus the non-evaporable water of cement [95] as shown in
Figure 2.26 in order to gain insight on the origins decreasing mechanical properties
of C3S pastes. It is shown that the higher the temperature the lower the mechanical
properties for a specific value of non-evaporable water. Moreover, the compressive
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(a) (b)

Figure 2.25: Evolution of cement paste strength with (a) the hydration
degree and (b) the capillary porosity [86]

strength is increasing with the quantity of non-evaporable water with a more or less
similar trend for different hydration temperatures. Zacak et al. [95] suggested that the
hydration products formed at latter ages contribute similarly to the mechanical prop-
erties. The origin of the observed differences in mechanical properties are mainly due
to the products formed at early hydration stages.

Figure 2.26: Evolution of the compressive strength of C3S pastes with
their percentage of non-evaporable water at different temperatures [95]
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2.7 Micromechanical modelling and upscaling meth-
ods

The homogenization procedures deal with the heterogeneous and composites mate-
rials and aim to define a homogeneous medium that has the same averaged macro-
scopic properties [96–98]. These homogenization procedures are particularly impor-
tant for the studying of cement paste. For instance, the cement paste microstructure
and mechanical properties are sensitive to various parameters and hydration condi-
tions (i.e, cement composition, W/C, age of maturation, temperature, pressure, super-
plasticizers, etc). The complete poro-mechanical characterization of these parame-
ters is often conducted using drained, undrained and unjacketed isotropic compres-
sion tests [3] which are time consuming because of the low permeability of cement.
The homogenization procedures offer the possibility to investigate cement based ma-
terials and to examine the various parameters that might influence their mechanical
behaviour [9, 40, 96, 98]. To predict mechanical properties micromechanical mod-
elling requires a detailed description of the microstructure components in terms of
volume fractions, mechanical properties and geometry. In the following, we present
the theoretical background of the homogenization method, different microstructure
representations of cement used for micromechanical modelling together with their
respective applications. We also discuss the influence of the geometry of phases on
the determined mechanical properties of cement.

2.7.1 Theoretical background of micromechancial modelling

Cement is a multiscale heterogeneous and porous material that exhibits different me-
chanical properties at different scales. Continuummicromechanics permits to address
this scale difference and provides insights on the averaged mechanical properties of
the cement paste. It is required to define a statistically homogeneous material with a
representative elementary volume (REV) of size l. The REV has to be small enough
compared to the size of the structure L and representative enough compared to the
size d of the heterogeneities, yielding to d � l � L the so-called scale separation,
an important criterion for the REV. Theoretical basis for the homogenization method
and its main equations are recalled briefly in the following. A detailed derivation
of equations can be found in [9, 11, 12, 97, 99] The micro-elasticity equations are
derived from an REV submitted to a homogeneous strain boundary condition. The
tensor of the overall effective moduli of the heterogeneous porous material Chom, is
given as:

Chom = 〈c : A〉V =
n∑
r=1

frcr 〈A〉Vr (2.8)

Where 〈A〉Vr is the average over the volume Vr of the strain localisation tensor of the
phase r and cr is the tensor of elastic moduli of different solid phases. In the isotropic
case Chom, 〈A〉Vr and cr can be reduced to the following:
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Chom = 3Khom
d J + 2GhomK (2.9)

cr = 3krJ + 2grK (2.10)

〈A〉Vr = AvrJ + AdrK (2.11)

J is the volumetric part of the fourth-order symmetric unit tensor I andK = I− J is
the deviatoric part. Where I is defined as Iijkl = 1/2 (δikδjl + δilδjk) and δij stands
for the Kronecker delta. Khom

d andGhom are the homogenized bulk and shear moduli
of the overall material, kr and gr are the bulk and shear moduli of the solid phase and
Avr and Adr are volumetric and deviatoric strain localization coefficients. The strain
localisation coefficients depend on the geometry of the inclusion. For an Eshelbian
typemorphology [100], i.e. an ellipsoidal inclusion embedded in a referencemedium,
Avr andAdr are estimated assuming the isotropy of the local and the reference medium
and a spherical shape of particles following Eqs (2.12,2.13,2.14) as given by [96]:

Avr =
(1 + α0 (kr/k0 − 1))−1∑

r

fr (1 + α0 (kr/k0 − 1))−1 (2.12)

Adr =
(1 + β0 (gr/g0 − 1))−1∑

r

fr (1 + β0 (gr/g0 − 1))−1 (2.13)

where α0 and β0 are given in the following for spherical inclusions:

α0 =
3k0

3k0 + 4g0

; β0 =
6 (k0 + 2g0)

5 (3k0 + 4g0)
(2.14)

with k0 and g0 are respectively the bulk and shear moduli of the reference medium.
The choice of the reference medium in Eqs (2.12) and (2.13) and the used homoge-
nization scheme are mutually conditioned. One can distinguish two different homog-
enization schemes commonly applied for cementitious materials:

• The Mori-Tanaka scheme [101] where one phase can be identified as a matrix
in which inclusions are embedded, and is supposed to play an important mor-
phological role. This scheme supposes that inclusions do not interact with each
others, which makes it appropriate for composite materials with small fractions
of inclusions and where the matrix has the leading mechanical behaviour.

• The Self-consistent scheme identifies the matrix as the homogenized medium
[102, 103]. The matrix properties are unknown in advance and are assessed
through iterations. This model is adapted for materials where no element has
the leading morphological role. It appears suitable for cementitious materials
and has been used for various studies of cement pastes [9, 40].
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2.7.2 Microstructure representation and application of homoge-
nization method

As seen in previous sections of this chapter, the cement is a multiscale porous mate-
rial that contains constituents with sizes ranging from some micrometers (capillary
pores) to some nanometres (C-S-H particles). This imposes an homogenization of
mechanical properties over different scales depending on the adopted microstructure
representation. In the following are summarised some of the microstructure repre-
sentations that have been used to describe the cement paste at different scales, the
used homogenization scheme, the morphological assumptions and the applications
they are used for.

Costantinides and Ulm [39] considered the porous C-S-H as a matrix where port-
landite and clinker phases are enclosed as inclusions, which supposes a Mori-Tanaka
scheme. The properties of the porous C-S-H matrix are obtained through a self-
consistent homogenization of HD C-S-H inclusions ingrained in the LD C-S-H ma-
trix. A spherical geometry is considered for all phases (refer to Figure 2.27). The
micromechanical model based on this REV is used combined with nanoindentation
experiments to investigate the effect of the two C-S-H types on the drop of elastic-
ity caused by calcium leaching. Nanoindentation tests enabled estimating the elastic
moduli of the HD and LDC-S-H and their volume fractions with respect to the C-S-H.
The determined elastic properties of the two C-S-H types are used in a micromechan-
ical model to highlight the mechanism of the decrease of elastic properties of cement
paste caused by calcium leaching. It is suggested that the drop of elasticity of ce-
ment due to calcium leaching is the combined action of the increase of porosity due
to portlandite dissolution and the loss of C-S-H elasticity resulting from its decal-
cification. They pointed out that the effect of decalcification is more significant on
the loss of elasticity than the increase of porosity. Bernard et al. [40] used a similar
micromechanical model for predicting elastic properties of hydrating cement paste
but considered a Mori-Tanaka scheme for the two homogenisation steps. Ghabezloo
[9], used also the microstructure representation proposed by Bernard et al. [40] but
considered the self consistent scheme for the two homogenisation steps. A particular
aspect of the model proposed by Ghabezloo is that the HD C-S-H phase is consid-
ered to be in undrained conditions as highlighted by experimental investigations of
Ghabezloo et al. [3]. This micromechanical model is used for the extrapolation of
the elastic and poro-elastic properties of a cement paste for different water to cement
ratio and different chemical compositions [9, 10]. Sanahuja et al. [52] consider ce-
ment paste made up of clinker grains surrounded with a layer of denser inner product,
ingrained in a matrix of low density C-S-H intermixed with capillary pores and used
a Mori-Tanaka scheme for the homogenization of cement paste. The C-S-H gel and
the C-S-H foam are homogenised through the self consistent scheme. A particular as-
pects of this model is the C-S-H particle shape which is supposed to be platelet-like
(Figure 2.28). This model is used for predicting the elastic properties of hydrating
cement paste.

Pichler and Helmich [104] modelled cement paste and mortar over three scales. The
first two scales as presented in Figure 2.29 concern the homogenization of cement
paste. The first step consists in an homogenization of a hydrate foam formed by
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Figure 2.27: Representation of cement paste REV after Costantinides
and Ulm [39]

Figure 2.28: Representation of cement paste REV after Sanahuja et
al. [52]

hydrates of a needle shape intermixed with spherical capillary pores and air voids
through the self-consistent scheme. In a second step, spherical clinker grains embed-
ded in the hydrate foam are homogenized through a Mori-Tanaka scheme to get the
properties of cement paste. Pichler et al. [105] investigated through this model the ef-
fect of gel-space ratio and microstructural evolutions on the strength development of
hydrating cement paste. In the different microstructure representations presented here
different morphological aspects of inclusions were assumed, while some considered
a spherical shape for hydrates [10, 39, 40], others regarded hydrates as needle-shaped
[104, 106] or as platelets [52]. Stora et al. [107] and Pichler et al. [108] investigated
the effect of the inclusion shapes on the micromechanical modelling of cement pastes
properties. It is concluded that the spherical shape (infinite aspect ratio) lowers the
apparent elastic stiffness of cement paste comparing to an acicular shape (aspect ratio
of 1) [108]. The difference between predicted stiffness of acicular and spherical hy-
drates increases with increasing water to cement ratio and decreases with increasing
hydration degree as seen in Figure 2.30. Pichler et al. [108] suggest that adopting a
simple spherical shape for hydrates yields good estimates of elastic stiffness for ma-
ture cement pastes or cement pastes with lowW/C. However, a cigar-like morphology
seems more rational when modelling the properties of cement at early age. Stora et al.
[107] compared the effect of inclusion shapes on modelling the properties of sound
and leached cement paste [107]. While spherical inclusion shape yields good esti-
mates of sound cement properties, it has an essential impact on leached cement paste,
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Figure 2.29: Representation of cement paste REV after Pichler and
Helmich [104, 105]

which strengthens the evidence of approaching the shape of portlandite by more re-
alistic morphologies for non-sound cement paste.

Figure 2.30: Predicted bulk modulus for drained cement paste at dif-
ferent W/C ratios using micromechanical modelling with different as-
sumptions on hydrates shapes. Adapted from Pichler et al. [108]
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2.8 Conclusions and knowledge gaps

This chapter introduced the variable aspects related to cementitious materials that are
going to be used and discussed in this thesis. After a presentation of the leading hy-
dration mechanisms, the different schematic and quantitative models describing the
C-S-H structure have been presented. The available methods to dry cement pastes
destined to various experiments are compared and their limitations and drawbacks
are pointed out. A review of different findings regarding the effect of hydration tem-
perature on cement microstructure has been presented and the trends of the main
properties influenced by the hydration temperature were highlighted. The tempera-
ture has a significant influence on the microstructure of cement and its mechanical
properties. It leads to an increase of the C-S-H density and an increase of the cap-
illary porosity. It also results in some changes in the phase assemblage. All these
changes cannot be quantified with the quantitative models of volume assemblage of
Tennis and Jennings [14] or Powers and Brownyard [13] due to dependency of these
models parameter on hydration temperature. Although the effect of temperature on
the cement paste has been studied previously [75, 79, 80] an accurate quantitative
evaluation of the microstructure is lacking, especially for a class G cement. For in-
stance, evaluation of the C-S-H density, chemical composition and the related volume
assemblage at different curing temperatures provided by recent studies of Gajewicz
[79] concerns white cement paste. The complete characterization of the C-S-H pore
structure in terms of HD and LD products at different hydration temperatures is also
missing. These two limitations, concerning the volume assemblage and pore struc-
ture of cement explain the limited study of the effect of hydration temperature on
cement paste mechanical properties though micromechanical modelling. Moreover,
the origins behind the drop of elastic properties of cement with the increase of hy-
dration temperature are conflicting. While some explains that this decrease in elastic
properties is due to the increase of the capillary porosity [1, 20, 43], others showed
that capillary porosity is a controlling factor but cannot fully describe the decrease of
mechanical properties [86]. Further studies are needed, and this thesis is placed in the
context of increasing the understanding of the effect of temperature on the evolution
of cement based materials.

—————————————————————————-
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Chapter 3

Materials and methods

3.1 Introduction

This chapter is dedicated to the tested material and the experimental methods. The
characterization of the microstructure is done by a combination of several methods.
The chemical composition is investigated throughX-Ray diffraction (XRD) combined
with the Rietveldmethod, thermogravimetry analysis (TGA) and 27AlNMR. The pore
structure of hardened cement paste in this study is done by a combination of mercury
intrusion porosimetry (MIP), Nitrogen and water vapor sorption (WVS) , 1H nuclear
magnetic resonance (1H NMR). The macroscopic elastic properties of cement are
evaluated through uniaxial compression tests.

The experimental methods used to probe cement microstructure are sensitive to dry-
ing methods. A comparison of some of these techniques is presented with the use of
XRD, TGA, NMR, MIP, WVS.

—————————————————————————-
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3.2 Materials

The cement used in this study is a class G HSR (High Sulphate Resistant) cement
provided by CBC company. This cement type has a specific chemical composition
adapted for the use in oil-well constructions , water-wells and pipelines. The complex-
ity of these constructions and the challenging conditions of temperature and pressure
require controlling the thickening time, having a low viscosity, ensuring high resis-
tance to aggressive environment, a high durability, and finally reduced segregation.
API requirements for the chemical composition of this cement and physical properties
are presented in Table 3.1.

Chemical composition Physical properties
Component Wt % Required property Condition
Loss on ignition 3.0% Free fluid (ml) ≤ 3.5
Insoluble residue 0.75% Compressive Strength
MgO ≤ 6.0% 8h, 38◦C at 105 Pa ≥ 2.1Mpa
SO3 ≤ 3.0% 8h, 60◦C at 105 Pa ≥ 10.3Mpa
C3S ≤ 65%,≥ 48% Thickening time (to 100 Bc) ≤ 120 ≥ 90
C3A ≤ 3.0% consistency after 30 min ≤ 30Bc
C4AF+2 *C3A ≤ 24%
0.658*K2O+Na2O ≤ 0.75%

Table 3.1: API cement composition requirements and physical prop-
erties for a class HSR cement [109]

The phase composition of the tested cement clinker, obtained through XRF and also
XRD combined with Rietveld Analysis are given in Table 3.2: The cement paste sam-

Chemical composition XRF XRD - Rietveld
Main oxides Wt % Phase Name Wt %
SiO2 19.14 C3S Monoclinic 57.02
CaO 67.28 C2S Beta 22.83
Al2O3 2.93 C3A Cubic 1.33
Fe2O3 3.73 C4AF 15.30
MgO 1.43 Gypsum 0.85
SO3 2.5 Periclase 0.87
Na2O 0.54 Calcite 0.65
TiO2 0.40 Vaterite 0.88
LOI 2.40 Aragonite 0.27
K2O ns Quartz ns
ns: non significant

Table 3.2: Chemical composition of clinker from X-ray diffraction
and Rietveld analysis

ples were prepared using a water to cement ratio of 0.44 according to the standard API
requirements. Themix design of cement and the different used additives are presented
in Table 3.3: The used water was distilled and degassed to remove different impuri-



3.3. Experimental methods 45

Phase Mass (g)
Cement 783.53
Water 339.54
Anti-foaming (D047) 6.27
Dispersant (D604AM) 9.47
Anti-settling (D153) 1.18

Table 3.3: The mix design for the preparation of 600 ml of cement
slurry with a w/c = 0.44 and and density=1.90 g/m3

ties and air bubbles from the water. The water is mixed with the anti-sedimentation
powder for 5 minutes at a velocity of 4000 rpm. The anti-foaming and the dispersant
are then added successively and mixed for another 20 seconds. Finally, the cement
powder is added and mixed for 35 seconds at 12000 rpm. After mixing, pastes were
cured for different periods (1, 3, 7, 14, 28, 120 days) at different temperatures (7◦C,
20◦C, 40◦C, 60◦C, 90◦C), under lime-saturated water in sealed containers to avoid
water evaporation and carbonation of specimens.

3.3 Experimental methods

3.3.1 X-Ray diffraction analysis

X-Ray diffraction

The X-Ray diffraction or XRD is an outstanding tool used extensively to study the
structure of crystalline materials and determine their composition. A typical exper-
iment corresponds to bombing the material with a beam of X-rays. This causes the
material to diffract the incidents rays in many directions characterized with angles.
The experiment results in a list of angles and their associated intensities. The angles
(or peak-positions) characterize the cell symmetry and size, and the intensities inform
on the atomic distributions of atoms and are also related to the weight of the phase.
The X-Ray diffraction has been widely used for the characterization of cementitious
materials and the identification of the different hydration phases while varying the
hydration conditions. In this study the XRD is used to determine the mass fractions
of cement pastes hydrates and clinker phases.

The samples ground and sieved through the 32 µm mesh. Then, they have been
mounted on sample holders by top loading passing through a 200 µm mesh to avoid
segregation and preferred orientation. The surface of samples was cut off using a
thin blade in perpendicular directions to avoid preferred orientation (PO) and mini-
mize sample surface roughness. This preparation method has been shown to be less
sensitive to preferred orientation than the ordinary compaction of samples [110].

The X-Ray patterns were obtained on a D8 advance diffractometer from Bruker op-
erating at 35 kV and 40 mA, using CoKα (1.79 A) radiation at an angular step of
0.01◦C per second between 3.0 ◦ and 80◦ [2θ] angles. The EVA software coupled
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with the ICDD pdf-2 database enable the identification of the major phases present
in the material.

Rietveld method

A quantitative analysis of the mineral phases identified with the X-ray diffraction pat-
tern can be done using the Rietveld method. This method is based on a simulation
of the whole XRD profile as a combination of the profiles of several single mineral
phases. This is done by refining the structural parameters (lattice parameters, atomi-
cal positions and displacement parameters) and microstructural parameters (crystal-
lite size and strain) of considered phases [111–113]. The refinement program adjusts
the above-mentioned parameters in order to minimize the residual differenceRwp be-
tween the simulated profile yci and the measured one yi using a non-linear least square
algorithm [112]. The main equation used in the Rietveld refinements and the residual
difference are given below:

yci =
∑

p
[Sp]

∑
k
pkLkF

2
kG(2θi − 2θk)Pk + ycbi (3.1)

Rwp =
∑

i
Wi(yi − yci)2 (3.2)

where yci is the calculated intensity at a 2θ position and ycbi is the background in-
tensity at the ith step. Sp is the scale factor of the pth phase, Lk is the Lorentz and
polarization factors for the kth Bragg reflection. Fk is the structure factor, pk is the
multiplicity factor, Pk is the preferred orientation function, θik is the Bragg angle for
the kth reflection, G(2θi− 2θk) is the profile function andWi is a weight factor taken
equal to Wi = 1/yi. For further details about the development of the equations of
the structure factor and the profile function, one can refer to [111–115]. Compared
to the single peak analysis method for phase quantification, the Rietveld method has
the advantage of overcoming the peak overlap [112].

The difficulty in using the Rietveld method for hydrated cement pastes is related to
the presence of poorly crystalline calcium silicate phases. This amorphous content
yields to an increase of the hydrates mass fractions. This problem has been widely
mentioned in the literature [111, 116]. Two-methods permit removing the contribu-
tion of amorphous material to crystalline phases: Internal and external method [117].
In this study the internal method has been used that requires the addition of a defined
quantity of a standard material to the sample. The quantity of added standard mate-
rial being known, the quantities of the other phases can hence be corrected [118–120].
We choose Corundum (1 µm particle size powder) as an internal standard because of
its non-reactivity with dried cement and adequacy in terms of absorption contrast for
hydrated cement [68, Chapter 4]. 50%−50% binary mixture of dried cement powder
and Corundum was prepared following previous works [112, 121]. It should be men-
tioned that the Corundum has been added to the hardened cement paste after drying
and grinding.
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Refinement procedure

All Rietveld refinements reported in this study are done using commercial Topas 4.2
software. The refined parameters are the zero error, scale factors, lattice parameters,
the preferred orientation according to theMarch Dollase model. The atomic positions
and site occupancies of phases were kept fixed, except for C4AF where a variable oc-
cupancy of aluminium and iron on tetrahedral and octahedral sites is expected [118].
The background has been described with a Chebyshev polynomial of the fifth order
accompanied with the term 1/X. The considered phases in Rietveld refinements of
hydrated cement pastes and their parameters are listed in Tab. 3.4.

The Rietveld refinement and the XRD experiments are used in this study to quantify
the mass fractions of different hydrates and the hydration degree of clinker phases for
various conditions of curing.

Phase Formula Crystal system density
Alite C3S Monoclinic/M3 Nishi et al. [122] 3.15
Belite C2S Monoclinic/β Mumme et al. [123] 3.27
Aluminate C3A Cubic 3.01
Brownmillerite C4AF Orthorombic 3.73
Portlandite CH Rhombohedral 2.24
Calcite CC̄ Rhombohedral 2.71
Ettringite C6AS̄3H32 Hexagonal 1.78

Table 3.4: Phases of cement microstructure considered in Rietveld
refinements for hydrated cement pastes

3.3.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique in which themass of amaterial sub-
mitted to a progressive heating is monitored as a function of temperature. It shows
how the mass of a substance is altered due to changes of temperature. The mass differ-
ence is a result of degradation of the material, removal of moisture and the oxidation
of components. A typical experiment corresponds to heating up a sample from room
temperature to 1250◦C at a fixed rate. It is widely used for the study of cement pastes
to measure the bound water and the portlandite content. For ordinary cement pastes,
we can distinguish three majors weight losses in TG and DTG curves (respectively,
mass loss curve as a function of temperature and its derivative) associated to different
reactions [124]:

• Up to 300◦C: Dehydration of C-S-H and aluminates

• 400◦C-550◦C: Dehydroxylation of CH

• Above 600◦C: Decarbonation of CaCO3

It is a complementary method to XRD as it is able to detect amorphous phases. Fur-
thermore, it seems more appropriate than XRD for measuring the portlandite content
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for several reasons. First of all, the portlandite decomposition occurs in a unique in-
terval. Secondly, TGA is able to detect even amourphous portlandite. Finally it is not
sensitive to the preferred orientation as XRD [20, 68]. To quantify the total amount
of portlandite the following expression is used [125, 126]:

fmCH = LCH
MCH

MH2O

+ LCaCo3

MCH

MCO2

(3.3)

where fmCH is the mass fraction of CH andMX the molar mass ofX . LCH and LCaCo3

are the weight losses attributed to CH and CaCO3 in their respective decomposition
temperature domain. The first term accounts for the dehydroxylation of portlandite
and the second term accounts for the carbonation of a certain quantity of portlandite,
assuming that all the formed calcite is due to the portlandite carbonation. This car-
bonation process is supposed not to occur during TGA analysis under a nitrogen en-
vironment, but we suppose that the formation of calcite during the grinding process
and preparation of material to XRD and TGA experiments is inevitable [68].

The quantification of C-S-H is quite difficult with this method as C-S-H, Aft and Afm
phases loose their water in the same temperature range. Furthermore, the quantifica-
tion of C-S-H relies on the knowledge of its molar mass and the number of water
molecules in a C-S-H particle, which are not generally known and vary with the hy-
dration conditions. The TGA experiments in this study are essentially destined to the
evaluation of water bound to the C-S-H after drying and the assessment of portlandite
content.

The experiments are carried out using a Netzsch Thermal Analyzer STA 409. Around
160 mg of powder is placed in a platinum crucible and heated up to 1250◦C at a rate
of 10◦C/min under a nitrogen flow of 80 ml/min to prevent samples carbonation.

3.3.3 Mercury intrusion porosimetry

Mercury porosimetry (MIP) is a widespread tool for characterizing the porous struc-
ture of materials. The high surface tension of mercury opposes its entry into the
pores, making it a non-wetting fluid. When increasing the pressure, the mercury is
forced into the pores with an entry size depending on the applied pressure. Assuming
a cylindrical pore geometry, the applied pressure can be related to equivalent pore
sizes using the Washburn equation given below [21]:

PHG =
4γcos(θ)

d
(3.4)

Where d is the pore diameter in (m), γ is the surface tension of mercury (0.485 N/m),
θ the contact angle between mercury and the pore surface. θ = 130◦ is commonly
adopted for cement based materials [127–130] and is used in this work. The Wash-
burn relation permits to evaluate the pore entry size corresponding to each pressure
level (increased progressively) and to obtain a pore volume-pore size curve. It should
be noted that the application of MIP for the characterization of the pore volume of
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cement based materials has been often criticized in the literature (e.g. [131]) and
its limitations have been pointed out. The most important failure of the MIP can be
illustrated in Figure 3.1. In fact in situation (a) in Figure 3.1, the Washburn model
will detect both pore sizes and their relative pore volumes. However, in situation (b)
(Figure 3.1) it will assign all the intruded pore volume of large and small pores to
the pore size of the small pore. Furthermore, situation (b) is very frequent in cement
paste due to the so called ink-bottle effect that is often invoked to explain the hysteric
behaviour of water or nitrogen sorption isotherm. This failure of theWashburn model
will results in a wrong determination of the pore sizes and an underestimation of the
volume of macropores attached to smaller pores. However, for capillary porosity esti-
mations, other available methods for instance NMR [50] and SEM [80] have also their
own limitations and give capillary porosity estimations which are sometimes lower
than expected values. The MIP will be used in this study to investigate the capillary
domain of porosity within a cement paste. Its limitations are going to be examined
and argued. Specimens destined to MIP testing were freeze-dried prior to testing.

Figure 3.1: Illustration of (a) a small cylindrical pore connected to
the exterior through a large cylindrical pore and (b) a large cylindrical

pore connected to the exterior through a small pore

The porosimeter used in this study is an AutoPore IV 9500 fromMicrometrics reach-
ing a maximum pressure of 230 MPa corresponding to a pore size of 6 nm.

3.3.4 Sorption isotherm

Nitrogen sorption

Nitrogen adsorption and desorption (NAD) is a prominent method for studying the
pore structure of materials. It has the advantage to cover the range of radii between
1 nm and 60 nm. The principal of the method relies on recoding the amount of ad-
sorbed or desorbed nitrogen at different relative pressures, yielding a nitrogen adsorp-
tion/desorption isotherm. It usually serves determining the specific area of cement
pastes and to study its porosity. The results of Nitrogen porosity and surface area
measurements present some challenges in their interpretation when compared to re-
sults of water vapor sorption for instance [21]. Despite these complications in the
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interpretation, the NAD experiments if interpreted properly, can provide useful infor-
mation about the cement pore structure. NAD experiments require pretreatment of
tested samples to enable adsorption of the Nitrogen. Yet, NAD experiments are very
sensitive to the drying method and results vary depending on the amount of moisture
removed by each drying methods [22, 64]. Among various drying methods compared
in the study of Juenger et al. [64], the D-drying seemed the most consistent and re-
liable. The Freeze-drying however wasn’t considered in the study of Juenger et al.
[64]. Korpa et al. [65], showed that freeze-drying is preferred to D-drying and other
commonmethods. In this study , we use freeze-drying to treat the specimens destined
for BET experiments.

Water vapor sorption

Water vapor sorption isotherms correspond to the plot of water content of a mate-
rial against the relative humidity RH. The water sorption isotherms were collected
here through the gravimetric method. The experiments correspond to equilibrating
specimens in a sealed desiccator at a given relative humidity. The RH within a des-
iccator is controlled by saturated salt solution in isothermal conditions (T= 20◦C) as
described in Table 3.5. Specimens destined to water vapour sorption were wet sawed
from cylinders cured under water in sealed conditions to prevent external pre-drying
and carbonation. Thin specimens of 4 to 5 mm of thickness were prepared in order to
reach equilibrium within a reasonable time [132, 133]. The samples are equilibrated
at a given relative humidity for at least six months, and then a step by step adsorption
curve is collected. A measure of the sample weight before (msat) and after (mdry)
placing it in the desiccator is primordial in order to assess the saturation degree Sr of
the sample for each relative humidity (RH) as giving by the equation below:

Sr(RH) = 1− (msat −mdry(RH))/ρw

φtotalmsat/ρCP

(3.5)

where ρCP, ρw and φtotal are respectively the saturated cement paste density, the water
density and the cement total porosity. It can be seen that the evaluation of the Sr
reposes on the determination of the total porosity of the sample. In the experiments
related to water vapor sorption, drying at 105◦C is commonly used to evaluate cement
total porosity [134, 135]. Baroghel-Bouny [132, 133] however preferred drying at 3%
that helps avoiding the less controlled environment of Oven-drying. In this study we
collect two adsorption isotherm. The first one is conducted on an oven-dried specimen
at 105 ◦C. The second one is acquired by adsorbing the water vapor starting from a
relative humidity of 11 %RH.

BJH method

The pore size distribution of materials can be obtained from the isotherm sorption
through the derivation of the cumulative pore volume with respect to the pore size.
Several algorithms exist for the extraction of pores sizes. Among these algorithms
the BJH (Barrett Joyner Halenda) method [136] is the most used for determining the
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Saturated salt solution
Name Formula Relative Humidity

Lithium chloride LiCl 11%
Potassium acetate CH3CO2K 20%

Magnesium chloride MgCl2 33%
Potassium carbonate K2CO3 44%
Magnesium nitrate MgN2O6 55%
Sodium chloride NaCl 75%

Ammonium sulfate (NH4)2SO4 81%
Sodium sulfite Na2SO3 95.5%

Table 3.5: Relative humidity controlled by saturated salt solutions at
ambient temperatures

pore size distribution. The basic equation used for the extraction of pore sizes is the
Laplace-Kelvin equation. This equation determines the radius of a cylindrical pore
into which capillary condensation occurs at a relative pressure. For a cylindrical pore
the Laplace-Kelvin equation can be written as follows:

rk = −2γ Vm cos(θ)

RT ln(RH)
(3.6)

Where γ is the surface tension at the liquid–vapour interface, Vm is the molar volume
of the liquid, θ is the contact angle between the liquid and the pore wall, R is the gas
constant, and finally T is the temperature.

However, Laplace-Kelvin equation ignores the fact that adsorption inside the pore is
not only caused by capillary condensation, but also by adsorption on the pore walls as
presented in Figure 3.2. In a similar manner, it ignores the adsorbed film that remains
on the pore walls while the capillary condensate evaporates during desorption. The

Figure 3.2: BJH model: the coexistence of capillary condensate and
an adsorbed film within a cylindrical pore [132]

BJH method tries to correct this shortcoming of Laplace-Kelvin equation. In this
method the Laplace-Kelvin equation is corrected by the addition of the film thickness
t to the pore radius determined by the Laplace-Kelvin equation rk to get the real pore
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size of the pore rp:
rp = rk + t (3.7)

where t is the thickness of the adsorbed film. The thickness of this film vary with the
relative pressure and the adsorbate and can be determined either experimentally [137,
138] or from theoretical calculations [21]. Experimental statistical thickness curves
provided by Badmann et al. [138] and Hagymassy et al. [137] are very relevant for
cement paste [132, 139] and provide comparable results. In this study the t-curve is
taken from the experimental work of Hagymassy et al. [137]. The main equations of
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Figure 3.3: The thickness curve after Hagymassy et al. [140]

the BJH method are presented in the following after Llewellyn et al. [141]. The pore
radius of a dried pore at a certain step is the average of the pore radii in contact with
the non-wetting fluid between the start and the end of the step 3.8:

rp,n =
(rp,n + rp,n−1)

2
(3.8)

Regarding the distribution of adsorbate in pores, the removed moisture δVp,n is the
sum of water from pores emptying from their capillary condensate and the water from
the decrease of the film thickness as the relative pressure is lowered as presented in
Figure 3.4 and recapitulated by Equation 3.9 [136].

δVp,n = (
rp,n

rp,n − tn
)2(δVl,n − δtn[

n−1∑
i=1

∆ap,i(1−
tn
rp,i

)]) (3.9)

where ∆ap,i =
2δVp,i
rp,i

. This results in the cumulative surface area ap,cum =
n∑
i=1

∆ap,i
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and the cumulative pore volume Vp,cum =
n∑
i=1

∆Vp,i and also in the pore size distribu-

tion.

Figure 3.4: The first desorption steps of BJH model [141]

3.3.5 Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful observation method of the ce-
ment microstructure. The sample is subjected to a beam of electrons that colloid with
atoms of the matter. These collisions generate signals that are detected and used to
form the image. Different types of signals are generated depending on the nature of
the collisions. The BSE signal (backscattered electrons) that will be used here are in-
formative on the atomic number of the atoms in the sample. Hence, the intensities of
BSE report the contrast of the chemical composition of the tested material. It essen-
tially permits a visual identification of cement hydrates. We can distinguish within a
cement paste between anhydrous clinker, portlandite, C-S-H and the pores as seen in
Figure 3.5. It also gives an idea about the pore sizes and voids distribution. However,
this technique has its limitations as well. It is not capable of detecting the smallest
pores below 100 nm. It can only provide an idea about the very wide pores. Fur-
thermore, the polishing procedure to make a flat surface prior to the analysis, induces
cracks and overestimates the observed porosity. The evaluation of the porosity from
the grey level of the image is another challenge in the use of SEM. The SEM-BSE
images in this study are used for a visual identification of hydrates distribution and
qualitative study of the pore structure.

Samples for SEM & BSE observations were impregnated in an epoxy resin (Figure
3.6) and kept under vacuum for 24 hours. They were then polished by decreasing the
diamond powders diameters down to 1 µm. The samples then were vacuum-dried
gently for 1 hour to remove the free water. Environmental scanning electron micro-
scope (Env. SEM, Quanta 400from FEI company) coupled with energy dispersive
X-ray spectrometry (EDX from EDAX company) are used to observe the microstruc-
ture of cement cured at different temperatures at an accelerating voltage of 15 kV.
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Figure 3.5: A typical BSE image on a hydrated cement paste[68]

Chemical X-ray microanalysis was carried out using a PGT Si(Li) energy dispersive
spectrometer (EDS).

Figure 3.6: A sample impregnated in an epoxy resin prior to polishing

3.3.6 Nuclear magnetic resonance NMR

Basics of NMR method

1H Nuclear magnetic resonance has proved to be a powerful non-destructive and non-
invasive method for probing the water state in cement materials [49–51, 142–146].
The analysis of relaxation curves of cement water is of particular interest as it provides
insight on the pore structure of cement, even de smallest pores that are not accessible
to Nitrogen andMercury intrusion. The nuclei of an atom is assimilated to a spherical
charged particle that possesses a kinetic moment (I) andmagnetic moment (µ) related
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to each other with the equation below:

µ = γI (3.10)

where γ is the gyromagnetic ratio. The spins of nuclei (magnetic moment) in the
absence of an external magnetic field are oriented randomly. However, when they are
exposed to a strong magnetic field B0, the spins align themselves to the direction of
the magnetic field. They precess around the axis defined byB0 at a defined frequency
called the Larmor frequency equal to ω0 = γB0. The 1H nuclei has a quantum spin
number I = 1

2
. This spin number defines the number of orientation states of a spin.

For instance, for 1H two energy states (21
2

+ 1) can be defined: spin up state “parallel
to the magnetic field” and spin down “antiparallel to the magnetic field”. After the
application of a static external field the number of spins in the upper energy level is
slightly lower than that of the spins in the inferior energy level. The excess of spin in
one energy state results in an excess of magnetization in the direction of the applied
field B0 (Figure 3.7(a)). After this step called polarisation (subjecting the matter to
a static magnetic field), the net magnetization created along the Z-axis due to the
energy difference between the states up and down can be handled in order to create
other phenomena [21, 68, 147]. The application of another electromagnetic radiation
B1 oscillating perpendicular toB0 at the Larmor frequency ω0 tips the magnetization
away from the z-axis. The spins are now spinning around B0 and B1 (Figure 3.7(b)).
This oscillating field disturbs the equilibrium between the two energy levels. When
the oscillating field is halted the initial distribution of spins up and down is regained,
the process of regaining the equilibrium consists in releasing energy ’relaxation phe-
nomenon’. The relaxation phenomenon occurs because an excess of energy and phase
coherence are given to a nuclei by the application of an external field [21, 68, 147]. It
consists of a release of the adsorbed energy and the return to equilibrium. It leads to
the irradiation of a signal that is called NMR signal and which contains the invaluable
information about the pore structure. More details on the NMR theory can be found
in [21, 68, 147–149].

Figure 3.7: (a) The net magnetization along the z-axis after the ap-
plication of a static field (b) excited spins after the application of an

oscillating field (Figure adapted from [68])



56 Chapter 3. Materials and methods

Characterization method of NMR

The relaxation is characterized with two relaxation times, initiated by different mech-
anisms:

• T2 value corresponds to the transverse relaxation, also called ’spin-spin’ re-
laxation. It consists in the loss of coherence between the spins in the plane
perpendicular to B0. This relaxation time can be measured through a Carr-
Purcell-Meiboom-Gill (CPMG) sequence.

• T1 value corresponds to the longitudinal relaxation, also called ’spin-lattice’
relaxation. It characterises the process that bring the magnetization again to the
z-axis and establishes the initial Boltzmann distribution. The measurement of
T1 can be measured with inversion recovery or saturation recovery sequences.

The loss of coherence between spins occurs before the full recovery of magnetization
on the z-axis. Thus, the T2 is much shorter than T1. A ratio of 4 between T1 and T2

at 20 MHz has been mentioned by McDonald et al. [146] for bulk liquids. In this
study we will focus on the measurement of the T1 relaxation time for two reasons:
the first one is that these measurements are less sensitive to the field inhomogeneity,
the second one is that we are working with grey cement with significant amount of
paramagnetic impurities leading to a faster relaxation. As the T2 are much smaller
than T1, an important part of the signal will be lost during T2 measurement comparing
to a T1 measurement. The T1 is measured by an inversion recovery sequence. It
consists in an application of a 180◦ pulse followed by a 90◦ after an interval of time
τ . The time τ is varied and the signal is fitted by an exponential curve to extract the
values of T 1 as presented in Figure 3.8.

Figure 3.8: Inversion recovery pulse sequence to measure the T1 re-
laxation time [51]

NMR studies were conducted a Bruker Minispec spectrometer operating at a hydro-
gen resonance frequency of 20 MHz. The samples are directly casted in NMR tubes
with an internal diameter of 15 mm while ensuring a sample height around one cen-
timeter. An inversion recovery sequences were programmed in order to get the T1

relaxation time distributions at different temperatures. For each T1 measurement, 60
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different τ values were logarithmically distributed between 10 µs and 200 ms. 64
scans were accumulated for each measure with a recycle delay of 200 ms so that a
complete relaxation measurement takes approximately 8 min.

Calculations of pore size

Considerable efforts have been devoted to the development of mathematical equations
to extract the pore size distribution from NMR experiments. The most relevant model
that is currently used by researchers for extracting the pore size from the NMR data
is the Fast diffusion exchange model. This model considers two different magnetic
varieties in the pore. A bulk phase with a specific relaxation time referred to as T1,2

bulk

and a surface phase with a much faster relaxation described by T1,2
surf . According to

this model, the total recorded relaxation time is given by the following equation 3.11:

1

T obs
1,2

=
εS

V

1

T1,2
surf

+
v − εS
V

1

T1,2
bulk

(3.11)

Where S, V and ε are respectively the pore surface, the pore volume and the water
layer thickness. When the bulk relaxation time T1,2

bulk (seconds) is much greater than
the surface relaxation time T1,2

surf (microseconds) the above mentioned equation is
reduced to 1

T1,2
= εS

V
1

T1,2
surf . This results in the following equation relating the pore

relaxation time to the ratio of the volume of a pore V to its surface S:

1

T1,2

= λ
S

V
(3.12)

Where λ is the surface relaxivity parameter supposed to be constant through the sam-
ple and depends essentially on the Fe3+ surface density, temperature, pore fluid com-
position and magnetic field strength. The determination of λ is problematic. Gener-
ally, one relaxation time from the NMR experiment is assigned to the median pore
size obtained through MIP or Nitrogen pore size distribution and λ is obtained after
measurement of T1,2

surf . Another method that seems more accurate is to calculate the
surface relaxivity from measurement of surface relaxation time T1,2

surf of a sample
dried up to a monolayer coverage of water with a thickness of 0.28 nm [79, 150].
Drying cement paste up to 11% RH leaves a monolayer of water covering the surface
of C-S-H [35]. The water molecule diameter equal to 0.28 nm, results in a surface
relaxivity λ = 0.28

T1,2
surf . The surface relaxation time of cement equilibrated at 11%RH

is equal to T1
surf = 129µs providing a surface relaxivity of 2.17 nm/ms. A planar

shape is assumed with a width equal to d = 2λT1
surf .

Data inversion

The inversion of the NMR signal in order to extract intensities and their relative relax-
ation times is done through a programmade in our laboratory by Stéphane Rodts [49].
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It is similar to the well known Contin program made by Provencher [151]. This pro-
gram consist in approximating the relaxation data as a sum of mono-exponential sig-
nals. The stability of the fitting is ensured by the Tikhonov regularization constraint
as presented in equation 3.13 by the addition of a non-negative constraint applied to
the parameters ap:

Minap>0

∑
i

(s(ti)− s∞+
∑
i

ap exp(
ti
Tp

))︸ ︷︷ ︸
Leastsquarefit

+λ
∑
p

(ap−1 − 2ap + ap+1)︸ ︷︷ ︸
Tikhonovconstraint

(3.13)

where the ap vs Tp is the distribution of relaxation time that we want to get. The
regularization or parsimony λ is a constant that controls the sensitivity of the inversion
by weighing the noise of the data. The choice of low λmay result in the resolution of
non physical peaks. A high λ cannot resolve the different peaks of the microstructure.
In the homemade program a method for choosing the λ has been set depending on the
noise of data. This automatic choice has been adopted here and seemed to be more
repeatable and physical than fixing a constant parsimony parameter. The effect of λ
on T1 distribution is presented in Figure 3.9. The automatic parsimony parameter
was reduced each time by 10x where x ∈ [1,2,3] starting from the one automatically
determined up to 10−5. The resolved peaks are getting thinner and one further peak
is resolved. However, when varying the parsimony parameter of a T2 experiment its
effect is more pronounced, leading to the development of various tiny peaks at lower
values of λ.
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Figure 3.9: Influence of the parsimony parameter on the Laplace in-
version

Effect of iron presence

Grey cement contains high amounts of Iron. This leads to a high concentration of
paramagnetic ions in small pores, and causes a rapid drop of signal intensity lead-
ing to shorter relaxations times, caused by a higher relaxivity. The signal lifetime
being shorten, leads to a significant loss of information for shorter relaxation times
as some echoes are not recorded. For instance, in case of a T2 measurement, solid
echoes of portlandite and ettringite cannot be recorded as a result of high impurities
concentrations [49, 51, 145]. In order to investigate the effect of the Iron presence
in our T1 measurements, two cement pastes prepared with different types of cement
(White and Class G cement) at a water to cement ratio of 0.44 and hydrated for six
months, are compared in Figure 3.10. It can be clearly seen that the relaxation times
of grey cement are smaller than those of a white cement which is in agreement with
the well established high relaxivity of grey cements. However, the description of the
pore structure and the quantitative information regarding the intensity of each pore
reservoir are still meaningful. Table 3.6 compares the ratio of T1 of white and grey
cement for an identified pore category and shows that this report is ranging from 4
to 5.25. The intensity of each pore category is providing consistent and comparable
values which are almost equal for both white and grey cement. It should be noted
that the slight discrepancies between the values obtained for a white cement paste
and the grey one are not surprising, since their composition is different and should
result in some differences in the microstructure. From this comparison it can be con-
cluded that although the signal life time is shorten in the presence of Iron, quantitative
interpretation of T1 measurements is still relevant.
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Figure 3.10: Comparison of T1 relaxation times for white and grey
cement

T1 (ms)
Peak1 Peak2 Peak3

White cement 0.73 6.74 54.16
Class G cement 0.18 1.36 9.54

T1
WC

T1
GC 4.05 4.95 5.25

Intensity relative to each peak
White cement 0.91 0.05 0.03
Class G cement 0.89 0.08 0.028

Table 3.6: Comparison of relaxation times and peak intensities of
white and grey cement paste hydrated for fix months

3.3.7 27Al solid state NMR

27Al-SSNMR (solid state NMR) spectroscopy is a useful technique for analysing the
local structure of both crystalline and amorphous materials [68, 147]. It provides in-
sight on local structural ordering of atoms and their coordination. The key source
of structural information in high-resolution NMR spectroscopy is the chemical shift.
This chemical shift results from the shielding of the spin nucleus from the external
magnetic field by the induced magnetic field due to electrons motions in the sur-
rounding of nucleus. Here, we performed 27Al magic-angle spinning nuclear mag-
netic resonance (MAS-NMR) experiments, at 208.5 MHz on a 18.8 T spectrometer
equipped with a 3.2 mm probe head operating at a spinning frequency of 22 kHz.
The record was carried out with 1 µs pulse length with a recycle delay of 0.5 s. The
accumulation of 10000 scans permitted to have an appropriate signal to noise ratio
for this cement. An experiment lasts approximately one hour. However, the obtained
spectra are only qualitative because of the high iron amount in the cement paste and
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it is recommended not to analyse quantitatively iron-rich cement pastes [68]. The
27Al-NMR characterizations presented in this thesis were carried out in LAboratoire
de Spectrochimie Infrarouge et Raman (LASIR) at Lille University of Science and
Technology in France, by Julien Trébosc.

3.3.8 Uniaxial compression tests

Uniaxial compression test is one of the most common tests to characterise the me-
chanical behaviour of materials. It enables evaluating the compressive strength, the
static Young’s modulus and the Poisson’s ratio of a material. The procedure of test
is described by the ASTM 39 [152]. It consists of confining a specimen between two
bearing blocks and controlling either the load or the displacement. The load is mea-
sured with a load sensor. Strains are measured through two strain gauges glued on the
surface of the specimen perpendicular to each other. The results of this experiment
yield curves of stress-strain or strain-strain. The maximum load over the cross sec-
tional area gives the compressive strength. The slope over the elastic range of strain
of the curve axial stress-axial strain yields the static Young’s modulus. The Poisson’s
ratio is equal to the slope over the elastic domain of the curve radial strain-axial strain.
Care should be paid to the surface of the specimens in contact with the bearing blocks
that have to be smooth enough and perpendicular to the central line of the specimen to
avoid stress concentration. Moreover, a length to diameter ratio of 2 has to be chosen
in order to fulfil the standard requirements. Cylinders of length 8 cm and a diameter
of 4 cm were tested.

3.4 Drying method effects on results of various char-
acterization methods

As presented in the review of the influence of drying techniques on the microstructure
in Chapter 2, the characterization of the cement microstructure is very critical to the
drying method. The MIP, XRD, BET specific surface area and other experimental
results vary significantly with the used drying method. Furthermore, the evaluation
of the porosity of cement is very complicated as various porosity evaluation methods
can result in different values for the total porosity. This is mainly due to the multiscale
porosity of cement paste, covering sizes of several orders of magnitude, and to the fact
that each method dries a certain pore reservoir. There exist different drying methods
which are commonly used for porosity measurement. However which reservoir of
porosity is being dried with each drying method is not well understood. Oven-drying
as at 105◦C has been used regularly, but it is considered to be non-accurate in estimat-
ing total porosity. As at 105◦C a quantity of the water in the interlayer space, which
is not regarded as porosity, evaporates [20, 63]. The quantity of evaporated interlayer
water at 105◦C is not clearly known. Another method which has been regularly used
for cement paste is drying at 11% relative humidity which can be considered as a
reference method based on previous studies of Feldman [153] showing that this con-
dition corresponds to a full interlayer space with a monolayer of water encountering
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the C-S-H globules. Hence, equilibrating a sample at 11% RH corresponds to a C-
S-H with dried gel pores and full interlayer spaces. Freeze-drying is also regularly
performed because of its rapidity, but the amount of water removed by freeze-drying
is not known. In this study, we will compare two of the usually used methods for
evaluating of the total porosity and stopping the hydration (oven-drying at 105◦C and
freeze-drying) with the drying at 11% RH that has been poorly compared to them.
XRD, TGA, MIP, NMR and WVS are conducted on cement pastes hydrated for 4
months at 20◦C and dried by different means: (Oven-drying: OD, Freeze-drying: FD
and drying at 11% RH).

3.4.1 Thermogravimetric analysis TGA
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Figure 3.11: Thermogravimetric weight loss for cement class G cured
at ambient temperature dried by different means (Oven-drying (OD),

Freeze-drying (FD) and at 11% of relative humidity (11% RH)

The results of TGA experiments conducted on samples dried with different means are
presented in Figure 3.11. It is worth recalling that the C-S-H dehydration occurs up to
300◦C. The oven dried specimen at 105◦C showed a smaller weight loss over the range
associated to C-S-H, as compared to the ones of freeze-drying and 11% RH drying.
However, the freeze dried specimen and the one dried at 11% RH present almost
the same weight loss. Previous studies [153] suggested that the drying at 11% RH
removes the gel pore water and leaves the interlayer full of water. By comparing the
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TGA curves of oven-drying at 105◦C and the drying at 11% RH, it can be confirmed
that the oven-drying at 105◦C removes a part of the interlayer water from the C-S-
H. The oven-drying removes approximately 34% of interlayer water comparing to
the drying at 11% RH as suggested from TGA experiments. This value agrees with
previous findings of the H/S ratio. The H/S of an oven-dried C-S-H at a hardened
state is equal to 1.4 [20, 35] and the H/S of an 11% RH-dried cement is around to
2.1 estimating 33.3%=2.1−1.4

2.1
of water loss during oven-drying comparing to drying

at 11%.

The interesting similarity between TGA curves of freeze dried and 11% RH-dried
samples illustrates that these two drying techniques empty almost the same pore reser-
voirs, with a negligible quantity of water residing in gel pores of freeze dried spec-
imens as its curve departs slightly from TGA curve of 11%RH-dried ones. Given
this similarity, we can conclude that freeze-drying removes the water in gel pores and
leaves the interlayer spaces full of water and some physical water adsorbed on the
surface of the C-S-H. Because of its rapidity compared to drying at 11% RH and the
similarity of the the dried states, the freeze-drying may be preferred to dry specimens
and to evaluate the total porosity. The porosity evaluated from the mass loss during
freeze-drying can be assimilated to the cement total porosity. The quantity of water
that lasts in the C-S-H after freeze-drying can be a good estimation of interlayer wa-
ter. Regarding the portlandite content (associated to the range of 400◦C-550◦C), it
seems that the compared drying techniques do not have an influence on the estimated
CH content. The weight loss corresponding to portlandite is almost similar for the
three methods. However, a slight increase of the carbonation degree (associated to the
range of 600◦C-900◦C) of the specimens can be observed in case the oven-drying at
105◦C is used because of the non-controlled environment. The portlandite and calcite
contents are presented in the following.

3.4.2 X-Ray diffraction XRD and Rietveld analysis

The diffractograms of cement paste hydrated at ambient temperatures for four months
and dried by three different means are presented in Figure 3.12. It seems that these hy-
dration stoppage methods have the same influence on the microstructure of cement in
terms of hydrates composition as the diffractograms are almost identical for the used
drying methods. The mass assemblage obtained from Rietveld analysis on cement
pastes hydrated at 20◦C dried by different means is presented in Table 3.7. Simi-
lar to previous remarks, the phase assemblage is slightly influenced with the drying
methods. The portlandite and the C-S-H content are quite similar for the used drying
methods. Furthermore, the overall hydration degree is not influenced. An increase in
the carbonation of the specimens can be noticed in the case of oven-drying because
of the lack of control of CO2 in the environment. These results confirm the findings
of Collier et al. [66] regarding that these drying methods influenced slightly the ob-
tained results. It should be noted, however, that this similarity may be partly due to
the low ettringite content in our cement, since ettringite is the most sensitive hydrate
to the drying method.
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Figure 3.12: XRD of cement class G cured at ambient temperature
dried by different means (Oven-drying (OD), Freeze-drying(FD) and

at 11% of relative humidity (11%RH)

Weight
Phase FD 11%RH OD

C2S beta (MUMME) 7.61 6.93 7.84
C3S monoclinic (NISHI) 2.97 3.35 3.87

C4AF 2.90 3.28 2.62
C3A cubic 0.00 0.00 0.00
C-S-H 63.88 63.28 60.96

Portlandite 16.03 16.47 16.91
Calcite 6.61 6.69 7.80

Table 3.7: Phase assemblage of cement paste dried by different
means, Oven-drying (OD), Freeze-drying (FD) and at drying 11% of
relative humidity (11%RH). Portanldite and calcite are quantified from
TGA analysis, clinker from XRD and C-S-H quantity is calculated to

have the sum of different hydrates fractions equal to 1

3.4.3 Nuclear magnetic resonance NMR

The NMR has been used to study the effect of drying techniques on the microstructure
of a cement paste. In Figure 3.13 we present NMR signal versus echo time acquired
with a CPMG sequence (before Laplace inversion) for the mentioned drying meth-
ods. Inversion recovery sequences are used in this study except for this comparison
where CPMG sequences are used. Again and similar to TGA experiment, the oven-
dried specimens at 105◦C have the smallest amount of water. The range of echo times
where the oven-dried curve departs from the freeze-dried one and the 11%RH dried
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one, is associated to the interlayer water (echo time < 0.1 ms). This confirms again
the loss a significant part of interlayer water with oven-drying at 105◦C. The curves
associated to freeze-drying and 11%RH-drying almost coincide. A small difference
can be observed in the range of echo times [0.1 ms, 1 ms] associated with gel pores,
as there is a slight increase in signal intensity of the freeze dried specimens. These
experiments are in accordance with the TGA curves. Firstly, the NMR confirms once
again the striking similarity between the freeze-drying and the drying at 11%RH. It
also informs us that a small fraction of water may reside in the gel pore after freeze-
drying comparing to drying at 11%RH, as seen in the departure of the freeze dried
curve form the 11%RH dried curve in the range of echo times [0.1 ms, 1 ms] associ-
ated with gel pores. We assume that the remaining fraction is insignificant. It can be
concluded that the freeze-drying leaves the interlayer spaces full of water in addition
to a very small fraction of the water in the gel pore as observed by TGA and NMR.
The freeze-drying is thus a convenient method to dry specimens and to preserve their
chemical composition for XRD and TGA experiments.
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Figure 3.13: NMR signal of cement class G cured at ambient temper-
ature dried by different means (Oven-drying: OD, Freeze-drying: FD
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3.4.4 Mercury intrusion porosimetry (MIP)

In Figure 3.14 we present the pore size distribution and the cumulative porosity as
obtained from mercury porosimetry for specimens that have been dried using three
different methods.

As a point of fact, the drying technique has a considerable impact on the pore struc-
ture. As expected oven-drying at 105◦C has the most significant influence on the
pore structure. In fact, the total MIP porosity of oven dried samples is greater than
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Figure 3.14: Comparison of different drying techniques by mercury
porosimetry of cement paste dried by different means (Oven-drying:
OD, Freeze-drying: FD and at 11% of relative humidity: 11%RH)

the total porosity of specimens dried by freeze-drying and drying at 11%RH. Fur-
thermore, the pore family detected by MIP for the oven dried sample is displaced to
larger pore sizes, confirming previous results [63]. This coarsening of the pore struc-
ture can be explained by the modification of the pore structure. The oven-drying at
105◦C removes part of the interlayer water. The smallest pores are closed after wa-
ter removal and a new family with bigger pores is created. However, The similarity
between the freeze-drying and drying at 11% RH as observed by NMR and TGA
is not reproduced by MIP for the whole range of pores sizes. Although, the total
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porosity after FD and 11%RH-drying is the same, this latter is distributed differently.
The fraction of macropore being higher for the freeze-dried specimens. It is reported
that long-term drying does not influence the total porosity of a sample comparing to
short-drying but it rather changes its distribution [154, 155]. A decrease in the finer
porosity and an increase of the coarser porosity is generally observed [154]. How-
ever, we cannot compare the results presented here to the conclusions drawn in other
works as the MIP identifies just a fraction of cement porosity. Nevertheless, it can be
concluded that evaluating the porosity fromMIP curves of either freeze-dried cement
or 11%RH-dried cement yields comparable results for cumulative porosity above 20
nm.

3.4.5 Water vapor sorption (WVS)

Water vapor sorption is also sensitive to the drying method. Before acquiring the ad-
sorption branch of the water sorption isotherm, a complete drying of the specimens
is needed. Freeze-drying in not commonly used to dry specimens for WVS mea-
surements because of the sample size. The oven-drying has been used regularly to
remove water from the samples. However, as seen before in this study and in previ-
ous studies, the oven-drying at 105◦C removes a considerable part of the interlayer
water. We here examine if water re-enters the interlayer spaces. In Figure 3.15, we
present the water vapor desorption branch together with adsorption branches for an
oven-dried specimen at 105◦C and a specimen dried progressively up to 11% RH.
It can be seen a clear difference between these two adsorption branches. In fact, an
important quantity of water removed by oven-drying is not regained comparing to the
specimen dried progressively up to 11% RH. The adsorbed water content of cement
at 11%RH contains a supplement of 32% of water comparing to the specimen oven-
dried and re-saturated at 11% RH. This is consistent with the fraction of interlayer
water removed by oven-drying as determined in TGA experiments 3.4.1. This for
instance suggests that the part of interlayer water removed by oven-drying at 105◦C
is lost irreversibly. The significant departure between the two curves is observed for
relative humidities above 35% RH. This range is mainly associated to capillary con-
densation. The differences in this range can be explained by the modification in the
pore structure caused by oven-drying. As it was observed in the MIP examination of
drying techniques, Oven-drying at 105◦C destructs the smallest pores and creates a
fictitious pore family with bigger pores. The main pore family detected by MIP on
OD-dried sample ranges from 20 nm up 100 nm. This pore family will not be recov-
ered by adsorption up to 81% RH as this relative humidity indicates with the use of
Kelvin-Laplace equation a pore width of around 10 nm. The small water content up
to 81% for oven dried samples (equal to 0.1) comparing to the water content obtained
by progressive adsorption up to 81% RH (equal to 0.28), reflects the decrease of gel
pore fraction after oven-drying and confirms similar previous observations [154]. The
Oven-drying although very quick and practical method for drying a specimen before
adsorption is to be avoided. Several changes result in a different pore structure and
hence different adsorption curve that may mistake the information extracted from the
adsorption such as the porosity and the specific surface area.
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Figure 3.15: Water vapor sorption of cement class G cured at 7◦C
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at 105◦C

3.5 Conclusions

The different methods used to characterise the microstructure and the macroscopic
properties of cement paste have been presented. This experimental investigation gath-
ers different techniques for the study of the chemical composition and the pore struc-
ture:

• Chemical composition: XRD analysed with the Rietveld method allows the es-
timation of the hydration degree of clinker phases and other crystalline phases.
TGA however, seems more accurate when evaluating the portlandite content.
Hence, a combination of these two methods is necessary in order to establish
the mass assemblage of cement. TGA will be used also to determine the chem-
ically bound water to C-S-H.

• Pore structure: The cement is a complex multiscale material. Each of the meth-
ods of the investigation of the porosity highlights a specific pore domain within
a cement paste. A combination of several techniques is essential to cover the
wide range of pore sizes in cement. The different used techniques are: MIP,
BET, WVS, NMR.

The different experimental methods used in this study require pretreatment of
samples before testing. The hydration process in the investigated samples for
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this study has been arrested using freeze-drying. This technique has been cho-
sen because of its relative rapidity and adequacy with most of the used exper-
imental methods. A detailed comparative study between freeze-drying, oven-
drying and drying at 11%RH has been done. It is shown that freeze-drying
and drying at 11%RH have almost the same influence on the cement paste mi-
crostructure, the freeze-drying has the advantage of being a very quick drying
method comparing to 11%RH-drying. The freeze-drying can be used to evalu-
ate the total porosity as it gives similar results to porosity evaluated by drying at
11%RH. The water left after freeze-drying can be assimilated to the interlayer
water. However, when it comes to the pore structure, there are some differences
in the range associated with macropores between freeze-drying and drying at
11%RH. The cumulative porosity obtained above 20 nm is quite similar for both
freeze-dried and 11%RH-dried specimens, showing again that freeze-drying is
acceptable for the study of the pore structure.

—————————————————————————-
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Chapter 4

Quantitative analysis of
temperature effect on cement paste
microstructure

4.1 Introduction

This chapter deals with the quantitative analysis of the effect of hydration tem-
perature on a class G cement paste. The aim is to describe the mass assem-
blage and the pore structure of cement at different hydration temperatures and
different maturation ages. Classical experiments X-Ray diffraction /Rietveld,
thermo-gravimetric analysis and 27Al NMR spectroscopy are used to describe
the different hydrates of cement paste and their mass fractions. The porosity is
investigated through a combination of various techniques to access the differ-
ent porosity ranges: Mercury porosity, Nitrogen intrusion, water vapor sorption
and 1H NMR relaxometry experiments.

—————————————————————————-
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4.2 Phase assemblage

The development of the mass and volume assemblage of cement pastes are
essential to explain the strength development of cementitious materials. As
mentioned in Chapter 2, models that provide the mass assemblage of cement,
for instance Tennis and Jennings model, needs a characterisation of the C-S-
H density and chemical composition. The effect of hydration temperature on
the mass and volume assemblage should be then studied experimentally. The
classical experiments that enables determining the mass assemblage of cement
microstructure are XRD and TGA analysis. XRD is used to assess the contents
of the crystalline phases. TGA, overcoming the preferred orientation limita-
tions of portlandite during XRD experiments, is used to assess the portlandite
content. Other experiments such as 27Al NMR are used in order to deepen the
knowledge of the chemical composition of cement paste.

4.2.1 X-Ray diffraction and qualitative analysis

The powder diffraction patterns for the cement pastes cured at different tem-
peratures are presented in Figure 4.1. These patterns show that the major crys-
talline phase formed during the hydration of class G cement is portlandite. Et-
tringite is formed in small quantities, below 2% as expected from the small
quantity of C3A in the Class G cement clinker (Table 3.2). X-Ray powder
diffraction patterns suggest also that the major residual clinker phases are C4AF
and C2S, which confirms the slow consumption of these two clinker phases
[119, 125] comparing to C3S that is almost completely depleted. Small quan-
tities of Hibschite are also detected. The principal reflection of this phase is at
about 39◦ (2θ) and is overlapped with the second reflection of portlandite. The
portlandite being a highly crystalline phase, and hence exhibiting a symmet-
ric diffraction peak, the non-symmetric part of its second peak is attributed to
Hibschite. In the Hibschite phase identified in our cement a small amount of
aluminium is replaced by iron, which may reflect a product formed from the hy-
dration of ferrite phases. This qualitative analysis is relevant for the diffraction
patterns collected for different curing conditions. However, the consumption of
clinker phases is more pronounced with curing temperature, leading to a faster
development of hydrates [75, 89, 94]. Furthermore, new phase appear with
the elevation of temperature in the studied range. These phases are the katoite
Ca3Al2 [(OH)4]3 and the dellaite C6S3H. Katoite is a calcium aluminate hy-
drate, member of hydrogrossular group. It is observed at high temperatures,
starting from 60◦C. The presence of katoite in class G cement pastes hydrated
under elevated temperatures has been reported previously [156]. The strong
intensities associated to katoite with increasing curing temperatures may also
be explained by the fact that temperature favoured the development of katoite,
which is, thermodynamically, a more stable phase than ettringite for which the
stability decreases with increasing temperature according to previous studies
[75]. The other observed phase when elevating the curing temperature is del-
laite C6S3H, a crystalline calcium silicate hydrate with a C/S ratio of 2. No
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evident conclusion can be made about the change of the dellaite quantity with
temperature based on XRD patterns, as this phase shows strong overlapped
peaks with residual clinker and amorphous C-S-H. The presence of this phase in
geothermal cements has been previously reported [157]. The cement contains
15% of ferrite but apart from Hibschite, no Fe-containing phases are detected
by XRD due to their poorly crystalline nature [158, 159]. This point is further
discussed in Section 4.2.4.

The amorphous or short-range order phases scatter X-ray in many directions re-
sulting in a large hump dispersed in a wide 2θ range instead of narrower peaks
with high intensities relative to crystalline phases. The presence of amorphous
content is evidenced here by the bump over the 2θ range [35◦-40◦]. Compar-
ing the range associated to C-S-H for different curing temperatures, we observe
that diffraction patterns associated to T = 7◦C and T = 20◦C exhibit narrower
peaks in the 2θ range [35◦-37◦] comparing to T = 60◦C and T = 90◦C. This
would suggest that the structure disorder is increasing with the elevating curing
temperatures. The cement pastes cured at lower temperatures seem therefore
to be more ordered than those cured at higher temperatures. The increasing
degree of crystallinity in the structure of calcium silicate hydrate has been as-
sociated in a recent research to an increasing C/S ratio in C-S-H [160]. The
lower temperature being related to higher C/S ratio, which has been previously
mentioned in [81], may support the observed arrangement and the increasing
order of the structure at low temperatures.
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Figure 4.1: X-ray powder diffraction patterns with qualitative analysis
of the major phases for cement class G cured at different temperatures

T (◦C)= 7, 20, 40, 60, 90
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4.2.2 Thermogravimetric analysis

The results obtained from thermogravimetric tests are presented in Figure 4.2
in terms of the relative mass loss as a function of the temperature (TG, left y-
axis) and the derivative of TG curve (DTG, right y-axis). The curves show four
major weight losses.
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Figure 4.2: Thermogravimetric weight loss for class G cement paste
cured at different hydration temperatures for 28 days

The first weight loss is mainly due to C-S-H, Afm and ettringite [161]. How-
ever, as presented above in the results of XRD experiments, the tested cement
paste contains very small amounts of Afm and ettringite. This is mainly due
to the small quantity of C3A in the class G cement clinker. The second major
weight loss observed at 450◦C-550◦C reflects the dehydration of portlandite.
The third and forth losses are essentially due to the CO2 departure from calcite.
The existence of these two peaks can be seen as a sign of the carbonation of
samples during preparation and storage [68, Chapter 5]. According to Sauman
[162] and Morandeau et al. [163], the forth peak corresponds to well crystal-
lized calcite, but the third one is attributed to allotropic forms of calcite (arag-
onite and vaterite). These two varieties of polymorph calcite turn into calcite
around 500◦C during heating. Being less stable, aragonite and vaterite decom-
pose at lower temperatures than calcite. Vaterite, aragonite and calcite originate
from the carbonation of C-S-H and portlandite [163]. However, it is difficult to
state whether the formed calcite is due to the carbonation of portlandite or to the
carbonation of C-S-H. The findings about this topic drawn in the literature are
confusing. While some highlighted that the C-S-H and portlandite carbonate
simultaneously [163], others mentioned that the carbonation of C-S-H occurs
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when the portlandite is almost depleted [164, 165]. However, a consensus has
been made that the carbonation of portlandite is more pronounced at the onset
of carbonation. It can be clearly seen that our samples have undergone some
carbonation similar to data presented in [68, Chapter 5] for samples carbon-
ated during preparation and storage. However, when the carbonation rate is
enhanced, the intensity of the forth peak is more pronounced as presented in
the results of Morandeau et al. [163] and which is not the case here. As our
samples are not intentionally carbonated as in [163] we assume that all the cal-
cite formed is due to the portlandite carbonation as in [125]. It is worth noting
that some analysis results will be influenced by this assumption and this will be
discussed in the following. Aside from these four rapid weight losses, two more
small weight losses can be identified. The first one is adjacent to C-S-H peak.
This loss may originate from the dehydration of hydrogarnet that occurs above
250◦C [166]. The second one is adjacent to the decomposition of portlandite.
We deem that a part of this weight loss originates from the decomposition of
dellaite which occurs above 600◦C according to [167]. It can be observed that
the weight losses that may potentially correspond to hydrogarnet and dellaite
are more pronounced for higher hydration temperature. This combined with
the XRD experiments strengthen the observations of the development of these
two phases and the increase in their mass fractions with increasing hydration
temperature.

To investigate how the hydrates develop with progressive hydration at differ-
ent curing temperatures, we performed TGA experiments at different ages and
two different extremes temperatures 20◦C and 90◦C. The TGA analysis are a
good measure to the hydration degree. The TGA curves for cement cured at
two different temperatures 20◦C and 90◦C are presented in Figure 4.3 and Fig-
ure 4.4. The description provided above holds for TGA analysis at different
curing temperatures and maturation ages. It is seen that while the hydration of
specimens cured at 20◦C evolves continuously from 1 day up to four months,
the specimens cured at 90◦C reach their ultimate hydration degree at the very
first days of curing. This is in accordance with previously mentioned trends in
the literature, showing a rapid evolution of hydration degree of cement cured at
higher temperatures. It also explains the rapid gain of strength for specimens
cured at higher temperatures.
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4.2.3 27Al solid state NMR

27Al SSNMR spectra of cement paste hydrated under different temperatures are
presented in Figure 4.5. These sepctra show six regions of resonance that are
assignable to IV, V, and VI coordinated Al, with peak maxima around, 86 to
69 ppm, 35 ppm, 13.2 ppm, 10.8 ppm and 4.2 ppm respectively. The two re-
gions of center-band resonances from tetrahedrally coordinated Al in the region
(90-50 ppm), are present as impurities in Alite and Belite, or present in alumi-
nate phases. The five coordinated Al are assigned to Al in the silicate chain
of C-S-H. The signals in the region of (0 to 20 ppm) are assigned to octahe-
drally coordinated Al arising from Ettringite (13.2 ppm), Afm (10.8 ppm) and
the third aluminate hydrate(TAH) (4.2 ppm) respectively. The third aluminate
hydrate is associated to the Al at the outer surface of C-S-H. The peaks inten-
sity relative to the ettringite reveals that this phase content is decreasing with
increasing hydration temperature. No ettringite is found above 40◦C. Whereas,
the Afm content is increasing with the temperature. This is in agreement once
again with the XRD observations and the findings of literature suggesting that
the ettringite is not formed above 40◦C due to its decreased stability and that
is being replaced with Afm. The amount of TAH is almost not changing with
temperature. The signal intensity from the four coordinated Al incorporated
into the C-S-H structure seems constant up to 60◦C and decreases slightly at
90◦C.
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Figure 4.5: 27Al SSNMR spectra of class G cement paste cured at
different hydration temperatures for 28 days
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4.2.4 Phase assemblage from combined Rietveld and TGA
analysis

The quantitative evaluation of different phases in cement paste microstructure
can be done through a combination of X-Ray diffraction/Rietveld method and
thermogravimetric analysis. The portlandite content is taken from TGA analy-
sis and corrected to account for the eventual carbonation process, as described
in Eq. 3.3. We assume that the formed calcite is due to the carbonation of port-
landite and not the carbonation of C-S-H. The mass fractions of clinker phases
are determined from Rietveld analysis. Based on the result of XRD and TGA
we build molar quantity balance on the major elements in cement CaO, SiO2,
Al2O3,Fe2O3 and SO3 (Gypsum). The considered phases in the molar quan-
tity balance are: C-S-H, CH, Al-ettringite, Al-monosulfate, residual clinker
phases and Fe-containging siliceous hydrogarnet. In fact, the cement contains
substantial amounts of ferrite, approximately 50% of this ferrite is hydrated,
however, no Fe-containing product has been identified through XRD. The lim-
itation of XRD experiments in identifying Fe-containing products is attributed
in the literature to the amorphous nature of these products. It is reported that
the hydration of Ferrite results in one or a combination of different hydrates
i.e (Fe-ettringite, Fe-Afm, Fe-siliceous hydrogarnet and amourphous iron hy-
droxide). In a recent and more complete studies [159, 168], it is shown that
the Fe-Ettringite and Fe-Afm are non stable materials and that the most stable
hydration product resulting from ferrite hydration are the Al and Fe-siliceous
hydrogarnet. Regarding these findings, we assume that the Fe-siliceous hy-
drogarnet is the Fe-containing product resulting from the hydration of Ferrite.
The katoite is formed in small quantities and has been neglected in the mass
assemblage. The molar quantity balance equations are given below:


xnCSH + 6nEtt + 4nAfm + 3nHydg = 3nC3S + 2nC2S + 3nC3A + 4nC4AF − nCH

nCSH + 0.84nHydg = nC3S + nC2S

nEtt + nAfm + 0.9nHydg = nC3A + nC4AF

nHydg = nC4AF

3nEtt + nAfm = nSO3

(4.1)
Where nz is the molar quantity of phase z which can be either hydration prod-
uct or consumed clinker phase. x is the C/S molar ratio in C-S-H. The molar
quantity balance for different elements results in a non-linear system of five
equations and five unknowns which can be solved numerically. The unknowns
are: Ettringite, Afm, C-S-H, Hydrogarnet and the C/S molar ratio. The result-
ing molar quantities are used to evaluate the mass fractions of different phases
by knowing their molar mass. According to Lothenbach et al. [75] ettringite is
unstable at hydration temperatures higher than 50◦C and AFm forms at the ex-
penses of this phase. This has also been observed in the 27AlNMR experiments,
showing the formation of Afm at the expense of ettringite above 40◦C. Interest-
ingly, the resolution of the above system of equations for hydration temperatures
60◦C and 90◦C result in small negative values of ettringite molar quantity. For
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these temperatures the ettringite molar quantity is imposed equal to zero and
the other quantities are obtained by solving the first four equations.

The evaluated mass assemblage of cement pastes hydrated under different tem-
peratures for 28 days is presented in Table 4.1. The mass fraction of portlandite
shows a slight increase with increasing hydration temperature if comparing
pastes cured at different temperatures and having a similar hydration degree.
It also increases with the hydration degree for a specific temperature (For in-
stance, 7◦C and 20◦C). The ettringite and Afm content are quite small. The
ettringite mass fraction is decreasing with increasing hydration temperature,
while the mass fraction of Afm is increasing. These observations are in good
agreement with 27Al NMR experiments. The C-S-H mass fraction is almost
constant with increasing hydration temperature. Regarding the hydrogarnet, we
found a fluctuating mass fraction depending on the hydration degree of ferrite
which is also fluctuating with hydration temperature at 28 days of hydration.
The hydrogarnet amount increases with progressing hydration of cement. The
overall hydration degree of cement paste increases significantly from 7◦C to
20◦C at 28 days of hydration and only slight changes are observed for higher
temperatures at the considered age. The pastes cured at low temperatures con-
tinue evolving with ages leading to an increase of the hydration degree. As
stated above, based on XRD results, it can be clearly seen that C3S is more
consumed than the other clinker phases. C2S and C4AF generally react slowly
confirming the low hydration degree corresponding to these phases at 28 days
[118, 125].

Temperature (◦C) 7 20 40 60 90
C-S-H 42.84 46.12 49.44 47.44 45.65

Portlandite 17.63 19.89 20.63 21.20 22.75
Ettringite 1.77 0.15 1.08 0.00 0.00
Afm 1.37 3.65 2.25 1.77 2.83

Si-Fe-Hydrogarnet 7.86 9.88 9.34 7.90 7.44
C3S 7.02 4.17 4.73 3.96 3.17
C2S 13.25 9.56 5.04 7.11 7.49
C3A 0.81 0.28 0.52 1.05 0.55
C4AF 7.66 5.45 5.80 7.22 7.58

Hydration degree 0.65 0.76 0.80 0.76 0.77

Table 4.1: Phase assemblage of cement pastes obtained from the com-
bination of XRD-Rietveld and TGA analysis for cement class G cured
at different temperatures for 28 days (mass fractions per respect to dry

cement mass)

The mass assemblage obtained from a class G cement hydrated at 20◦C for dif-
ferent curing ages is presented in Table 4.2. The portlandite and C-S-H are
continuously increasing with the hydration degree. The ettringite content how-
ever is decreasing being replaced by Afm. The Si-Fe-Hydrogarnet is increasing
with progressing hydration. It should be mentioned that the resolution of the
above system of equations results in an evaluation of the C/S ratio in C-S-H
(variable x), which will be presented later in section 5.2.2.
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The uni-axial compression test are carried on pastes hydrated for four months at
different temperatures. The results are compared with micro mechanical mod-
elling. As for low temperatures the hydration progresses with time we add the
mass assemblage corresponding to a hydration at 7◦C for four months. The
specimens cured at higher temperatures reach an ultimate hydration degree at
the very early days of hydration. We deem that the mass assemblage for speci-
mens cured at 60◦C and 90◦C is quasi-constant after 28 days of hydration.

20◦C 7◦C
Days 1 3 7 14 28 120 120
C-S-H 32.85 35.79 40.9 44.7 46.12 48.26 48.48
Portlandite 12.65 14.93 18.13 19.00 19.89 21.14 22.1
Ettringite 1.62 0.23 0.22 0.76 0.15 0.00 0
Afm 1.87 3.81 3.70 2.81 3.65 4.74 4.09
Si-Fe-Hydrogarnet 8.75 9.92 9.53 9.46 9.88 12.14 12.44
C3S 18.75 12.61 9.60 5.92 4.17 2.97 2.83
C2S 14.13 13.98 10.15 9.26 9.56 7.61 7.83
C3A 0.8 0.28 0.26 0.5 0.28 0.00 0.00
C4AF 7.65 6.13 5.94 5.80 5.45 2.90 2.67
Hydration degree 0.53 0.61 0.68 0.72 0.76 0.83 0.83

Table 4.2: Phase assemblage of cement pastes obtained from the com-
bination of XRD-Rietveld and TGA analysis for cement class G cured
at 20◦C for different hydration times and at 7◦C for 120 days (mass

fractions per respect to dry cement mass)

4.3 Porosity and pore size distribution

Themulti-scale porosity of cement paste should be investigated through various
porosimetry techniques capable of reaching various pore size ranges. In this
study we used mercury intrusion porosimetry, water vapor sorption, Nitrogen
sorption and NMR relaxometry in order to gain insights into the changes of
the pore structure at different hydration temperatures and different maturation
times.

4.3.1 Mercury intrusion porosity

Porosity variation at different hydration temperatures for a hardened state

The cumulative porosity and pore size distributions of cement pastes cured at
different temperatures for 28 days as obtained from mercury porosimetry are
presented in Figure 4.6. The results show one pore family with pore sizes rang-
ing from 10 nm to 100 nm and the beginning of a second pore family with pore
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sizes smaller than 10 nm. The median pore size is almost constant for tempera-
tures ranging from 7◦C to 40◦C and increases significantly at 60◦C. This trend
was mentioned in the literature [20, 80, 89, 169] and reflects that higher tem-
peratures lead to a coarsening of the porous structure. Pastes hydrated above
60◦C have larger pore volume as observed by MIP compared to pastes cured at
lower temperatures.
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Figure 4.6: (a) Differential pore size distribution; (b) Cumulative in-
trusion curve as measured by MIP for a class G cement paste cured at
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The pore family observed by mercury intrusion corresponds to the capillary
porosity and interestingly, the 10 nm pore size that corresponds to the lower
limit of the pore family observed by mercury intrusion, has been considered as
the lower limit of the size of the capillary pores [36]. Jennings [170] showed
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that capillary pores empty at 85% RH. This has also been confirmed recently
by NMR experiments that revealed a constant NMR intensity relative to cap-
illary pores below 85% [50]. This threshold value of relative humidity when
converted into pore size using the Kelvin equation indicates a pore size of 10
nm. Therefore, we assume that the capillary porosity is the porosity measured
by mercury intrusion up to 120 MPa pressure corresponding to a pore size of
about 10 nm, as shown in Figure 4.6 (a). MIP may result in an underestimation
of the volume of the biggest pores in a material as they can potentially be ac-
cessible only through smaller pores. However, in this study a great part of the
injected mercury volume corresponding to a wide range of pore sizes has been
used to evaluate the capillary porosity. For this reason, the mentioned under-
estimation should be less significant on the evaluation of the capillary porosity
presented here. Furthermore, recent studies by combining NMR and chemi-
cal shrinkage experiments validated the measurement of the capillary porosity
through MIP [171]. The evaluated capillary porosity is presented in Figure
4.7 and shows an increase with increasing hydration temperature. This is in
agreement with previous studies that showed through SEM experiments [80]
or sorption isotherms [170] an increase of the capillary porosity with curing
temperature. The increase of the capillary porosity may be explained by the
development of denser hydration products as the curing temperatures increases
[80, 172].
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Figure 4.7: Evolution of total, capillary and gel porosity with hydra-
tion temperature for 28 days

Comparison between drying cement at 11% of RH and freeze drying showed
that they empty almost the same pore reservoirs, the porosity measured by mass
loss during freeze drying is thus assimilated to the total porosity. In Figure 4.7,
the total porosity measured from mass loss during freeze drying is presented
and shows a slight decrease with increasing curing temperature. The gel poros-
ity can be evaluated by subtracting the capillary porosity from the total porosity.
As can be seen in Figure 4.7, the calculated gel porosity is decreasing with the
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curing temperature. The gel porosity decreases significantly by increasing the
hydration temperature, while themass fraction of C-S-H shows slight variations
with increasing hydration temperature, as shown in Table 4.1. This highlights
that the C-S-H becomes denser at elevated temperatures. The quantitative esti-
mation of the C-S-H density with curing temperatures will be addressed in the
following Chapter.

Porosity variation at different ages and temperatures

As seen in 4.2.2, the hydrates development with age depend on the hydration
temperature. Lets now investigate how the hydrates fill progressively the space
during hydration at different curing temperatures. The MIP pore size distribu-
tions for cement pastes cured at different hydration temperatures (7◦C, 20◦C,
and 60◦C) for different ages 1, 3, 7, 14 , 28 and 120 days are presented in
Figures 4.8, 4.9 and 4.10. The cumulative porosity is decreasing continuously
with the hydration time as the hydrates develop and fill the capillary space. For
the lower curing temperatures (T=7◦C and 20◦C), the MIP pore size distribu-
tions show bimodal distributions of pores at the very first days, which turn into
uni-modal ones as the hydration proceeds. The pore access diameter obtained
through MIP is decreasing with increasing hydration degree. Besides, bigger
capillary pores (10 µm, 0.1 µm) disappeared witnessing a densification of ce-
ment paste at the outer space of the C-S-H gel at early hydration ages and low
temperatures. The MIP pore size distributions at 60 ◦C show however a uni-
modal distribution, large at the very first days of hydration and getting narrower
by progressive hydration.
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Figure 4.8: (a) Differential pore size distribution; (b) Cumulative in-
trusion curve as measured by MIP for a class G cement cured at 7 ◦C

for different maturation ages
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Figure 4.10: (a) Differential pore size distribution; (b) Cumulative
intrusion curve as measured by MIP for a class G cement cured at 60

◦C for different maturation ages

A quantitative evolution of the porosity with hydration time is drawn in Figure
4.11 for a cement paste hydrated under a hydration temperature of 20 ◦C. The
total porosity and capillary porosity are gradually decreasing with proceeding
age as the hydrates form and fill the space. The gel porosity increases at the
first days of hydration and then starts decreasing after 28 days of hydration
confirming observations of Muller et al. [58]. The increase of the gel porosity
with progressive hydration derives from the development of the C-S-H gel with
the hydration time. The latter decrease of the gel porosity is interpreted as a
densification of the C-S-H gel by nucleation of solid C-S-H particles within
gel pores. The densification is however not restricted to C-S-H gel pores as
the capillary porosity continuously decreases with the hydration time, showing
that hydrates develop also at the capillary spaces. All these observations are in
accordance with different densification regimes presented by Königsberger et
al. [173].

4.3.2 Water vapor sorption

Water vapor sorption isotherms at different temperatures

Water vapor sorption isotherms of cement cured at different temperatures are
scarce in the literature. Few data exist on this subject, some were limited to
the description of only the adsorption [174] or the desorption process [175]
and others presented the isotherms of cement for limited range of temperatures
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Figure 4.11: Evolution of total, capillary and gel porosity with time
for a hydrating cement paste at 20◦C

[176] for instance (20◦C and 70◦C). Other studies recently addressed the ef-
fect of heating temperature on the sorption isotherms after curing [135]. The
full sorption isotherms (adsorption and desorption) of cement pastes cured at
different temperatures for a wide range of temperatures for 7◦C to 90◦C are pre-
sented in Figure 4.12. For 20◦C only the desorption branch is presented due to
experimental accidents during acquisition of the adsorption branch. The dried
mass reference is taken as the dried mass at 11%RH. In Figure 4.12 we can
distinguish two regimes: a first non linear regime associated with the capil-
lary domain and a second linear regime associated with multilayer adsorption.
Samples hydrated at lower hydration temperatures exhibit almost a linear be-
haviour. The non linearity of the desorption isotherm appears starting from
20◦C and increases significantly with increasing hydration temperatures. This
is due to the increase of the capillary porosity with the curing temperature as it
was observed frommercury intrusion porosimetry. It can be seen that the water
weight loss is enhanced with increasing hydration temperature. The water con-
tent of cement hydrated at a given relative humidity is decreasing with temper-
ature for both desorption and adsorption processes. The decreasing amount of
desorbed water with increasing hydration temperature is in agreement with pre-
viously published results [175, 177]. However, previous studies showed hardly
any variation of the adsorption branch with temperature. This is not the case
here as the quantity of adsorbed water is lower for higher curing temperatures.
An important feature of the isotherms is the hysteresis that is decreasing with
increasing hydration temperature. This is further discussed in Section 4.3.3.
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Figure 4.12: Water vapor sorption isotherms for a class G cement
paste cured at different temperatures T (◦C)= [7, 20, 60, 90] for four

months

Pore size distributions from BJH analysis

The pore size distribution can be obtained from the water sorption isotherms
using the BJHmethod. Results are presented in Figure 4.13 for both adsorption
and desorption branches.

The desorption branch is usually chosen to extract pores entries as it is more sta-
ble from a thermodynamical point of view comparing to adsorption [21]. Here
it can be seen that the differences between the adsorption and the desorption
branches are quite small. The difference between desorption and adsorption
branches is usually interpreted as a result of the desorption branch character-
ising pore entries and the adsorption branch characterising the pore widths.
Here, we observe that there is a strong agreement between the adsorption and
desorption branch for different pore sizes. However, some discrepancies start
appearing in the range [2-5 nm] and these discrepancies decrease by increasing
the hydration temperature. This correlates well with the decreasing hysteresis
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Figure 4.13: Pore size distributions obtained from BJH calculation on
adsorption and desorption branches based of water sorption isotherm
of cement pastes cured for 4 months at different temperatures T (◦C)=

7, 20, 60, 90

when elevating the hydration temperature. Regarding pore sizes, the adsorp-
tion curves characterise a median pore size around 5 nm while the desorption
branches characterise a median pore size of 3.5 nm. The pore size distributions
as obtained from the adsorption branch are changing with temperature, while
the ones obtained from the desorption branch are almost the same. Further-
more, the median pore size characterized by the desorption branch refers to a
relative humidity of 0.36 RHwhich is similar to the cavitation pressure of water
(around 0.35 RH). Thus, it seems reasonable to trust the adsorption branch for
characterising a pore size distribution which showed some variation in the pore
size distribution shape compared to the desorption branch. The pore family
highlighted by water vapor sorption refers to gel pores. It can be understood
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that the median pore size of gel pores is not changing with increasing curing
temperature. The gel pore fraction is decreasing with temperature confirming
previous observations.

4.3.3 Nitrogen sorption

The cumulative porosity with respect to the pore size of cement pastes cured at
different temperatures as obtained fromNitrogen sorption is presented in Figure
4.14(a). Similarly to the MIP porosity, it can be clearly seen that the porosity
intruded by Nitrogen is increasing significantly with temperature from 0.146 at
7◦C to 0.182 at 90◦C. However, this porosity does not correlate directly with
capillary porosity. In Figure 4.14(b) the total porosity fromMercury and Nitro-
gen are both presented with respect to hydration temperature. In general, mer-
cury intrusion gives higher values of porosity comparing to Nitrogen intrusion,
although the Nitrogen is supposed to reach finer pores (up to 2 nm) as compared
to mercury (up to 6 nm in our case). This is attributed to the difficulty of Nitro-
gen to condense in wide pores [21]. Therefore, the Nitrogen intrusion measures
only a small fraction of capillary pores. Furthermore, it is shown in this study
that the gel porosity is decreasing with increasing hydration temperature. As
the Nitrogen intrusion measures an increasing pore volume with temperature,
this pore volume cannot be assimilated with the gel porosity. Hence, it can be
concluded that the Nitrogen pore volume correspond to a part of the capillary
porosity and a part of the gel. These observations confirm the large difference
between the specific surface area values of cement paste obtained by Nitrogen
and Water.
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HD and LD porosity

Tennis and Jennings [14, 25] assumed that the C-S-H is distributed in two
forms: Low and high density which are different in terms of their packing den-
sities. This model assumes that some of C-S-H low density pores are accessible
to Nitrogen, while none of high density pores are accessible to Nitrogen. The
water however can enter both low density and high density C-S-H. This hypoth-
esis permitted the evaluation of the HD and LD C-S-H intrinsic porosities (0.24
and 0.37 respectively), and their volume fractions inside C-S-H that vary with
the hydration degree and W/C [25, 32]. The variation of these properties with
other hydration parameters for instance the hydration temperature is poorly un-
derstood. It is usually assumed by some researchers that the properties of these
two types of C-S-H for instance their intrinsic porosities are independent of the
mix proportions and the hydration conditions [14, 32, 39], and only their vol-
ume fractions can vary. In this study, to characterise the pore volume of HD
and LD variation with hydration temperature we follow the reasoning of Tennis
and Jennings [14, 25] with some slight differences. We assume that LD and HD
pores are both accessible to water. However, the Nitrogen can access the total
pore volume of LD C-S-H and part of the capillary porosity. Furthermore, our
analysis are based on the porosity results and not the SSA values due to compli-
cations of SSA estimations from water mentioned as the water is a part of the
C-S-H particles. The analysis here is based on gathering the results of porosity
obtained by different methods: Mercury porosity, Nitrogen porosity and wa-
ter porosity. The capillary porosity as explained in Section 4.3.1 is taken from
the cumulative porosity of mercury up to 10 nm. The total porosity is φ11%RH

the porosity measured by mass loss after drying at 11% of relative humidity.
The gel porosity φGel is regarded as the difference between the total porosity
φ11%RH and the capillary porosity. The gel porosity stands at the same time for
the sum of the HD and LD porosities φHD and φLD respectively. Where φHD

and φLD are porosities of HD and LD C-S-H with respect to the total volume
of cement. Assuming that the Nitrogen access only to the LD C-S-H, we deter-
mine the pore volume of LD C-S-H from Nitrogen cumulative porosity as the
intruded volume form 10 nm up to the end of intrusion. The 10 nm threshold
is chosen again to determine the pore volume of LD in order be consistent with
the determination of the capillary porosity. Finally the pore volume of HD is
regarded as the difference between total porosity and the capillary porosity and
LD porosity : φHD = φ11%RH - φLD - φCAP. This approach is summarized in
Figure 4.15.
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Figure 4.15: Scheme for determining the pore volume of LD and HD

The results of HD and LD porosities with respect to cement paste volume de-
termined as follows are presented in Figure 4.16. The pore volume of LD is
almost constant with temperature while the HD porosity decreases significantly
with temperature. To compare the estimated values of HD and LD porosities
lets calculate the ones predicted by Tennis and Jennings model [14, 25] for
the same hydration conditions. At an overall hydration degree of 0.83 and a
W/C=0.44 the volume fraction of LD and HD as estimated from the Tennis and
Jennings model are respectively equal to 0.52 and 0.48. The determined hy-
dration degree of alite and belite permit to estimate a volume fraction of 0.48
of C-S-H with respect to cement paste at four months of hydration. The pore
volume of LD and HD with respect to cement paste calculated based on these
values are reported in Figure 4.16. Estimations of LD and HD porosities in this
work are in the range of values calculated by the Tennis and Jennings model
[14, 25]. Estimations of the Tennis and Jennings model are however lower than
the one calculated here. This derives mainly from the differences in the used
assumption of a total LD pore volume accessible to Nitrogen or just some of
the LD pores are accessible to Nitrogen. It’s worth mentioning that consider-
ing a totally accessible LD porosity to Nitrogen didn’t permit to obtain good
fits of the evaluated porosities and the predicted ones by Tennis and Jennings
model. We here consider a totally accessible LD porosity to Nitrogen for two
reasons. Firstly, we find it unrealistic to distinguish between HD and LD based
on their accessibility to nitrogen and to consider at the same time that a part of
LD porosity is not accessible to Nitrogen. Secondly, the evaluated porosity non
accessible to Nitrogen decreases significantly with temperature. If we assume
that this porosity contains some of LD pores, the HD porosity will be smaller
than the one evaluated in this study at high temperatures and may even vanish
at 90◦C. This suggests for instance that the C-S-H is mainly formed of low den-
sity at high temperature and contradict the well-established increase of C-S-H
density.
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Figure 4.16: Variation of LD and HD pore volume with respect to
cement paste volume for specimens hydrated for 4 months at different

temperatures T( ◦C)= [7, 20, 60, 90]

Sorption hysteresis

The full sorption isotherms as collected from Nitrogen and water vapor of ce-
ment pastes cured at different hydration temperatures are presented in Figure
4.17 and Figure 4.12 respectively. An interesting feature of these isotherms is
the diminishing hysteresis with elevating curing temperatures. The hysteresis
is usually explained with the ink-bottle effect, the difference in contact angle
between the receding and entering meniscus and finally, the water leaving the
interlayer spaces irreversibly. It is worth noting that the hysteresis presented
here does not include the contribution of the interlayer water, because the water
vapor adsorption branch was obtained by progressively moving a specimen to
higher relative humidities (e.g, from 11%RH to 33% RH and from 33% RH to
44% RH and so on). Moreover, the specimens used for Nitrogen were freeze-
dried. In Section 3.4.1 we demonstrated that almost no interlayer water can be
removed during freeze drying. The difference between the contact angle dur-
ing adsorption and desorption cannot explain the reduced hysteresis as it is the
same for the different specimens dried at T= 20◦C. Hence, it can be concluded
that the obtained hysteresis is mainly due to the ink-bottle effect. From this
diminishing hysteresis, as it is associated with an ink-bottle effect, it can be un-
derstood that the necks controlling the desorption process are wider for higher
curing temperatures.
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Figure 4.17: Nitrogen sorption measurement for a class G cement
cured at different temperatures T (◦C)= 7, 20, 60, 90 for 4 months

4.3.4 Nuclear magnetic resonance (NMR)

Chemical and mechanical setting times

The progressive early hydration has been followed by NMR at different tem-
peratures for the first three days. The evolution of the relaxation time and the
free induction decay signal are presented in Figure 4.18. The signal evolu-
tion illustrates water depletion due to progressive hydration. It can be seen
that the increase of hydration temperature accelerates the water consumption
showing an initial acceleration of hydration, which is a well-established result
of calorimetry experiments [178, 179]. The relaxation time is also decreasing
with the hydration temperature due to the increasing confinement level of water
within the pores. The drop of relaxation time being faster at high temperatures
indicates the rapid formation of a solid structure for specimens cured at high
temperatures. The derivative of the T1 relaxation time together with the heat
flow curve of cement hydrated at 7◦C are presented in Figure 4.19. The opti-
mum of T1 derivative is shown to correlate well with the optimum of the Vicat
needle depth penetration derivative according to Wang et al. [142], permitting
to define the time of mechanical setting. The slow down of the T1 derivative
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Figure 4.18: Evolution of total NMR signal and relaxation time with
the hydration time for different temperatures (T◦C)=7, 20, 40

coincides with the optimum of the heat flow curve, making it possible to de-
fine the chemical setting time. The mechanical setting as perceived by Wang
et al. [142] reveals the time for the percolation of a solid network while the
chemical setting coincides with an important water depletion due to the pre-
cipitation of hydrates. It is worth mentioning that the mechanical setting here
does not stand for the development of strength. It only corresponds to the for-
mation of a defined structure. In this study, we found it interesting to correlate
these characteristic times with the rheological behaviour of cement. We inter-
pret the mechanical setting time as an indicator on the short term thixotropic
reversible behaviour. The initial structure could be reproduced through a strong
shearing. However, the chemical setting is seen as the long term thixotropic be-
haviour, corresponding to C-S-H particles bridging the clinker particles [180].
The mechanical and chemical setting times for class G cement taken as the time
corresponding to the optimum of the T1 derivative and the time at which the
derivative equals zero, at different hydration temperatures are reported in Table
4.3. It is shown that both mechanical and chemical setting times are decreasing
with increasing hydration temperature. The difference between these charac-
teristic times is decreasing with increasing hydration temperatures. This per-
mits identifying a characteristic time for workability loss of cement at different
hydration temperatures. It is also consistent with the change in the hydration
mechanism from diffusion control regime to reaction control regime. The de-
lay between mechanical setting and chemical setting corresponds to a diffusion
control regime. At high temperatures, the difference between mechanical set-
ting times and chemical setting times is small comparing to low temperatures,
reducing the time available for hydrates to diffuse leading to a more heteroge-
neous paste as highlighted by Verbeck [87].
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Figure 4.19: Derivative of the T1 relaxation time curve and the heat
flow curve of cement paste hydrating at 7◦C indicating the chemical

and mechanical setting of a cement paste

Temperature(◦C) Mechanical setting time (Hours) Chemical setting time (Hours)
7 14.5 30
20 4.5 13
40 3.5 6

Table 4.3: Mechanical and chemical setting times at different temper-
atures

NMR pore size distribution at a hardened state

Figure 4.20 presents T1 relaxation times of pastes cured at different hydration
temperatures for 28 days. Generally, the relaxation time distribution exhibits
four to three peaks. Based on the surface relaxivity evaluated in Section 3.3.6,
the pore sizes can be calculated and assigned to different pore categories. The
first peak with a relaxation time T1=0.16 ms corresponds to interlayer water
in C-S-H with a pore size of 0.70 nm at 7 and 20◦C. A second peak at 7 and
20◦C with T1=0.90 ms and T1=1.1 ms respectively corresponding to C-S-H gel
pores with a characteristic size of 3.9 nm and 4.77 respectively. Finally, two
or one side peaks that correspond to capillary pores. The evaluated pore size
of interlayer spaces and gel pores are in accordance with other data in the lit-
erature estimating an interlayer spacing of 0.85 nm and a gel pore size of 2.5
nm [58]. However, it can be seen that the interlayer relaxation time increases
slightly with increasing curing temperatures from 0.16 ms at 7 and 20◦C to
0.20 ms at 40 and 60◦C suggesting an increase of the interlayer space from 0.7
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Figure 4.20: T1 relaxation time distribution obtained from NMR ex-
periments at different temperatures T (◦C)= 7, 20, 40, 60 for 28 days

nm to 0.87 nm. To our best knowledge this trend has not been observed in the
literature. Gajewicz [79] and Holly et al. [92] have used 1H NMR T2 measure-
ments to describe the pore structure of white cement with increasing hydration
temperature and did not observe any variation of the interlayer spaces with hy-
dration temperature. The increase of the interlayer space observed in this study
is not fully understood. Regarding gel pores an increase in their size is no-
ticed from 7◦C to 20◦C. Above 20◦C, it seems that the median gel pore size is
almost constant. However, the distribution is more spread at higher tempera-
tures, spanning a wide range of pore sizes, on a contrary to lower temperatures
where a sharp gel pore family is observed. The spread distribution of pore sizes
at high hydration temperatures reflects the usually observed coarse structure.
The gel pore size obtained from NMR confirms the pore size distribution ob-
tained from BJH calculations on water vapor sorption indicating a pore size of
3.5-5 nm. The capillary porosity is however not well resolved with NMR. The
efficiency of NMR experiments in characterizing a pore type rely on the satura-
tion conditions of this pore. The capillary pores created by chemical shrinkage
are unsaturated and hence cannot be seen by NMR leading to an underestima-
tion of the capillary porosity by this method. Muller et al. [171] showed for
instance that NMR combined with chemical shrinkage measurements provide
estimations of capillary porosity that agree nicely with the MIP estimations of
capillary porosity. A surprising feature of these NMR relaxation time distribu-
tions is the intensity relative to each pore category. The intensities suggest that
an important fraction of water is contained in the interlayer spaces, while the
common knowledge confirms that an important fraction of water is within gel
pores. This inconsistency with previously published signal intensities makes
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it difficult to interpret NMR intensities quantitatively, and motivates the use of
other conventional methods to investigate the porosity within the cement paste.

Pore size distribution at different ages and temperatures

The NMR relaxation time distributions for cement pastes cured at different hy-
dration temperatures (7◦C, 20◦C, 40◦C and 60◦C) for different ages (1, 3, 7, 14 ,
and 28 days) are presented in Figure 4.21. Similar to MIP, the relaxation times
corresponding to low curing temperatures decrease progressively with ongo-
ing hydration, witnessing the increase of confinement level of water within gel
pores and then stabilise. The relaxation times corresponding to high curing
temperatures stabilise after three days of hydration and the pore structure is
frozen rapidly and does not evolve much.

Comparison between NMR and other conventional methods

The NMR pore size distribution presented above gives pore sizes of interlayer
spaces and gel pores in accordance with other published data in the litterature,
despite the high iron content of this class G cement. The pore size distribution
obtained from NMR is compared with the pore size distribution obtained from
MIP and BJH calculations on water sorption isotherm to investigate the limita-
tions of each technique. The comparison is presented in Figure 4.22 for mature
(120 days) and early age (1 day) cement pastes.

The pore size distributions obtained from different methods agree nicely de-
spite the limitations of each technique. At a mature age the MIP curve covers
the capillary pore range of the NMR pore size distribution. The BJH pore size
covers both the capillary and the gel pore range. However, the pore size charac-
terised by the BJH curve corresponds mostly to the gel pore family observed by
NMR. Only NMR is capable of characterising the interlayer spaces. The agree-
ment between MIP and NMR holds also for early age cement. The MIP curve
shows a bimodal distribution over the capillary porosity at 20◦C at 1 hydration
day. NMR shows also a bimodal distribution of porosity over the same range
of pores. However, the intensities relative to these two peaks seen by NMR and
MIP are not similar. This may be explained by the capillary pores created by
chemical shrinkage and that are not seen by NMR while they are well captured
by MIP, leading to a higher intensity of MIP for the pores bigger than 100 nm.
As mentioned in Section 4.3.1, the association of NMR and chemical shrinkage
experiments for instance yields similar estimations of capillary porosity as the
MIP [171].
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Figure 4.21: T1 relaxation times obtained for specimens hydrated at
different ages for T (◦C)= 7, 20, 40, 60. The curve corresponding to 1

hydration day at 7◦C can be read on the grey axis

4.3.5 Scanning electron microscopy

Scanning electron microscopy images of cement paste are presented in Figure
4.23 and show a visual distribution of hydrates and their porosity for speci-
mens cured for four months at different temperatures. These images confirm
the different observations presented above for cement pastes cured at different
hydration temperatures. It is seen that the capillary porosity is increasing with
increasing hydration temperature. Furthermore, the hydrates are less homoge-
neously distributed when the hydration temperature is increased. In Figure 4.23
a clear distinction in terms of density can be made between the hydrates and the
surrounding matrix in which they are embedded. It seems that this matrix is
getting porous with increasing hydration temperature. This visual observation
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of cement paste at different hydration temperatures will help refining the mi-
crostructural representation of cement paste for micro-mechanical modelling.
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(a) T=20◦ (b) T=40◦

(c) T=60◦ (d) T=90◦

Figure 4.23: Microscopy observations on cement paste cured for four
months at different temperatures T ( ◦C)= 7, 20, 40, 60

4.3.6 Uniaxial compression tests

The results obtained from uniaxial compression tests conducted on class G ce-
ment samples cured at various hydration temperatures are presented in Figure
4.24. The uniaxial compression strength undergoes a significant decrease from
63 MPa at 7◦C up to 47 MPa at 90◦C. Similarly, the Young’s modulus is re-
duced with increasing hydration temperature from 20.5 GPa at 7◦C to 11.3 GPa
at 90◦C. In the same way the Poisson’s ratio is declining from 0.27 at 7◦C to
0.205 at 90◦C.

These observations are in good agreement with well-established trends in the
literature showing a decline of mechanical properties of cement when cured at
high temperatures [20, 74]. This decrease of mechanical properties is gener-
ally attributed to the increase of capillary porosity generated by the enhanced
heterogeneity of cement paste at elevated temperatures [20, 43, 74, 80]. In this
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Figure 4.24: Elastic properties of cement paste cured for four
months at different temperatures as obtained from uniaxial compres-
sive strength (a) Uniaxial compression strength, (b) The Young’s mod-

ulus and the Poisson’s ratio

work, we will investigate how the increase of capillary porosity with increasing
hydration temperature contributes to the decrease of the mechanical properties
(Refer to section 5.3).
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4.4 Conclusion

The cement paste microstructure has been characterized by performing X-Ray
diffraction analysis combined with the Rietveld method, thermogravimetric
analysis, mercury intrusion porosimetry, porosity evaluation by drying, Nitro-
gen and water vapor sorption and finally NMR relaxometry. The mass assem-
blage obtained from TGA and XRD is slightly affected by the hydration temper-
ature. The different experimental methods agree on the increase of the capillary
porosity and the decrease of the gel porosity by increasing the hydration tem-
perature. Regarding hydrating cement pastes, the total and capillary porosity
decreases with time as a result of progressive hydration. The gel porosity in-
creases up to 28 days of hydration and then starts decreasing slightly as the
C-S-H densifies within gel pores. The pore sizes obtained from MIP and BJH
calculations on water vapor sorption show compatibility with the pore sizes
obtained from NMR relaxation at mature and early ages. Association of wa-
ter vapor sorption, capillary porosity and Nitrogen porosity following Tennis
and Jennings [14, 25] schematic description of C-S-H permits quantifying the
LD and HD pore volume with respect to cement paste. The LD pore volume
is almost constant while the HD pore volume decrease significantly. At the
macroscopic scale these different microstructural changes result in a signifi-
cant decrease of the Young’s modulus and Poisson’s ratio of cement paste with
increasing hydration temperature.

—————————————————————————-
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Chapter 5

Effect of the hydration
temperature on the C-S-H

5.1 Introduction

The mass assemblage of a class G cement has been provided in the previous
chapter for different curing temperatures and different hydration degrees at a
curing temperature of 20◦C. The porosity and pore size distribution obtained
by different methods were also presented and showed agreement between each
other. In this Chapter, the results of Chapter 4 are analysed in order to determine
the C-S-H characteristics at different temperatures and hydration degrees at a
curing temperature of 20◦C. For instance, the C-S-H density, C/S andH/Smolar
ratios and the intrinsic HD and LD porosity are elucidated. The description
of the microstructure at different hydration temperatures is used in a micro-
mechanical model to gain insights into the origins of the decrease of mechanical
properties of cement paste hydrated at high temperatures.

—————————————————————————-
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5.2 Charcterisation of the C-S-H chemical compo-
sition and density

5.2.1 Evaluation of C-S-H density

Few data in the literature exist on the effect of curing temperature on the C-
S-H bulk density [79, 80] and the proposed values of this density at different
curing temperatures are not close to each other. The direct measurement of
C-S-H density is difficult due to its amorphous structure and the presence of
portlandite finely intermixed with C-S-H particles. We propose here a simple
indirect method to evaluate the C-S-H bulk density based on the experimental
results presented previously. The C-S-H gel porosity φgel can be related to the
C-S-H intrinsic porosity φCSH and its volume fraction fVCSH through the follow-
ing expression:

φgel = φCSHf
V
CSH (5.1)

The C-S-H intrinsic porosity can be further expressed in terms of the density
of C-S-H solid ρs, the bulk density of C-S-H ρbulk

CSH and the water density ρw as:

φCSH =
ρs − ρbulk

CSH

ρs − ρw
(5.2)

The C-S-H volume fraction fVCSH is linked to the mass fraction of saturated
C-S-H, f sat

CSH through the following expression:

fVCSH = f sat
CSH

ρCP

ρbulk
CSH

(5.3)

where ρCP is the cement paste density. It is worth noting that the mass frac-
tion of C-S-H evaluated in Section 4.2.4 corresponds to a freeze-dried C-S-H,
fdry

CSH. To evaluate the saturated C-S-H density, the saturated mass fraction f sat
CSH

should be used. The dried and saturated mass fractions can be linked to each
other with the following relation:

f sat
CSH = fdry

CSH

ρbulk
CSH

ρbulk
CSH − φCSHρw

(5.4)

Using Eqs. 5.1, 5.2, 5.3, 5.4 and φgel = φt− φcap the following expression can
be derived for the bulk C-S-H density:

ρbulk
CSH = ρs

ρw(φt − φcap) + ρCPf
dry
CSH

ρs(φt − φcap) + ρCPf
dry
CSH

(5.5)

The inputs parameters for this expression are the density of C-S-H solid ρs, the
mass fraction of freeze-dried C-S-H fdry

CSH, the cement paste density ρCP, the to-
tal porosity φt and the capillary porosity φcap. Themass fraction of dried C-S-H
is obtained from a mass balance of different hydrates as explained in Section
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4.2.4. The total porosity and the capillary porosity are evaluated respectively
by freeze drying and mercury porosimetry. The choice of C-S-H solid density
is important for this analysis. The most admitted value of C-S-H solid density
has been given by Allen et al. [33] using SANS & SAXS experiments and is
equal to 2.603 g/cm3. This density includes all the internal water of the C-S-H
globule but excludes any adsorbed water at the globule’s surface. As the drying
at 11% RH leaves a monolayer of water on the C-S-H surface, the solid density
of C-S-H at this condition is smaller than 2.603 [33]. Jennings [35] presented a
solid density of globules equilibrated at 11% RH equal to 2.47 g/cm3 which can
be considered as the solid density of C-S-H globules in a freeze-dried cement
paste, considering the similarity of freeze drying and 11% RH drying methods
presented in Section 3.4.1. The density of C-S-H solid is considered to be in-
dependent of hydration conditions. Still, we admit that a change of the C-S-H
solid density is possible. The changing chemical composition with tempera-
tures will obviously affect this solid density [79].

C-S-H density at different temperatures

The bulk density of C-S-H has been evaluated for different hydration tempera-
tures through the proposed method and presented in Figure 5.1. As expected,
the C-S-H bulk density is increasing with increasing curing temperatures from
1.87 g/cm3 at 7◦C to 2.10 g/cm3 at 90◦C. The value of the bulk density evalu-
ated at ambient temperature, equal to 1.96 g/cm3, is close to the widely admitted
value of C-S-H bulk density determined by Jennings [31], equal to 2.03 g/cm3.
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Gallucci et al. [80], reported values of the C-S-H bulk density at different curing
temperatures that are higher than the one presented here. It’s worth mentioning
that a scaling factor has been applied to the densities obtained by Gallucci et
al. [80] to be in accordance with the Jennings model predictions. Gajewicz
[79] also reported the C-S-H bulk densities for white cement and the reported
values of densities agree very well with the data presented here. For instance,
Gajewicz [79] presented a density of 1.91 g/cm3. and 2.01 g/cm3 for 20◦C
and 60◦C curing temperatures respectively, while we obtained 1.96 g/cm3. and
2.04 g/cm3 for the same hydration temperatures. Regardless of the experimental
uncertainties, this good agreement gives confidence in our experimental results
and the proposedmethod. It also provides quantitative estimations of the C-S-H
density for another type of cement which presents some difficulties to be probed
by other sophisticated methods such as NMR.

The intrinsic porosity of C-S-H can now be evaluated using Eq 5.2. The results,
presented in Figure 5.2, show that the intrinsic porosity of C-S-H is decreasing
significantly with increasing curing temperature from 0.40 at 7◦C to 0.25 at
90◦C at 28 days of hydration. The intrinsic porosity at 90◦C is close to the HD
intrinsic porosity of 0.24 provided by Tennis and Jennings [14].
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Figure 5.2: The intrinsic porosity of C-S-H for different curing tem-
peratures at 28 days of hydration

The increase of the C-S-H bulk density with curing temperature was undeni-
able from increasing grey level of backscattered images of Gallucci et al. [80].
However, a debate has been raised on whether this changing grey level reflects
a change of the C-S-H atomistic structure, or is due to an internal arrangement
of C-S-H particles. It is here evidenced that regardless of C-S-H solid density
(which is considered constant here), the decreasing internal porosity of C-S-H
captures well the increase of C-S-H density. Nevertheless, we do not refute the
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fact that the atomistic structure influences the C-S-H solid density. In fact, de-
creasing water content in C-S-H leads obviously to increasing solid density. As
can be seen in Eq. 5.5, the saturated C-S-H density in our calculation is directly
proportional to the C-S-H solid density ρs. Considering the relatively narrow
range of the possible values of C-S-H solid density, it can only have a limited
influence on the evaluation of C-S-H bulk density. Further work is needed to
improve our knowledge about the C-S-H solid density under different curing
conditions.

C-S-H density at 20◦C at different ages

The C-S-H bulk density of a cement paste hydrated under 20◦C for different
curing ages is presented in Figure 5.3. It can be seen that the C-S-H bulk den-
sity is gradually increasing from 1.92 g/cm3 after 1 day of hydration up to 1.99
g/cm3 at 120 days. A considerable increase in density is noticed after 28 days
of hydration. This is consistent with the noticed decrease of the gel porosity
after 28 days as presented in Section 4.3.1 and suggests the development of C-
S-H in more restricted spaces. In other words, it is the result of nucleation of
solid C-S-H layers within the gel pores. Calculated densities at different ages
are in a strong agreement with Muller et al. [58] estimations. The intrinsic
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Figure 5.3: The evaluated C-S-H saturated density for different curing
times at a hydration temperature of 20◦C

porosity of C-S-H of a cement paste hydrated under 20◦C for different curing
ages is presented in Figure 5.4. The intrinsic porosity of C-S-H is decreasing
from 0.374 at 1 day of hydration at 20◦C to 0.326 at 120 days of hydration at
the same temperature ◦C. The intrinsic porosity at early ages (0.374) is almost
equal to the LD intrinsic porosity proposed by Tennis and Jennings [14] equal
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to 0.37. This intrinsic porosity at 1 day of hydration supports the idea of devel-
opment of one C-S-H type which is the low density C-S-H at early ages. The
later decrease of C-S-H intrinsic porosity corresponds to the development of
a high density C-S-H by nucleation of solid layers within the LD C-S-H. The
intrinsic porosity at 120 days is equal to 0.326 and is in agreement with the
intrinsic porosity provided by Tennis and Jennings [14] for the same hydration
conditions 0.308=0.24*0.48+0.37*0.52.
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Figure 5.4: The intrinsic porosity of C-S-H for for different curing
times at a hydration temperature of 20◦C

5.2.2 C-S-H Chemical composition

This section is dedicated to evaluation of the influence of hydration temperature
on the C-S-H composition in terms of C/S and H/S molar ratios. These ratios
are defined in the following:

C/S =
nCa

CSH

nSi
CSH

; H/S =
nH

CSH

nSi
CSH

(5.6)

Where nCa
CSH, nSi

CSH and nH
CSH correspond respectively to molar quantity of cal-

cium, silicon and water in a C-S-H particle. The molar C/S ratio is derived
from the resolution of the system of equations as mentioned in section 4.2.4.
Regarding the H/S ratio, the molar quantity of chemically combined water in
C-S-H can be estimated from the weight loss corresponding to C-S-H in TGA
experiments. Within the temperature range associated to the dehydration of C-
S-H other constituents like ettringite, Afm, hydrogarnet are also loosing water.
Consequently to evaluate the water associated to C-S-H, the quantity of water
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evaporated from the other phases in the same temperature range should be de-
duced. The molar contents of hydrogarnet has been evaluated through mass
assemblage of the cement paste and its water content can be easily subtracted.
Concerning ettringite and Afm, it should be recalled that the TGA experiments
are performed here on freeze-dried samples. The freeze-drying seems to de-
hydrate ettringite and Afm [62] and probably for the same reason these two
phases could not be observed in our XRD experiments. It seems thus reason-
able to not subtract the water associated to ettringite and Afm from the TGA
results as these phases may have been already dehydrated during the freeze
drying. Therefore, the chemically combined water in C-S-H is evaluated by
subtracting the water bounded to hydrogarnet from the total quantity of water
removed until 300◦C. The H/S ratio corresponding to the saturated C-S-H can
be obtained by adding the molar quantity of water in gel pores per unit mass of
dry paste to the value obtained for the dry C-S-H:

(H/S)sat =
1

nSi
CSH

(
nH

CSH +
φgelρw

(ρCP − φtρw)MH2O

)
(5.7)

Where ρCP is the density of saturated cement paste andMH2O is the molar mass
of water.

C-S-H chemical composition at different temperatures

The C/S ratios for different hydration temperatures as evaluated directly from
the resolution of the set of Eqs. (4.1) are presented in Figure 5.5.
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One can see a decrease of C/S ratio with increasing curing temperature, from
1.93 at 7◦C to 1.71 at 90◦C. The C/S ratio evaluated at ambient temperature,
equal to 1.86, is higher than the generally admitted value of 1.75 regarded as
the mean value of C/S molar ratio in C-S-H [20, 42, 53]. However, different
values for the C/S ratio are presented in the literature. Escalante et al. [181]
reported values ranging from 1.61 to 2.24 for C/S ratio. In other studies the
same authors reported values of 2.06 and 2.07 based on EDS experiments [74].
Richardson et al. [53] reported values for the C/S ratio of 1.2 to 2.3. In a more
recent study on a class G cement the C/S ratio at 30◦C is found to be 1.84±0.24
[126]. It appears that the values of C/S ratio vary widely in literature and rely
on the used experimental techniques.

It is worth noting that the obtained values of C/S ratio depend on the evalu-
ated quantity of portlandite from TGA results. As mentioned in section 4.2.2
we assumed that all the produced calcite comes from the carbonation of port-
landite. If one assumes that a part of the calcite is produced as a result of the
carbonation of C-S-H, this results in a smaller quantity of portlandite and leads
to higher C/S ratios. As for example, if the first carbonation peak is arbitrarily
attributed to C-S-H carbonation, it results in C/S ratios higher than 2.0 for hy-
dration temperatures 7◦C and 20◦C, which is of course much higher than the
admitted average values.

The evaluated H/S ratios for dry (corresponding to non evaporable-water or
water within interlayer spaces) and saturated (corresponding to C-S-H with gel
pores filled with water) conditions are given in Figure 5.6 for different hydration
temperatures.
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One can note a decrease of the H/S ratio with increasing curing temperature for
both dry and saturated state. The dry (H/S) decreases from 1.92 at 7◦C to 1.40
at 90◦C and the saturated (H/S) varies from 5.1 at 7◦C to 2.66 at 90◦C. The eval-
uated value of H/S ratio for dried C-S-H cured at ambient temperature, equal
to 1.85, compares well with the value of 1.8 given by Allen et al. [33] based on
SANS and SAXS experiments, corresponding to interlayer water which does
not include the layer of water at the surface of the globule. This has been con-
firmed in recent studies by Muller et al. [58] proposing a mean value of 1.8 for
the interlayer water. The saturated H/S ratio evaluated at ambient temperature
in this study is equal to 4.23, which is in agreement with the widely admitted
value equal to 4 for a pure C-S-H [20, 35]. It is worth noting that the provided
H/S ratios may be underestimated due to the eventual carbonation of C-S-H.
Few data in the literature propose the H/S ratio for saturated C-S-H as most
of the investigation techniques are destructive. In a recent study by Muller et
al. [58] using NMR on a never dried cement paste,an H/S ratio equal to 4.4
is found respectively for w/c=0.40 which is compatible with the ratio of 4.23
found in this work for w/c=0.44.

The observed decreasing trend of H/S ratio with hydration temperature is com-
patible with the results of Bentur et al. [172] and Gallucci et al. [80] who
both reported a decrease in the water content of C-S-H. However, the values
calculated by Gallucci et al. [80] for the H/S ratio were bigger than the values
admitted for interlayer water and lower than the values corresponding to a sat-
urated C-S-H. They hence assigned the evaluated H/S ratio to interlayer water
plus a part of water in gel pores. However, in this study a clear distinction be-
tween interlayer water and gel pore water has been made and provided coherent
values with the widely admitted values. Gajewicz [79] clearly distinguished be-
tween interlayer water and gel pore water. The value provided of saturated H/S
from for Gajewicz [79] studies are in agreement with the values of saturated
H/S ratio proposed here. For instance at 20◦C and 28 days the saturated H/S is
equal to 4.24 according to Gajewicz [79] and a value of 4.23 is obtained here.
However, the values corresponding to interlayer H/S ratio in this study are sig-
nificantly different from the ones presented by Gajewicz [79]. For instance, the
H/S ratio for a cement hydrated at 20◦C for 28 days is equal to 1.45 according
to Gajewicz [79] and a value of 1.85 is proposed here. One explanation for the
difference between these values is that the measurements of Gajewicz [79] ex-
clude the adsorbed water at the C-S-H surface, while the measurements in our
study include the contribution of the adsorbed water. Regarding the decrease
of H/S ratio, Thomas et al. [182] has interpreted this observation using sol-gel
processing mechanisms, stipulating that the decrease in the molar H/S ratio is
the result of the condensation reactions that take place in cement pastes. In fact,
cement cured at elevated temperatures undergoes an enhanced rate of silicate
polymerization [183] turning the monomeric species into polymeric species.
This condensation reaction is accompanied by the release of a water molecule,
which results in a diminution of C-S-H water content. Solid NMR experiments
also confirmed this increasing rate of silicate polymerization with temperature
as the mean chain length of silicate showed an increase with elevated curing
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temperature [80, 183]. In a similar manner, the enhanced silicate polymeriza-
tion rate yields to a decrease of the C/S ratio as reported before in [183]. The
provided chemical composition of C-S-H is a simplified composition as it did
not account for the eventual adsorption of sulphates or aluminium to the C-S-
H. Indeed, some sulphates or aluminium may adsorb to the C-S-H, but it is
shown that they have only a limited impact on its properties [80]. Furthermore,
the quantity of sulphate present in the initial composition is very small and is
mostly used to nucleate ettringite and Afm.

C-S-H chemical composition at 20◦C at different ages

TheC/S ratio at different ages is presented in Figure 5.7. This ratio is decreasing
significantly the first 3 days and then stabilises around 1.84. The decrease of
C/S ratio with age is in accordance with results from literature [53, 58].
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Figure 5.7: The evolution of the C/S ratio with respect to time at a
hydration temperature of 20◦C

The H/S ratio for dry and saturated C-S-H is presented in Figure 5.8. The dry
H/S ratio increases with age from 1.23 at 1 day to 2.11 at 120 days. While the
saturated H/S ratio decreases slightly with the hydration from 4.55 at 1 day to
4.27 at 120 days. These observations are different from what has been pro-
posed recently by Muller et al. [58]. For instance, in [58] the saturated H/S
ratio decreases from 6.65 at 1 day to 4.04 at 300 days of hydration. The ob-
served decrease is much significant than what is observed here. Furthermore,
the interlayer ( or dry following the terminology used here) H/S obtained by
Muller et al. [58] increases slightly at the first days of hydration and then sta-
bilises after 7 days, while the one obtained here increases continuously with
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the hydration time. The increase of dry H/S ratio may be seen as an increase of
number of layers forming the C-S-H globules.
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Figure 5.8: The evolution of the H/S ratio with respect to time at a
hydration temperature of 20◦C

5.2.3 Sensitivity analysis

The evaluation of the C-S-H chemical composition and density as presented in
previous sections rely on various experimental results. Of course uncertainty
in each measurement will have a certain influence on the evaluated parameters.
For most of these methods it is quite difficult to define a numerical value for
the precision or error on the results. For this reason, a sensitivity analysis is
performed here in order to estimate the errors in the evaluated composition and
density, based on an arbitrary 5% error in different experimental results. The
results are presented in Table (5.1) for the cases in which the error is attributed
to only one experimental result. It is shown that a 5% error induce a very small
variation on the estimated C-S-H density, showing that the C-S-H density could
be determined accurately. The chemical composition of C-S-H seems however
to be more strongly concerned with the variation of the measured parameters.
While the portlandite content and the C3S and C2S hydration degree have a
limited effect on the C/S ratio, it seems that the dry and saturated H/S are the
most sensitive to the measured parameters. The above analysis was based on
an error attributed to only one parameter at each time. However, in reality, the
errors on various parameters can happen simultaneously with different values
and signs. In order to account for the errors accumulation, we performed an
error analysis based on a randomly chosen error within the range of [-5%,5%],
which can happen on every independently measured variable in our system of
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Parameter changed by 5% C/S (H/S)dry (H/S)sat Density C-S-H Fraction
Bound water ATG 5% 2 % 0.2% 0.9%
CH mass fraction 3% 0.3% 1.5%
Hydration degree of C3S 2% 4.5% 4.5% 1% 5%
Hydration degree of C2S 0.1% 1% 1% 0.5% 0.5%
Gel porosity 3% 1%

Table 5.1: Error analysis on different evaluated C-S-H parameters
(C/S, (H/S)dry, (H/S)sat, and density) for an arbitrary 5% error in an

individual experimental result

equations. A Monte-Carlo type calculation has been performed to evaluate the
range of values than can be obtained for each result. It is worth noting that
the error added to different parameters is not necessarily the same. This is
done for the hydration temperature of 7◦C and the results are presented in Table
(5.2) in terms of minimum and maximum values obtained in the worst cases for
each parameter. It can be clearly seen that even in case of accumulated errors,
the uncertainties on the results are higher than the case of single errors on an
individual parameters, but however the uncertainties remain reasonable.

The experimental measured parameters in this study show coherence within
repeatability and reproducibility tests, which provides confidence in the pre-
sented results. Moreover, the good quantitative and qualitative accordance with
previously published results, as mentioned in different sections of the thesis,
strengthen this confidence.

Main results Min values Max values
C-S-H composition C/S 1.93 1.83 2.03

(H/S)dry 1.92 1.75 2.12
(H/S)sat 5.1 4.74 5.61
Density 1.88 1.85 1.93

Mass fractions C-S-H 42.84 39.74 45.95
Ettringite 1.77 1.46 2.07
Afm 1.37 1.10 1.62

Hydrogarnet 7.87 7.47 8.42

Table 5.2: Accumulated error analysis on different evaluated C-S-H
parameters (C/S, (H/S)dry, (H/S)sat, density and mass fractions) for
an arbitrary error chosen randomly within the range [-5%,+5%] intro-

duced simultaneously to experimental results at 7◦C

5.2.4 Nanoporosity of cement paste

The water content of cement paste has been determined from TGA analysis and
resulted in the estimation of the H/S ratio. This water content is supposed to
correspond to interlayer water. It can be thus interpreted in terms of nanoporos-
ity of cement paste. By nanoporosity we refer to the porosity within the solid
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C-S-H globules with respect to cement paste volume. This porosity is giving
by the expression:

φCP
Nanoporsity =

V Interlayerwater
CSH

VCP

=

nH
CSHMH2O

ρw

VCP

(5.8)

The nanoporosity evaluated along these lines is presented in Figure 5.9(a) for
a cement hydrated under different curing temperatures for a maturation age of
28 days.

It is seen that the nanoporosity at 28 days of hydration is slightly decreasing
although the hydration degree is almost similar for specimens hydrated at tem-
perature above 20◦C (around 0.77). The nanoporosity of samples hydrated at
7◦C is however smaller than that of 20◦Cdue to the lower hydration degree (0.65
at 28 days and 7◦C). The nanoporosity evolution with curing age is presented
in Figure 5.9(b) and is increasing with maturation age due to the progressive
hydration. In fact, as the hydration progresses the C-S-H densifies and more
interlayer spaces are created yielding to an increase of nanoporosity [50]. It is
equal to 5% at the first hydration day and reaches 15% after 120 days of hydra-
tion at 20◦C curing temperature. The value of nanoporosity estimated at 60◦C
and 90◦C is equal to 11% with respect to total cement volume. It should be re-
minded that the TGA analysis of cement cured at different ages at 90◦C showed
minor variations, in fact, specimens hydrated at higher hydration temperatures
reach rapidly an ultimate hydration degree. The nanoporosity is thus not sup-
posed to change after 28 days of hydration for specimens hydrated at 60◦C and
90◦C. These results hence suggest that at a mature age, the nanoporosity of
cement is decreasing with increasing hydration temperature. Few data in the
literature reports the nanoporosity variation of cement paste with the hydra-
tion conditions. The only reported value is the one provided by Jennings [35]
around 18% and corresponds to intrinsic C-S-H nanoporosity. Gajewicz stud-
ies [79] showed that the intensities relative to interlayer water within C-S-H are
decreasing with increasing hydration temperature. When interpreted in terms
of cement nanoporosity this decrease of interlayer NMR intensity suggests that
the cement nanoporosity is decreasing from 15% at 10◦C to 12% at 60◦C, val-
ues in agreement with what is presented here.

5.2.5 Volume assemblage of cement at different temperatures

The volume assemblage obtained from the microstructure characterisation of
cement paste hydrated at different temperatures is summarized in Table 5.3. Re-
garding the volume assemblage, the curing temperature increase impacts essen-
tially on the capillary porosity and C-S-H volume fraction. It can be seen that
the volume fraction of the C-S-H is decreasing with increasing curing tempera-
ture, while the capillary porosity is increasing. Both of these changes originate
from the increasing C-S-H density with increasing curing temperature. The
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Figure 5.9: The nanoporosity of cement with respect to the total vol-
ume for (a) different hydration temperatures and (b) different hydration

ages at a hydration temperatures of 20◦C)

volume fraction of portlandite is almost constant with different curing temper-
atures for mature ages (i.e, 120 days for 7◦C and 20◦C and 28 days for 60◦C
and 90◦C). The afm and hydrogarnet volume fractions are slightly increasing
with the increase of hydration degree associated to aluminate and ferrite. The
volume assemblage corresponding to four months of hydration will be used in
micromechanical modelling. For 60◦C and 90◦C the volume assemblage deter-
mined at 28 days of hydration is used as the hydration degree is not supposed
to change after 28 days of hydration at these hydration temperatures.
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Ages 28 Days 120 Days
Temperature(◦C) 7 20 60 90 7 20
Volume fractions

C-S-H 0.510 0.520 0.503 0.464 0.550 0.534
Portlandite 0.12 0.13 0.143 0.153 0.154 0.142

Afm 0.01 0.03 0.02 0.03 0.04 0.05
Hydrogarnet 0.04 0.05 0.042 0.040 0.067 0.067

Unhydrated clinker 0.014 0.10 0.095 0.093 0.069 0.068
Capillary voids 0.140 0.150 0.200 0.227 0.115 0.130
other information

Density 1.89 1.95 2.04 2.10 1.95 1.99
C-S-H porosity 0.40 0.35 0.29 0.25 0.35 0.33

Table 5.3: The volume assemblage of cement paste hydrated for at
different temperatures and other quantitative information needed for

micromechanical modelling

5.2.6 Two C-S-H structures

In Section 4.3.3 the analysis of porosity results obtained by mercury porosime-
try, water vapor sorption and Nitrogen sorption, permitted the estimation of the
pore volume of LD and HD with respect to cement paste volume. The HD and
LD pore volume are used in the following to further gain insight into the evo-
lution of two C-S-H structures with curing temperature. The volume fraction
(f vCSH) of C-S-H is related to the pore volume of LD and HD and their intrinsic
porosities as stated by equation 5.9:

f vCSH = φHD ·
1

ϕHD

+ φLD ·
1

ϕLD
(5.9)

and the LD and HD fractions respectively of C-S-H are related to the volume
fraction (f vCSH) of C-S-H and to the intrinsic porosities of HD and LD (ϕHD
and ϕLD) respectively by equation 5.10 where fCSH

HD + fCSH
LD = 1:

fCSH
LD = φLD/ϕLD/f

v
CSH

fCSH
HD = φHD/ϕHD/f

v
CSH

(5.10)

The volume fractions of C-S-H (f vCSH) at different temperatures are presented
in Table 5.4 together with the porosities of HD and LD with respect to cement
paste for different curing temperatures. The LD C-S-H porosities as obtained
from NAD experiments are almost similar for different curing temperature and
show only slight variations. Hence, their mean value is presented in table 5.4
for different curing temperatures.

Reporting the obtained values of these properties in equation 5.9 results in one
equation for each temperature linking two variables (ϕHD and ϕLD). Given this
equation, the LD C-S-H intrinsic porosity (ϕLD) is varied in the range of [0.2,
0.6] and the HD intrinsic porosity ϕHD is determined. In Figure 5.10, we plot
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Table 5.4: Different porosities of cement paste per total volume and
essential inputs for figure 5.10

Temperature(◦C) 7 20 60 90
C-S-H Volume fraction f vCSH 0.550 0.534 0.503 0.464

Capillary porosity φCap 0.115 0.130 0.200 0.227
Gel porosity φGel 0.195 0.180 0.140 0.120
LD porosityφLD 0.093 0.093 0.093 0.093
HD porosityφHD 0.112 0.107 0.037 0.030

Total porosity φ11%RH 0.32 0.32 0.33 0.35
C-S-H Intrinsic porosity 0.35 0.33 0.29 0.25

C-S-H Density 1.95 1.98 2.04 2.10

the HD intrinsic porosity with respect to LD intrinsic porosity. The range of
values corresponding to ϕLD < ϕHD is omitted. The results for cement hy-
drated under various temperatures show that independently of the LD intrinsic
porosity, the HD intrinsic porosity is decreasing with the curing temperature
increase. This stands for an HD C-S-H that is getting denser at higher curing
temperatures. Interestingly, the intrinsic porosity of C-S-H after one hydration
day at 20◦C is equal to 0.374 and is very close to the LD C-S-H intrinsic poros-
ity. Furthermore, it is evidenced that the C-S-H that grows at the early hydration
degrees is the low density C-S-H. This for instance, suggests that the LD intrin-
sic porosity at 20◦C is equal to 0.37 similar to Tennis and Jennings propositions.
For T=20◦C, the predicted HD intrinsic porosity corresponding to an intrinsic
LD porosity of 0.37 is equal to 0.31. The predicted HD intrinsic porosity is
higher than the one provided by Tennis and Jennings model [14] equal to 0.24.
It should be noted that we are not expecting getting the same intrinsic porosities
as the Tennis and Jennings model as we assume a totally accessible LD porosity
to Nitrogen, with an opposition to a partially accessible LD porosity assumed
by Tennis and Jennings model [14]. Based on these observations we fix the LD
and HD C-S-H intrinsic porosity for a hydration temperature of 20 ◦C at 0.37
and 0.31 respectively in what follows.

The microstructure characterization at this stage permits to obtain an expres-
sion linking the intrinsic porosities of LD and HD C-S-H (ϕLD, ϕHD) for differ-
ent temperatures compatible with the calculated intrinsic porosities of C-S-H
and the volume assemblage at different temperatures presented in Table 5.3.
However, a more accurate quantitative evaluation of these intrinsic porosities is
missing. In the following we will try to have an estimation of these porosities in
the range of possible values using micromechanical modelling, based on a back
analysis of experimentally evaluated macro-scale elastic parameters presented
in 4.3.6.
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Figure 5.10: The variation of HD and LD intrinsic porosities with
hydration temperature (results corresponding to four months of hydra-

tion)

5.3 Micromechancial modelling

The volume assemblage of cement paste is an essential input for micromechan-
ical modelling. This volume assemblage has been presented for cement pastes
cured at different hydration temperatures. Micromechanical modelling is car-
ried in the following in order to highlight the origins of the decrease of elastic
properties of cement.

5.3.1 Microstructure representation

Different microstructure representations can be used to upscale the elastic prop-
erties of cement. Generally the homogenisation of cement based materials is
done in two steps to address the scale difference between the C-S-H phases
and the cement paste [9, 11, 12, 39, 40, 99]. The first scale corresponds to the
C-S-H with its gel pores with a scale length of the order of some nanometres.
The second scale comprises C-S-H gel, crystalline hydrates, clinker inclusions
and voids with a scale length of some microns. In the first step the properties
of the C-S-H gel are determined through the homogenisation of the gel pores
with the globules of solid C-S-H. In a second step the properties of cement
paste composed of C-S-H gel, crystalline hydrates, clinker and voids are de-
termined. The C-S-H in this homogenisation model can be considered either
as one homogeneous phase or as two C-S-H phases with distinct properties [9,
40]. This classical two-scale microstructure representation of cement paste is
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presented in Figures 5.11(a) and 5.11(b) with one and twoC-S-H phases respec-
tively. These microstructure representations have been applied successfully for
modelling the mechanical behaviour of cement paste while varying the water
to cement ratio and the hydration degree. We will show in the following that
these microstructure representations are not appropriate for modelling the me-
chanical behaviour of cement paste with increasing hydration temperature. We
consider a different representation of the microstructre which seems suitable to
study the effect of hydration temperature on the mechanical behaviour of ce-
ment and that has been adopted recently by Königsberger [184] for modelling
elastic properties of a hydrating cement paste with different water to cement
ratio and hydration degree while taking into account the change of the C-S-H
density. It consists of a representation of the cement paste microstructure over
three scales. The first step concerns the homogenization of C-S-H solid glob-
ules and the gel pores in order to evaluate the elastic properties of the porous
C-S-H. The second step consists in the homogenisation of the porous C-S-H
with the capillary pores and yields the properties of the C-S-H foam or C-S-
H matrix. In the third step the elastic properties of cement paste composed of
clinker, crystalline hydrates and the C-S-H foam are evaluated based on the elas-
tic properties of the C-S-H foam determined in the second step and the elastic
properties of the other crystalline phases obtained from literature. The REVs
of cement over three scales are presented in Figures 5.11(c) and 5.11(d) in case
of one C-S-H phase or two C-S-H phases respectively. In the following we will
examine the effect of these different microstructure representations and the as-
sumptions made on the intrinsic porosities of HD and LD C-S-H for modelling
the elastic properties of cement paste with different curing temperatures:

– 2S-1P: This configuration corresponds to the REV presented in Figure
5.11(a). It consists of considering the C-S-H as one homogeneous phase
and the homogenisation of the elastic properties of cement paste is done
over two scales. The intrinsic porosity of this homogeneous phase is de-
creasing by increasing the curing temperature, as presented in Table 5.3
and which is the result of the C-S-H being denser at higher temperatures.

– 2S-2P: This configuration will be considered to examine the effect of dis-
tinguishing between the HD and LD C-S-H phases on the homogenized
properties. The REV corresponding to this microstructure is presented
in Figure 5.11(b). The intrinsic porosities of HD and LD C-S-H phases
are taken equal to 0.24 and 0.37, respectively, as provided by Tennis and
Jennings [14]. The volume fraction of HD and LD are varied in order to
describe the decreasing intrinsic porosity of C-S-Hwith increasing curing
temperature, as presented in Table 5.5. This yields to an increase of the
fraction of HD C-S-H with increasing curing temperature.

– 3S-1P: In this configuration, we consider the C-S-H as one homogeneous
phase with decreasing intrinsic porosity (Table 5.3) and an homogenisa-
tion of the elastic properties of cement paste over three scales. The REV
corresponding to this microstructure is presented in Figure 5.11(c). The
fist step correspond to an homogenisation of C-S-H. In the second step
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the homogenized properties of the matrix formed by porous C-S-H inter-
mixed with capillary pores are determined. The third step consists of an
homogenization of the C-S-H matrix with crystalline phases and clinker
inclusions.

– 3S-2P: This configuration (Figure 5.11(d)) is similar to 3S-1P, while a
distinction between the two C-S-H phases is made as in the configuration
2S-2P. The intrinsic porosities of HD and LD phases are taken equal to
0.24 and 0.37 respectively and their volume fractions are varied in order
to describe the decreasing density of C-S-H as presented in Table 5.5.

Temperature(◦C) ϕCSH fCSH
LD fCSH

HD

7 0.35 0.87 0.13
20 0.33 0.70 0.30
60 0.29 0.43 0.57
90 0.25 0.14 0.86

Table 5.5: The volume fractions of C-S-H HD and LD determined
in this study on the basis on C-S-H intrinsic porosity of C-S-H deter-
mined for different temperatures and the porosities of HD and LD de-
termined by Tennis and Jennings [25, 32], ϕHD=0.24 and ϕLD=0.37
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(a) 2S-1P (b) 2S-2P

(c) 3S-1P (d) 3S-2P

Figure 5.11: The REV representation of cement paste over differ-
ent scales and considering different C-S-H representations: (a) two
homogenisation steps with one homogeneous C-S-H phase, (b) two
homogenisation steps with two homogeneous C-S-H phases, (c)three
homogenisation steps with one homogeneous C-S-H phase, (d) three

homogenisation steps with two homogeneous C-S-H phases
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5.3.2 Elements for micromechanical modelling

The necessary inputs for the micromechanical modelling are the volume frac-
tions of hydrates, elastic moduli of different phases and the intrinsic properties
of the C-S-H (HD and LD) in case a distinction between these two C-S-H types
is considered. The volume assemblage of cement has been presented in Table
5.3. The bulk and shear moduli of different crystalline phases are presented
in Table 5.6. The bulk and shear moduli of solid C-S-H are calibrated based
on the results of the elastic properties of cement determined at 20◦C and and
are also presented in Table 5.6 for different REVs presented in Figure 5.11.
The calibration of the results based on elastic properties determined at 20◦C is
motivated by the availability of a complete description of solid C-S-H at this
curing temperature in the literature. The determined bulk and shear moduli of
C-S-H for the different REVs representations yield Young’s moduli in the range
of 46-50 GPa and Poisson ratio in the range of 0.23-0.27 which are compatible
with previous studies [9, 99]. However, they are smaller than the parameters
identified by Pellenq et al. [185], 67 GPa and 55 GPa for the Young’s moduli
respectively along x-z plane and y plane, and 0.30 for the Poisson’s ratio. The
difference between our estimations and those provided by Pellenq et al. [185]
may be explained by the external layer of water encountering the C-S-H par-
ticles that reduces the mechanical properties of solid C-S-H in our case. The
predicted properties of Pellenq et al. [185],exclude this external water layer.

The elastic parameters for other hydration temperatures will be assumed to be
the same as the ones calibrated for 20◦C. Of course, one can imagine that the
variations of C-S-H chemical composition in terms of C/S and H/S ratios with
hydration temperature can result in a variation of the mechanical properties of
the solid C-S-H. Indeed, Plassard et al. [186] have reported experimental evi-
dence of decreasing intrinsic elastic properties of C-S-H with a decreasing C/S
ratio. Moreover, Constantinides and Ulm [39] showed that decalcification of C-
S-H, which corresponds to a decrease of the C/S ratio, leads to a significant loss
of elasticity. However, a decrease of H/S ratio increases the elastic properties
of C-S-H. The influence of temperature on the chemical composition of C-S-H
corresponds to a decrease of both C/S and H/S ratio. While the decrease of
the C/S ratio is supposed to decrease the C-S-H elastic properties, the decrease
of the H/S ratio will increase the elastic properties of C-S-H and may cancel
the effect of C/S ratio. We therefore consider the C-S-H bulk and shear moduli
constant with curing temperature. Furtherer work is definitely needed in order
to verify this approximation.

5.3.3 Micromechanical modelling results

The microstructure description of cement at different hydration temperatures
being presented, lets now investigate how do these different models apply to
study the effect of hydration temperature on the elastic properties of cement.
As mentioned in section 4.3.6, the experimental results show a significant re-
duction of the elastic properties of the cement paste with increasing hydration
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Phase(◦C) ks (GPa) gs (GPa)
Clinker 113 53.6 [187]

Portlandite 40 16 [188–190]
Ettringite 28 10 [191]
Afm 40 16 [192]

Hydrogarnet 99.8 64.3 [193]
C-S-H solid Conditions of fit

2S-1P 26.9 16.1 20◦C
2S-2P 26.2 17 (20◦C, ϕHD=0.24, ϕLD=0.37)
3S-1P 34.6 18.2 20◦C
3S-2P 34.6 19.4 (20◦C, ϕHD=0.24, ϕLD=0.37)
3S-2P 30.5 20 (20◦C, ϕHD=0.31, ϕLD=0.37)

Table 5.6: Bulk and shear moduli of different constituents of cement
paste microstructure, xS-yP stands for x scales with y C-S-H phases

temperature. The elastic properties of cement determined experimentally will
be compared with the predictions of the micromechanical modelling to exam-
ine various modelling assumptions and simplifications. We consider a self-
consistent homogenization scheme for different homogenization steps and as-
sume a spherical geometry for all phases. In case a distinction between HD
and LD C-S-H is made, they will be considered differently in the homogeniza-
tion procedure. In fact, regarding the small packing fraction of HD and its fine
porosity, this phase is considered inactive during poro-mechanical testing as
highlighted by experimental investigation of Ghabezloo [3] and Ghabezloo et
al. [9]. The HD C-S-H behaves thus like a porous phase in undrained condi-
tions. Hence in the second step of homogenization, the undrained bulkmodulus
of HD is used [9] (Refer to [9] for more details).

We examine different microstructure representations as highlighted in 5.3.1.
The homogenized Young’s modulus and Poisson’s ratio corresponding to dif-
ferent microstructure representations introduced in Figure 5.11 are presented in
Figure 5.12 and Figure 5.13, together with the elastic properties determined ex-
perimentally. It is shown that the homogenized properties of cement paste using
a two-scale model, either by considering a homogeneous C-S-H phase or two
distinct C-S-H phases are almost constant with increasing hydration tempera-
ture. This is in contradiction with the well established trend of experimental
results showing a decrease of the mechanical properties of cement paste with
increasing hydration temperature. It can be understood that the increase of the
density of a homogeneous C-S-H phase and the resulting capillary porosity in-
crease with increasing hydration temperature are not sufficient to simulate the
drop of cement paste mechanical properties. The increasing hydration tempera-
ture, while promoting an increase of capillary porosity, that can initiate a drop of
elastic properties of cement paste, renders the C-S-H gel denser and stiffer. The
effect of increase of capillary porosity cancels the effect of increasing C-S-H
density, resulting in elastic properties almost constant with increasing temper-
ature. This two-scales model that applies very well for describing the evolution
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of mechanical properties with water to cement ratio and with hydration degree
[9, 40], is of limited application to describe the decline of the elastic proper-
ties of cement paste hydrated under different curing temperatures. The Young’s
modulus corresponding to the homogenisation of cement paste over three scales
when considering the C-S-H as one homogeneous phase, is decreasing with in-
creasing curing temperature. This result is in accordance with previously pre-
sented experimental trends. The prediction of the micromechanical model for
the 60◦C curing temperature are in good agreement with the experimental val-
ues. However, the predictions at the two extreme curing temperatures 7◦C and
90◦C are still far from the experimental predictions.
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It seems that the homogenisation of cement paste over three scales while the
curing temperature is increased, showed variations compatible with experimen-
tal trends, although not fully quantitative. This microstructure representation
shows that the capillary porosity initiates the decrease of the elastic properties
of cement cured at high hydration temperatures, but it is not the only factor
explaining this decrease. Lets now examine the effect of distinguishing be-
tween the two C-S-H types on the homogenized properties of cement through
the three-scale model. We use the intrinsic porosities of HD and LD C-S-H de-
termined by Jennings [32], together with their volumetric fractions constrained
by the decrease of the C-S-H intrinsic porosity presented in Table 5.5. This
configuration yields elastic properties of cement paste constant with increas-
ing curing temperature. The distinction between the HD and LD C-S-H in this
three-scale model with the same intrinsic porosities proposed by Jennings is
again not suitable for describing the drop of elastic properties of cement with
increasing curing temperature. This illustrates the non-adequacy of the con-
stancy assumption made on the intrinsic porosities of HD and LD C-S-H with
increasing curing temperature. It seems therefore, reasonable to consider the
variations of the intrinsic porosities of LD and HD C-S-H with hydration tem-
perature.
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5.3.4 Evaluation of HD and LD intrinsic porosities via mi-
cromechanical modelling

As presented in Eq 5.9 and Figure 5.10, we can obtain a relation between the
intrinsic porosities of HD and LD C-S-H for each hydration temperature, but
at this stage we don’t have sufficient information to determine the exact values
of these porosities. This equation shows that the intrinsic porosity of the HD
C-S-H is decreasing with increasing curing temperature. To shed light on the
values of intrinsic porosities of LD and HD C-S-H we can try to use Eq 5.9 and
the micromechanical modelling in order to fit their values for each hydration
temperature. This can be done through a least square minimization of error
between the calculated and experimentally evaluated elastic parameters while
spanning different values of LD and HD intrinsic porosities verifying Equation
5.9. The evaluated intrinsic porosities and volume fractions of LD and HD C-
S-H derived form micromechancial modelling associated to the experimental
characterisation of the pore structure are presented in Table 5.7 and the ho-
mogenized elastic properties of cement paste are presented in Figure 5.14 for
different temperatures.

Temperature(◦C) ϕHD ϕLD fCSH
LD fCSH

HD

7 0.34 0.38 0.50 0.50
20 0.31 0.37 0.48 0.52
60 0.20 0.37 0.52 0.48
90 0.14 0.39 0.51 0.49

Table 5.7: The intrinsic properties of C-S-H HD and LD determined
in this study though micromechanical modelling

The fitted HD porosity decreases significantly with hydration temperature as
expected, while the LD intrinsic porosity is almost constant (0.37-0.39). The
HD and LD volume fractions within the the C-S-H matrix are almost constant,
around 0.50, for different temperatures. The The decreasingHD intrinsic poros-
ity is in agreement with previous observations of Kjellsen [43] showing that
the inner product becomes denser by increasing hydration temperature. Except
for 7◦C hydration temperature the evaluated values of elastic parameters are
generally very close to the experimentally evaluated ones. We deem that the
experimentally evaluated elastic properties of cement at 7◦C are closer to the
undrained properties. This is due to the lower permeability of the cement paste
hydrated at 7◦C. The undrained properties of cement at 7◦C are equal to 18 GPa
for the Young’s modulus and 0.30 for the Poisson’s ratio which are close to the
experimental values of 20.5 GPa for the Young’s modulus and 0.27 for the Pois-
son’s ratio. We thus demonstrate that it is possible to reproduce the reduction
of the elastic properties of the cement paste by increasing hydration tempera-
ture only by taking into account the existence of HD and LD C-S-H and the
variations of their intrinsic porosities with temperature. An adaptation of the
micro-structural representation of cement is also required to model the decrease
of the mechanical properties of cement. It can be understood that the decrease
of the mechanical properties of cement paste cured at high temperatures, is the
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result of the decrease of the elastic properties of the matrix formed by the C-
S-H gel intermixed with capillary pores. This conclusion can be confirmed by
microscopy observations presented in Figure 4.23 for specimens cured for four
months at different hydration temperatures. These images showed that the con-
trast between the hydrates encountering the clinker phases and the surrounding
matrix in which they are embedded is increasing. This may indicate a clear dif-
ference in density between inner hydrates and the surrounding foam confirming
the results of micromechanical modelling.
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5.4 Conclusion

Analysis of the mass assemblage and porosity evaluations resulted in the char-
acterisation of the C-S-H density and chemical composition for a class G ce-
ment paste hydrated for 28 days at different temperatures and for a cement hy-
drating at 20◦C. The evaluated C-S-H bulk density varies from about 1.88 g/cm3

at 7◦C to about 2.10 g/cm3 at 90◦C. The evaluated C/S ratio decreases with in-
creasing hydration temperature, from 1.93 at 7◦C to 1.71 at 90◦C. The same
trend has also been observed for the variations of H/S ratio of saturated C-S-H
which decreases with increasing curing temperature from 5.1 at 7◦C to 2.66 at
90◦C. The density of C-S-H and C/S and H/S molar ratios are evaluated also
for a cement paste hydrating at 20◦C. Regrading the variations of the C-S-H
structure with maturation age, the density increased from 1.92 g/cm3 at 1 day
up to 1.99 g/cm3 at 120 days of hydration. The C/S ratio decreases the first
three days and then stabilises. The H/S of saturated C-S-H decreases slightly
while the H/S of dry C-S-H increases progressively with hydration time.

Regarding the two C-S-H types porosity, an expression linking the HD and
LD intrinsic porosities is obtained at different hydration temperatures based on
porosity results and C-S-H volume fractions. This expression showed that the
HD intrinsic porosity decreases significantly with increasing hydration temper-
ature.

A self-consistent homogenisation model is used based on the quantitative de-
scription of volume assemblage. Results showed that the capillary porosity
can not explain alone the decrease of the mechanical properties. The adop-
tion of two C-S-H phases with varying their intrinsic properties is determining
in the mechanical behaviour. The results of the performed multi-technique mi-
crostructure characterization are associated with the micromechanical model to
back-analyse the intrinsic properties of HD and LD C-S-H. The results show an
increase of the LD porosity and a significant decrease of the HD porosity with
increasing hydration temperature. The decrease of cement paste elastic proper-
ties is thus explained as a consequence of the decrease of the elastic properties
of the foam composed of C-S-H gel and capillary pores.

—————————————————————————-
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Chapter 6

Conclusions and perspectives

6.1 Conclusions

In oil and geothermal wells a cement sheath is placed between the formation
rock and the casing and plays an important role for stability and sealing of the
well. The knowledge of this cement sheath behaviour in well conditions is of
great importance for the prediction of the well safety and analysis of cement
sheath performances. Such an analysis requires a comprehensive constitutive
law for the cement paste. An important difficulty for the characterization of the
cement paste behaviour resides in its evolving nature, its complex microstruc-
ture and the high dependency of its properties to hydration conditions. For a
complete characterization of the behaviour of such a complex and time-evolving
material, the experimental methods should be associated with theoretical mod-
elling among which the upscaling methods have been shown to be very promis-
ing. An important input for upscaling methods is a quantitative description of
the microstructure along with the basic physical properties of its constituents.
Yet, few quantitative information are available in the literature concerning the
cement paste microstructure, particularly concerning the oil-well cements and
challenging conditions of hydration in such environment. Among these condi-
tions the hydration temperature, which is varying along the well due to geother-
mal gradient, has a great influence on cement microstructure and mechanical
properties. The aim of this research work was therefore to provide a quanti-
tative characterization of the microstructure of an oil-well cement paste with
an emphasis on the role of hydration temperature, and to establish a link be-
tween the cement microstructure and its macro-scale mechanical properties by
means of upscaling methods. These goals have been achieved as demonstrated
throughout this manuscript. The general conclusions and findings are:

1. A multi-technique method is proposed for a quantitative characterization
of the microstructure of a cement paste. This method is mainly based on a
combination of several classical and widely available experimental meth-
ods, which can be considered as an important advantage, comparing to
other available methods in the literature. Of course, it is based on a num-
ber of simplifications and assumptions, but despite the relative simplicity
of the method, the good compatibility between the results of this work and
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the well-established ones in the literature gives confidence in the proposed
method.

2. This method is successfully used for a class G oil-well cement paste (a
grey cement) hydrated under a wide range of hydration temperatures, be-
tween 7◦ and 90◦C, covering a depth of around 2 km in an oil-well. The
mass assemblage of cement has been evaluated for various temperatures
and hydration degrees, alongwith the C-S-H density and chemical compo-
sition. These information, particularly for higher hydration temperature,
are very scarce in the literature and to our best knowledge, are among the
first ones for a class G cement. The various conclusions regarding the
microstructure changes with hydration temperature and hydration degree
are summarised below:

(a) The mass assemblage evaluated by combining XRD-Rietveld and
TGA analysis, shows slight variationwith curing temperature change.
A slight increase in the portlandite content is observed. A decrease of
the ettringite content and an increase of Afm content are also noticed.

(b) The porosity analysis by different methods shows a significant in-
crease of capillary porosity and a decrease of the gel porosity by in-
creasing hydration temperature. The increase of hydration temper-
ature results also in a coarsening of the pore structure and a more
heterogeneous distribution of hydrates.

(c) Hydration at higher temperatures leads to a rapid evolution of the pore
structure and the creation of a dense product at early ages. However,
the Pore structure of cement paste cured at low temperatures evolves
gradually with curing time leading to a continuous densification of
cement paste.

(d) The water vapor and Nitrogen sorption isotherms show a significant
decrease of hysteresis by increasing hydration temperature.

(e) Concerning the C-S-H chemical composition, (C/S), (H/S)dry and
(H/S)sat molar ratios are decreasing with increasing temperatures.
The (C/S) and (H/S)sat decrease, while the (H/S)dry increases with
increasing hydration degree.

(f) The C-S-H density is increasing with increasing hydration temper-
ature. This explains the observed increase of the capillary porosity
and the reduction of the gel porosity. The results show a progres-
sive densification of the C-S-H during hydration. The densificaion
derives form precipitation of C-S-H in the gel pores of the existing
C-S-H.

(g) The application ofNMRyields satisfactory results comparing to other
methods in terms of the pore size distribution although it is not fully
quantitative. The application of NMR on grey cements should be
further investigated and improved.
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(h) The pore volume of LD C-S-H is slightly increasing and the pore vol-
ume of HD C-S-H decreases significantly with increase of hydration
temperature. A relation linking the LD and HD intrinsic porosities is
established for different hydration temperatures. This relation shows
that the HD C-S-H intrinsic porosity decreases with increasing hy-
dration temperature.

3. The quantitative microstructure information as obtained in this work has
been used in micromechanical modelling to predict the elastic properties
of the cement paste at different hydration temperatures. It has been shown
that available microstructural representations of the cement paste in the
literature are not adequate for modelling the decrease of the mechani-
cal properties of cement paste with increasing hydration temperature. A
three-scale representation of the cement microstructure is used and shown
to be promising in modelling the observed experimental trends in the ma-
terial behaviour. To our knowledge this is the first application of the up-
scalingmethods tomodel the temperature-dependent behaviour of cement
mechanical properties. This analysis showed that the reduction of the ce-
ment mechanical properties by increasing hydration temperature results
from the weakening of the foam composed of the C-S-H gel intermixed
with capillary pores.

4. The proposed micromechanical model, the quantitative microstructure in-
formation and themacro-scale experimental results of mechanical loading
tests are associated for a back analysis of the internal pore structure of the
C-S-H in terms of high density and low density packings and their depen-
dency on the hydration temperature. The results showed a significant de-
crease of the HD intrinsic porosity and a slight increase of the LD intrinsic
porosity by increasing hydration temperature. Even though the provided
quantitative information should be considered as approximate due to the
complexity of the used method, the results are new in the literature.

5. The findings of this research work permitted to gain a deeper insight into
the cement paste microstructure, its dependency on the hydration temper-
ature and the way it influences the mechanical properties of the material.
These results constitute a practical tool for prediction of the mechanical
properties of the cement paste under a wide range of hydration tempera-
tures. This is an essential part of a modelling work-flow for prediction of
the performances of a cement sheath in an oil well.

6.2 Perspectives

The work presented here can be further improved and extended in many ways:

– A multi-technique approach is proposed in this work to quantitatively
characterise the microstructure of cement paste. This approach can be
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completed by the use of Si solid state NMR. It can improve the deter-
mination of the hydration degree of alite and belite comparing to XRD-
Rietveld.

– The micromechanical modelling and the back analysis of C-S-H intrin-
sic properties can be further improved and validated. A greater number
of experimentally evaluated macro-scale parameters can permit to further
constrain the fitted micro-scale C-S-H properties (elastic properties of C-
S-H solid, HD and LD intrinsic porosities). It would be interesting to
experimentally evaluate the elastic properties of cement paste at different
hydration degrees and water to cement ratios for each hydration tempera-
ture. This permits to verify the predictive capacity of themicromechanical
model and to improve the reliability of fitted parameters.

– In addition to the elastic properties, the hydration temperature increase
results in a significant decrease of the strength of the cement paste. The
micromechanical modelling, which is restricted in this work to the elastic
properties, can be further extended to strength properties of the cement
paste which is a very important information for designing oil-well cement
sheath. It would be also interesting to investigate the effect of hydration
temperature and the resulted microstructural changes on the permeability
of the cement paste. The permeability is a very important property for
insuring the zonal isolation which is the most important role of the cement
sheath in an oil-well.

– The C-S-H growing at the early age is the D C-S-H as shown by various
authors [14, 24]. Interestingly, the evaluated LD intrinsic porosity at 1 day
hydration and a hydration temperature of 20◦C is almost equal to the LD
intrinsic porosity 0.37 as determined by [14]. Following the densification
of C-S-H at different temperatures, as done here for a hydration tempera-
ture of 20◦C, can help determining directly the LD intrinsic porosity for
each hydration temperatures. The HD intrinsic porosity can then be deter-
mined easily using the established relation between HD and LD intrinsic
porosities (Eq. 5.9).

– The homogenisation model is based on three scales, from nanometric
scale associated to C-S-H gel, to micrometric scale associated to C-S-
H foam and finally to millimetric scale of cement paste, spanning hence
several orders of magnitude. It would be interesting to have more infor-
mation on some intermediate scale to verify or improve the model and
the performed back-analysis of micro-scale C-S-H properties. This can
be done using nanoindentation experiments which permit to evaluate the
mechanical properties at the C-S-H scale. Such results permit to further
constrain the model and the back-analysed properties. Nanoindentation
results have been used before for back-analysis of C-S-H intrinsic proper-
ties (e.g. [99]).

– The present work is restricted to temperatures up to 90◦C. The hydration
temperature may reach higher values up to 200◦C in many oil-wells and
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to 350◦C in the most extreme cases exploited today. At these high tem-
peratures the C-S-H undergoes a progressive metamorphosis resulting in
a continuous decrease of the cement mechanical properties (e.g. uniaxial
strength, Young’s modulus) and an important increase of its permeability.
This phenomenon is called strength retrogression. Even though the addi-
tion of silica fume and silica floor can prevent occurrence of strength retro-
gression, the microstructural origins behind this phenomenon are not well
understood. The microstructure characterisation method as proposed in
this study may help shedding lights of the mechanisms initiating strength
retrogression. Furthermore, the experimental characterisation of class G
cement microstructure with and without silica addition, may be used to
develop a predictive micromechanical model for cement hydrated at high
temperatures.

– The study here is limited to cement sheath in contact with pure water. In
an oil-well the cement sheath can also be in contact with different gases
for instance CO2 and H2S threatening the durability of the cement sheath.
It would be interesting to investigate the effect of this kind of aggressive
environment on the microstructure and mechanical properties.

—————————————————————————-
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A B S T R A C T

Curing temperature has a significant influence on cement paste microstructure and the properties of its prin-
cipal hydrate C-S-H. In this paper, the effect of the hydration temperature in the range of 7 ◦C to 90 ◦C on the
microstructure of a class G oil-well cement is studied. This is done by combining various experimental meth-
ods, including X-ray diffraction associated with the Rietveld analysis, thermo-gravimetric analysis, mercury
intrusion porosimetry and porosity evaluation by drying. The experimental results show an increase of
the capillary porosity and a decrease of the gel porosity by increasing the hydration temperature. This is
attributed to a decrease of the C-S-H intrinsic porosity and a corresponding increase of the C-S-H density for
higher curing temperatures. The experimental results are used in a simple analysis method to evaluate the
density of C-S-H, as well as its C/S ratio and H/S ratio in dry and saturated conditions. The evaluated C-S-H
density varies from 1.88 g/cm3 at 7 ◦C to 2.10 g/cm3 at 90 ◦C. The results also show a decrease of molar C/S
ratio with increasing hydration temperature from 1.93 at 7 ◦C to 1.71 at 90 ◦C and of the H/S ratio from 5.1
at 7 ◦C to 2.66 at 90 ◦C.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding the microstructure of cement is a key step for
producing green cements and improving the behavior of cement-
based materials. The cement hydration process and the resulting
microstructure are highly dependent on the cement formulation and
the hydration conditions. Particularly, the hydration temperature has
a significant influence on the cement paste microstructure and on
its physical and mechanical properties [1–3]. This is for instance
important for understanding the behavior and properties of oil-well
cements. Indeed, in the structures of oil, gas and geothermal wells, a
cement sheath is placed between the casing and the surrounding rock.
This cement sheath plays a major role in providing zonal isolation
along the well (i.e., it excludes fluids such as water or gas in one zone
from oil in another zone), in protecting the casing against corrosion
and in providing mechanical support [4–6]. Due to the geothermal gra-
dient (about 25 ◦C per km) the cement sheath along a well is exposed
to a hydration temperature increasing with depth which influences its

* Corresponding author.
E-mail address: siavash.ghabezloo@enpc.fr (S. Ghabezloo).

1 Siavash Ghabezloo, Laboratoire Navier/CERMES, Ecole des Ponts ParisTech, 6-8
Av. Blaise Pascal, Cité Descartes, Champs sur Marne, 77455 Marne la Vallée Cedex 2,
France.

microstructure and consequently its mechanical properties. The effect
of hydration temperature on cement has been previously studied and
presented in the literature [3,7–10]. It has been agreed that temper-
ature variation induces considerable changes in the microstructure
and the mechanical behavior. Higher temperatures accelerate the dis-
solution precipitation processes of anhydrous cement, promoting a
rapid formation of phases and yielding to faster development of ini-
tial strength [3,7,8]. For hydration temperatures below 100 ◦C the
chemistry of cement hydration remains quasi-unchanged and almost
the same hydrates precipitate [7,9,10]. However, some phases (e.g.,
ettringite) show a thermal instability with increasing curing tem-
perature [7]. Above 100 ◦C, several changes occur resulting in severe
deterioration of mechanical properties with time, commonly called
strength retrogression [9,11,12].

The structure of the main binder of cement, calcium sili-
cate hydrate commonly mentioned as C-S-H, is highly sensitive
to the hydration temperature. Its bulk density increases with
the curing temperature [13] and its morphology changes [14,15].
Richardson [14] showed that elevated temperatures lead to a C-S-H
with a fine texture morphology and particles about half size com-
paring to that of pastes hydrated at ambient temperature. Further-
more, elevated temperature enhances C-S-H polymerization causing
a decrease in the C/S ratio [14].

The aim of this paper is to present an experimental study of
the effect of the hydration temperature on the microstructure of

http://dx.doi.org/10.1016/j.cemconres.2017.02.008
0008-8846/© 2017 Elsevier Ltd. All rights reserved.
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cement paste. This study is performed on a class G cement (according
to API classification), which is the most commonly used cement in
oil wells. The hydration temperature is varied between 7 ◦C and
90 ◦C (7 ◦C, 20 ◦C, 40 ◦C, 60 ◦C, 90 ◦C), which is the temperature
range corresponding to depths below 2 km, in which the class
G cement is generally used without any particular additive (e.g.
silica fume). Our main objective through this study is to quantify
the major components of the cement paste microstructure with
respect to the curing temperature and to provide information on
the stoichiometry and the bulk density of C-S-H. X-ray diffraction,
analyzed with the Rietveld method and combined with thermogravi-
metric analysis enable a quantitative description of mass fractions of
cement hydrates. Mercury porosimetry and total porosity measure-
ments are used for the characterization of gel and capillary porosity
evolution with hydration temperature. A combination of the above-
mentioned methods permits the evaluation of the C/S and H/S ratios,
C-S-H bulk density and intrinsic porosity with temperature in the
studied range.

The present study is a continuation of research work of co-
authors on the behavior of hardened class G cement paste. In
previous studies, the thermo-poro-mechanical and time dependent
properties of the tested cement paste have been evaluated exper-
imentally [5,6,16-19]. The evaluated parameters have then been
extrapolated to cement pastes with various w/c ratio and chemical
composition using micromechanical modeling and homogenization
method [20–23]. The quantitative characterization of the effect of
hydration temperature on the cement paste microstructure, as pre-
sented in this paper, can be used in the micromechanical modeling
of oil-well cements for evaluation of their thermo-poro-mechanical
properties for various hydration temperatures, corresponding to
different depths along an oil well.

2. Cement hydration and microstructure

A brief review is presented here on cement hydration reactions
and microstructure to provide the necessary information for further
analysis and discussions of the experimental results on microstruc-
ture characterization. The cement hydration is the result of complex
chemical reactions between the cement clinker and water involving
the dissolution of clinker phases and the precipitation of hydration
products. The most important reactions correspond to the con-
sumption of the most abundant clinker phases, namely Alite (C3S)
and Belite (C2S). These two reactions result in the development of
crystalline CH (calcium hydroxide), called portlandite, and C-S-H, a
generic name given to any amorphous or poorly crystalline calcium
silicate phase in cement pastes and illustrating its allotropic occur-
rence [9]. The structure of C-S-H varies within a cement paste and a
variety of C-S-H, with different C/S ratios, can be observed. Based on
TEM (Transmission Electron Microscopy) analysis, Richardson [24]
has shown that the C/S ratio in cement paste covers a wide range of
values with an average of 1.75. An average value of 4 is also gener-
ally admitted for the H/S ratio of a saturated C-S-H [9,25,26] and of
1.8 for C-S-H with full interlayer water [27]. Note that the given aver-
age values for C/S and H/S ratio correspond to an ordinary cement
hydrated at ambient temperature. The variability of C-S-H chemi-
cal composition makes the reaction process very complex and the
reaction formulation are only approximate. To account for the vari-
able stoichiometry of C-S-H, the reactions expressing the hydration
of Alite and Belite have been reformulated by Brouwers [25] as:

C3S + (3 − x + y)H → Cx − S − Hy + (3 − x)CH (1)

C2S + (2 − x + y)H → Cx − S − Hy + (2 − x)CH (2)

where x and y stand respectively for the C/S and H/S ratios. The
C-S-H structure has been approximated either by a Tobermorite or
Jennite [15]. The variability of C/S ratio and the disorder of C-S-H has
been interpreted by removal of bridging silicate tetrahedral [15,24].
This defect tobermorite model has been readdressed recently to
approximate the C-S-H structure [28].

The cement paste is a porous material with a porous structure
covering an impressive range of pore sizes from sub-nanometer (size
of interlayer pores) to sub-millimeter (size of air voids). Between
these extreme pore sizes, one can distinguish different types of
porosities depending on the considered scale. The complexity comes
from the main binder of cement, C-S-H which is porous itself with
a pore volume commonly called gel porosity. Several microstruc-
tural models have been proposed to describe the porous structure of
cement and C-S-H. One of the most widely cited models is the one
proposed by Jennings et al. [29–31], describing the C-S-H as a gran-
ular structure made up of a basic building bloc called globule, with a
layered structure similar to Tobermorite. This model classifies water
in cement paste into three categories:

1. Interlayer water: corresponding to water packed between
C-S-H solid layers. This water is filling spaces of less than
1 nm, drying only at very low relative humidity. This interlayer
porosity is a part of the C-S-H building bloc (Globule).

2. Water in gel pores: corresponding to water filling the spaces
between packed globules. These pores can be further divided
into two categories depending on their size defining small gel
pores and large gel pores.

3. Water in capillary porosity: water in pores of size above
10 nm, drying at 85% RH [31].

The results of this paper are going to be discussed and ana-
lyzed according to the Jennings model [31]. For more extensive
information on cement microstructure the reader can refer to
milestone books and papers which address this subject in detail
[8,9,11,25,26,32,33].

3. Materials and methods

This section is dedicated to a presentation of the tested cement
paste, sample preparation method and experimental techniques
used in this study.

3.1. Materials

The cement paste samples were prepared using a class G cement
at a water to cement ratio of 0.44 according to the standard API
requirements and following the procedure described by Ghabezloo
et al. [5]. After mixing, pastes were cured for 28 days at different
temperatures, under lime-saturated water in sealed containers to
avoid water evaporation and carbonation of specimens. The samples
are cured at five different curing temperatures: 7 ◦C, 20 ◦C, 40 ◦C,
60 ◦C, and 90 ◦C. After 28 days of curing, the hydration process has
been arrested using a freeze-dryer. This technique has been chosen
because of its relative rapidity and as it is supposed to cause less
damage to the microstructure than oven drying [34]. The freeze dry-
ing according to [35] didn’t appear to cause major differences on the
XRD patterns compared to other drying techniques. However, the
same method has been reported to degrade ettringite and monosul-
fate and dehydrate C-S-H [33]. Nevertheless, there is no blameless
method for drying the cement without affecting its microstructure.
Even solvent exchange that has been widely adopted to be suitable
for XRD experiments has been recently criticized for altering some
hydration products [35]. After drying, some samples were ground in
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a tungsten ball mill and sifted in a 32 l m sieve. The prepared pow-
der is destined to XRD and TGA experiments. Several samples were
prepared to assess the repeatability of the measurements.

3.2. Experimental methods

The characterization of the effect of hydration temperature on
the cement paste microstructure in this study is done by a combi-
nation of several experimental methods: X-ray diffraction combined
with Rietveld method, thermogravimetric analysis, mercury intru-
sion porosimetry, porosity measurement by freeze drying. These
methods are described below.

3.2.1. X-ray diffraction
The X-ray diffraction allows the identification of the main crys-

talline phases in materials and has been widely used for the charac-
terization of cements. When combined with the Rietveld method, it
enables the quantification of these phases. The X-ray patterns were
obtained on a D8 advance diffractometer from Bruker operating at
35 kV and 40 mA, using CoK (1.79 A) radiation at an angular step
of 0.01 ◦C per second between 3.0◦ and 80◦ [2h] angles. The EVA
software coupled with the ICDD pdf-2 database enables the identifi-
cation of the major phases present in the material.

3.2.2. Rietveld method
A quantitative analysis of the mineral phases identified on the

X-ray diffraction pattern can be done using the Rietveld method. This
method is based on a simulation of the whole XRD profile as a com-
bination of the profiles of several single mineral phases. This is done
by refining the structural parameters (lattice parameters, atomical
positions and displacement parameters) and microstructural param-
eters (crystallite size and strain) of considered phases [36–38]. The
refinement program adjusts the above-mentioned parameters in
order to minimize the residual difference Rwp between the simulated
profile yci and the measured one yi using a non-linear least squares
algorithm [37]. The main equation used in the Rietveld refinements
and the residual difference are given below:

yci =
∑

p
[Sp]

∑
k
pkLkF2

k G(2hi − 2hk)Pk + ycbi (3)

Rwp =
∑

i
Wi(yi − yci)2 (4)

where yci is the calculated intensity at a 2h position and ycbi is the
background intensity at the ith step. Sp is the scale factor of the pth
phase, Lk is the Lorentz and polarization factors for the kth Bragg
reflection. Fk is the structure factor, pk is the multiplicity factor, Pk is
the preferred orientation function, hik is the Bragg angle for the kth

reflection, G(2hi −2hk) is the profile function and Wi is a weight factor
taken equal to Wi = 1/yi. For further details about the develop-
ment of the equations of the structure factor and the profile function,
one can refer to Refs. [36–40]. Compared to the single peak anal-
ysis method for phase quantification, the Rietveld method has the
advantage of overcoming the peak overlap [37]. The difficulty in
using the Rietveld method for hydrated cement pastes is related to
the presence of poorly crystalline calcium silicate phases. This amor-
phous content yields an increase of the hydrates mass fractions. This
problem has been widely mentioned in the literature [36,41]. Two-
methods permit removing the contribution of amorphous material
to crystalline phases: Internal and external method [42]. In this
study the internal method that requires the addition of a defined
quantity of a standard material to the sample has been used. The
quantity of added standard material being known, the quantities
of the other phases can hence be corrected [43–45]. We choose
Corundum (1 l m particle size powder) as an internal standard
because of its non-reactivity with dried cement and adequacy in

terms of absorption contrast for hydrated cement [46, Chapter 4].
50%–50% binary mixture of dried cement powder and corundum was
prepared following previous works [37,47]. It should be mentioned
that the corundum has been added to the hardened cement paste
after drying and grinding.

3.2.3. Refinement procedure
All Rietveld refinements reported in this study are done using

commercial Topas 4.2 software. The refined parameters are the
zero error, scale factors, lattice parameters, the preferred orienta-
tion according to the March Dollase model. The atomic positions and
site occupancies of phases were kept fixed, except for C4AF where a
variable occupancy of aluminum and iron on tetrahedral and octa-
hedral sites is expected [43]. The background has been described
with a Chebyshev polynomial of the fifth order accompanied with the
term 1/X. The considered phases in Rietveld refinements and their
parameters are listed in Table 1.

3.2.4. Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a technique in which the

mass of a material submitted to a progressive heating is monitored
as a function of temperature. It shows how the mass of a substance
is altered due to changes of temperature. The mass difference is a
result of degradation of the material, removal of moisture and the
oxidation of components. A typical experiment corresponds to heat-
ing up a sample from room temperature to 1250 ◦ C at a fixed rate.
For cement pastes, we can distinguish three majors weight losses in
TG and DTG curves (respectively, mass loss curve as a function of
temperature and its derivative) associated to different reactions [50]:

• Up to 350 ◦C: Dehydration of C-S-H and aluminates
• 400 ◦C–550 ◦C: Dehydroxylation of CH
• Above 600 ◦C: Decarbonation of CaCO3

The experiments are carried out using a Netzsch Thermal Ana-
lyzer STA 409. Around 160 mg of powder is placed in a platinum
crucible and heated up to 1250 ◦C at a rate of 10 ◦C/min under a
nitrogen flow of 80 ml/min to prevent samples carbonation. TGA
is often used to determine the portlandite content as its decompo-
sition occurs in a unique interval. To quantify the total amount of
portlandite the following expression is used [51,52]:

f m
CH = LCH

MCH

MH2O
+ LCaCo3

MCH

MCO2

(5)

where f m
CH is the mass fraction of CH and MX the molar mass of X.

LCH and LCaCo3 are the weight losses attributed to CH and CaCO3 in
their respective decomposition temperature domain. The first term
accounts for the dehydroxylation of portlandite and the second term
accounts for the carbonation of initial portlandite into calcite, assum-
ing that all the formed calcite is due the portlandite carbonation. This
carbonation process is supposed not to occur during TGA analysis
under a nitrogen environment, but we suppose that the formation
of calcite during the grinding process and preparation of material to
XRD and TGA experiments is inevitable.

Table 1
Phases of cement microstructure considered in Rietveld refinements.

Phase Formula Crystal system Density

Alite C3S Monoclinic/M3 Nishi et al. [48] 3.15
Belite C2S Monoclinic/b Mumme et al. [49] 3.27
Aluminate C3A Cubic 3.01
Brownmillerite C4AF Orthorombic 3.73
Portlandite CH Rhombohedral 2.24
Calcite CaCO3 Rhombohedral 2.71
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The quantification of C-S-H is quite difficult with this method as
C-S-H and AFM phases loose their water at the same temperature
range. Furthermore, the quantification of C-S-H relies on the knowl-
edge of its molar mass and the number of water molecules in a C-S-H
particle, which are not generally known and vary with the hydration
conditions.

3.2.5. Mercury intrusion porosimetry
Mercury porosimetry (MIP) is a widespread tool for character-

izing the porous structure of materials. The high surface tension of
mercury opposes its entry into the pores, making it a non-wetting
fluid. When increasing the pressure, the mercury is forced into
the pores with an entry size depending on the applied pressure.
Assuming a cylindrical pore geometry, the applied pressure can be
related to equivalent pore sizes using the Washburn equation given
below [34]:

PHG =
4c cos(h)

d
(6)

where c is the surface tension of mercury (0.485 N/m), h the contact
angle between mercury and the pore surface (h=130◦), and d
is the pore diameter in (m). The experiments are performed on
freeze-dried cement paste samples. The Washburn relation per-
mits to evaluate the pore entry size corresponding to each pressure
level (increased progressively) and to obtain a pore volume-pore
size curve. The porosimeter used in this study is an AutoPore IV
9500 from Micrometrics reaching a maximum pressure of 230 MPa
corresponding to a pore size of 6 nm. It should be noted that
the application of MIP for characterization of the pore volume of
cement based materials has been sometimes criticized in the lit-
erature (e.g. Ref. [53]) and its limitations have been pointed out.
This is particularly due to the ink-bottle effect and also accessibil-
ity problems resulting in underestimation of the macropores by this
method. Other available methods for capillary porosity evaluation
like NMR [54] and SEM [13] have also their own limitations and
give capillary porosity estimations which are sometimes lower than
expected values.

4. Experimental results, analysis and discussions

4.1. X-ray diffraction and qualitative analysis

The phase composition of the tested cement clinker, obtained
through XRF and also XRD combined with Rietveld analysis is given
in Table 2.

The powder diffraction patterns for the cement pastes cured
at different temperatures are presented in Fig. 1. These patterns
show that the major crystalline phase formed during the hydra-
tion of class G cement is portlandite. Ettringite is formed in small

Table 2
chemical composition of clinker from X-ray diffraction and Rietveld analysis.

Chemical composition XRF XRD - Rietvveld

Main oxides Wt% Phase name Wt%

SiO2 19.14 C3S monoclinic 57.02
CaO 67.28 C2S beta 22.83
Al2O3 2.93 C3A cubic 1.33
Fe2O3 3.73 C4AF 15.30
MgO 1.43 Gypsum 0.85
SO3 2.5 Periclase 0.87
Na2O 0.54 Calcite 0.65
TiO2 0.40 Vaterite 0.88
LOI 2.40 Aragonite 0.27
K2O ns Quartz ns

ns: non-significant.

quantities, below 2% as expected from the small quantity of C3A in
the Class G cement clinker (Table 2). X-ray powder diffraction pat-
terns suggest also that the major residual clinker phases are C4AF
and C2S, which confirm the slow consumption of these two clinker
phases [44,51] comparing to C3S that is almost completely depleted.
Small quantities of Hibschite are also detected. The principal reflec-
tion of this phase is at about 39◦(2h) and is overlapped with the
second reflection of portlandite. The portlandite being a high crys-
talline phase, and hence exhibiting a symmetric diffraction peak, the
non-symmetric part of its second peak is attributed to Hibschite.
In the Hibschite phase identified in our cement a small amount of
aluminum is replaced by iron, which may reflect a product formed
from the hydration of ferrite phases. This qualitative analysis is
relevant for the diffraction patterns collected for different curing
conditions. However, the consumption of clinker phases is more pro-
nounced with curing temperature, leading to a faster development
of hydrates [2,7,55]. Furthermore, new phase appear with the ele-
vation of temperature in the studied range. These phases are the
katoite Ca3Al2[(OH)4]3 and the dellaite C6S3H. Katoite is a calcium
aluminate hydrate, member of hydrogrossular group. It is observed
at high temperatures, starting from 60 ◦C. The presence of katoite
in class G cement pastes hydrated under elevated temperatures has
been reported previously by [56]. The strong intensities associated
to katoite with increasing curing temperature may be explained by
the fact that temperature favored the development of katoite, which
is, thermodynamically, a more stable phase than ettringite for which
the stability decreases with increasing temperature according to
Ref. [7]. The other observed phase when elevating temperature, del-
laite C6S3H, is a crystalline calcium silicate hydrate with a C/S ratio
of 2. No evident conclusion can be made about the change of the del-
laite quantity with temperature based on XRD patterns, as this phase
shows strong overlapped peaks with residual clinker and amorphous
C-S-H. The presence of this phase has been previously reported in
geothermal cements [57]. Regarding the hydration of ferrite it is not
easy to detect any Fe-containing phase. Previous studies reported
that the most stable Fe-containing phases are Al and Fe-siliceous
hydrogarnet or an amorphous Iron hydroxide [58,59]. Both of these
components are hard to detect with X-ray considering their poorly
crystalline structure. We deem in this study that Fe-siliceous hydrog-
arnet has formed during the hydration of ferrite and we will quantify
it in the following.

The amorphous or short-range order phases scatter X-ray in many
directions resulting in a large hump dispersed in a wide 2h range
instead of narrower peaks with high intensities relative to crystalline
phases. The presence of amorphous content is evidenced here by the
bump over the 2h range [35◦ –40◦]. Comparing the range associated
to C-S-H for different curing temperature, we observe that diffraction
patterns associated to T = 7◦C and T = 20◦C exhibit narrower
peaks in the 2h range [35◦ –37◦] comparing to T=60 ◦C and
T=90 ◦C. This would suggest that the structure disorder is increas-
ing with the elevating temperatures. The cements cured at lower
temperature seem therefore to be more ordered than those cured
at higher temperature. The increasing degree of crystallinity in the
structure of calcium silicate hydrate has been associated in a recent
research to an increasing C/S ratio in C-S-H [60]. The lower temper-
ature being related to higher C/S ratio, which has been previously
mentioned in Ref. [14], may support the observed arrangement and
the increasing order of the structure at low temperatures.

4.2. Thermogravimetric analysis

The results obtained from thermogravimetric tests are presented
in Fig. 2 in terms of the relative mass loss as a function of the tem-
perature (TG, left y-axis) and the derivative of TG curve (DTG, right
y-axis). The curves show four rapid weight losses. The first weight
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loss is mainly due to C-S-H, Afm and ettringite [61]. However, as pre-
sented above in the results of XRD experiments, the tested cement
paste contains very small amounts of Afm and ettringite. This is
mainly due to the small quantity of C3A in the class G cement clinker.
The second major weight loss observed at 450 ◦C–550 ◦C reflects the
dehydration of portlandite. The third and forth losses are essentially
due to the CO2 departure from calcite. The existence of these two
peaks can be seen as a sign of the carbonation of samples during
preparation and storage [46, Chapter 5]. According to Sauman [62]
and Morandeau et al. [63], the forth peak corresponds to well crys-
talized calcite, but the third one is attributed to allotropic forms of
calcite (aragonite and vaterite). These two varieties of polymorph
calcite turn into calcite around 500 ◦C during heating. Being less sta-
ble, aragonite and vaterite decompose at lower temperatures than
calcite. Vaterite, aragonite and calcite originate from the carbona-
tion of C-S-H and portlandite [63]. However, it is difficult to state
whether the formed calcite is due the carbonation of portlandite or
to the carbonation of C-S-H. The findings about this topic drawn
in the literature are confusing. While some highlighted that the
C-S-H and portlandite carbonate simultaneously [63], others men-
tioned that the carbonation of C-S-H occurs when the portlandite is
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Fig. 2. Thermogravimetric weight loss for cement class G cured at different
temperatures.

almost depleted [64,65]. However, a consensus has been made that
the carbonation of portlandite is more pronounced at the onset of
carbonation. It can be clearly seen that our samples have undergone
some carbonation similar to data presented in Ref. [46, Chapter 5] for
samples carbonated during preparation and storage. However, when
the carbonation rate is enhanced, the intensity of the forth peak is
more pronounced as presented in the results of Morandeau et al. [63]
and which is not the case here. As our samples are not intentionally
carbonated as in Ref. [63], we assume that all the calcite formed is
due to the portlandite carbonation as in Ref. [51]. It is worth noting
that some analysis results will be influenced by this assumption
and this will be discussed in the following. Aside from these four
rapid weight losses, two more small weight losses can be identi-
fied. The first one is adjacent to C-S-H peak. This loss may originate
from the dehydration of hydrogarnet that occurs above 250 ◦C [66].
The second one is adjacent to the decomposition of portlandite. We
deem that a part of this weight loss originates from the decomposi-
tion of dellaite which occurs above 600 ◦C according to [67]. It can
be observed that the weight losses that may potentially correspond
to hydrogarnet and dellaite are more pronounced with for higher
hydration temperature. This combined with the XRD experiments
strengthen the observations of the development of these two phases
and the increase in their mass fractions with increasing hydration
temperature.

4.3. Phase assemblage of cement hydrate from combined Rietveld and
TGA analysis

The quantitative evaluation of different phases in cement paste
microstructure can be done through a combination of X-ray diffrac-
tion/Rietveld method and thermogravimetric analysis. The port-
landite content is taken from TGA analysis and corrected to account
for the eventual carbonation process, as described in Eq. (5). The
mass fractions of clinker phases are determined from Rietveld anal-
ysis. Based on the result of XRD and TGA we build molar quantity
balance of the major elements in cement CaO, SiO2, Al2O3, Fe2O3 and
SO3 (Gypsum). The considered phases in the molar quantity balance
are: C-S-H, CH, Al-ettringite, Al-monosulfate, residual clinker phases
and Fe-containing siliceous hydrogarnet considered as the most sta-
ble phases resulting from the hydration of Ferrite [68]. The katoite
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is formed in small quantities and has been neglected in the mass
assemblage. The molar quantity balance equations are:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

xnCSH + 6nEtt + 4nAfm + 3nHydg = 3nC3S + 2nC2S + 3nC3A + 4nC4AF − nCH

nCSH + 0.84nHydg = nC3S + nC2S

nEtt + nAfm + 0.9nHydg = nC3A + nC4AF

nHydg = nC4AF

3nEtt + nAfm = nSO3

(7)

where nz is the molar quantity of phase z which can be either hydra-
tion product or consumed clinker phase. x is the C/S molar ratio in
C-S-H. The molar quantity balance for different elements result in a
non-linear system of five equations and five unknowns which can
be solved numerically. The unknowns are: Ettringite, Afm, C-S-H,
Hydrogarnet and the C/S molar ratio. The resulting molar quantities
are used to evaluate the mass fractions of different phases. According
to Lothenbach et al. [7] ettringite is unstable at hydration temper-
atures higher than 50 ◦C and AFm forms at the expenses of this
phase. Interestingly, the resolution of the above system of equations
for hydration temperatures 60 ◦C and 90 ◦C results in small nega-
tive values of ettringite molar quantity. For these temperatures the
ettringite molar quantity is imposed equal to zero and other quan-
tities are obtained by solving the first four equations. The evaluated
mass assemblage of cements hydrated under different temperatures
are presented in Table 3. The mass fraction of portlandite shows a
slight increase with increasing hydration temperature, with a more
pronounced increase from 7 to 20 ◦C and slighter increase for higher
temperatures. This lower portlandite quantity at 7 ◦C is compatible
with the higher C3S and C2S content observed at this temperature.
The ettringite and Afm content are quite small, less than 2% and are
fluctuating with increasing hydration temperature. The C-S-H mass
fraction increases with hydration temperature between 7 to 40 ◦C
and shows a slight decrease for higher temperatures. Regarding the
hydrogarnet, we found a fluctuating mass fraction depending on the
hydration degree of ferrite which is also fluctuating with hydration
temperature. The overall hydration degree of cement paste increases
significantly from 7 ◦C to 20 ◦C and only slight changes are observed
above this range at the considered age. As stated above, based on XRD
results, it can be clearly seen that C3S is more consumed than the
other clinker phases. C2S and C4AF generally react slowly confirm-
ing the low hydration degree corresponding to this phase [43,51].
It should be mentioned that the resolution of the above system of
equations results also in an evaluation of the C/S ratio in C-S-H
(variable x), which will be presented later in Section 4.6.

Table 3
Phase assemblage of cement pastes obtained from the combination of XRD-Rietveld
and TGA analysis for cement class G cured at different temperatures.

Temperature (◦C) 7 20 40 60 90

C-S-H 42.84 46.12 49.44 47.44 45.65
Portlandite 17.63 19.89 20.63 21.20 22.75
Ettringite 1.77 0.15 1.08 0.00 0.00
Afm 1.37 3.65 2.25 1.77 2.83
Si–Fe-Hydrogarnet 7.86 9.88 9.34 7.90 7.44
C3S 7.02 4.17 4.73 3.96 3.17
C2S 13.25 9.56 5.04 7.11 7.49
C3A 0.81 0.28 0.52 1.05 0.55
C4AF 7.66 5.45 5.80 7.22 7.58

4.4. Porosity and pore size distribution

4.4.1. Drying method for total porosity measurement
Evaluating the total porosity of cement is very complicated as

various porosity evaluation methods can result in different values for
the total porosity. There exist different drying methods which are
commonly used for porosity measurement. However, which reser-
voir of porosity is being dried with each drying method is not well
understood. Oven drying at 105 ◦C has been used regularly, but it is
considered to be non-accurate in estimating total porosity. At 105 ◦C,
a quantity of the water in the interlayer space, which is not regarded
as porosity, evaporates. The quantity of evaporated interlayer water
at 105 ◦C is not clearly known. Another method which has been
regularly used for cement paste is drying at 11% relative humidity
which can be considered as a reference method based on previous
studies of Feldman [69] and Jennings [31] who clarified that this
condition corresponds to a full interlayer space with a monolayer of
water encountering the C-S-H globules. Hence, equilibrating a sam-
ple at 11% RH corresponds to a C-S-H with dried gel pores and full
interlayer spaces. These drying techniques for evaluation of the total
porosity are compared here with the freeze drying method which is
used in this study for preparation of the sample for microstructure
characterization experiments (e.g. MIP, TGA) and needs much less
time compared to 11% drying. This comparison is done by performing
thermogravimetric analysis on hardened cement pastes cured during
four months at 20 ◦C and dried using these methods (Oven drying:
OD, Freeze drying: FD and 11% RH drying).

The results of TGA experiments are presented Fig. 3 and show a
smaller weight loss associated to C-S-H for 105 ◦C dried sample, as
compared to the ones of freeze drying and 11% RH drying. These lat-
ter present almost the same weight loss. It can thus be confirmed
that the oven drying at 105 ◦C removes approximately 30% of the
interlayer water from the C-S-H. The interesting similarity between
TGA curves of freeze dried and 11% RH-dried samples illustrates that
these two drying techniques empty almost the same pores reservoir.
Given this similarity, we can conclude that freeze drying removes the
water in gel pores and leaves the interlayer spaces full of water and
some physical water adsorbed on the surface of the C-S-H. Because
of its rapidity compared to drying at 11% RH the freeze drying is
preferred to dry specimens in this study and can be regarded as a
quick method for evaluating total porosity of a cement paste. It’s
worthwhile mentioning that the fourth peak corresponding to the
crystalline calcite is almost absent in Fig. 3, as compared to the result
presented in Fig. 2. This can be due to the fact that the samples had
a shorter storage period before the experiments presented in Fig. 3,
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and thus undergone a lower degree of carbonation corresponding to
preparation and storage.

4.4.2. Effect of temperature on cement paste porosity
The cumulative porosity and pore size distributions of cement

pastes cured at different temperatures as obtained from mercury
porosimetry are presented in Fig. 4. The results show one pore family
with pore sizes ranging from 10 to 100 nm and the beginning of a
second pore family with pore sizes smaller than 10 nm. The median
pore size is almost constant for temperatures ranging from 7 ◦C to
40 ◦C and increases significantly at 60 ◦C. This trend was mentioned
in the literature [1,2,9,13] and reflects that higher temperatures
lead to a coarsening of the porous structure. Pastes hydrated above
60 ◦C have larger capillary pore volume compared to pastes cured
at lower temperatures. This has also been explained by polymeriza-
tion reactions starting around 60 ◦C [70]. The pore family observed
by mercury intrusion corresponds to the capillary porosity and inter-
estingly, the 10 nm pore size that corresponds to the lower limit of
the pore family observed by mercury intrusion, has been considered
as the lower limit of the size of the capillary pores [71]. Jennings [72]
showed that capillary pores empty at 85% RH. This has also been con-
firmed recently by NMR experiments that revealed a constant NMR
intensity relative to capillary pores below 85% [54]. This threshold
value of relative humidity when converted into pore size using the
Kelvin law indicates a pore size of 10 nm. Therefore, we assume that
the capillary porosity is the porosity measured by mercury intrusion
up to 120 MPa pressure corresponding to a pore size of about 10 nm,
as shown in Fig. 4 (a). As mentioned in Section 3.2.5, the MIP may
result in an underestimation of the volume of the biggest pores in a
material as they can potentially be accessible only through smaller
pores. However, in this study a great part of the injected mercury
volume corresponding to a wide range of pores sizes has been used
to evaluate the capillary porosity. For this reason, the mentioned
underestimation should be less significant on the evaluation of the
capillary porosity presented here. The evaluated capillary porosity is
presented in Fig. 5 and shows an increase with increasing hydration
temperature. This is in agreement with previous studies that showed
through SEM experiments [13] or sorption isotherms [72] an increase
of the capillary porosity with curing temperature. The increase of the
capillary porosity may be explained by the development of denser
hydration products as the curing temperature increases [13,73]. In
Fig. 5, the total porosity measured from mass loss during freeze dry-
ing is also presented and shows a slight decrease with increasing
curing temperature. The gel porosity can be evaluated by subtracting
the capillary porosity from the total porosity. As can be seen in Fig. 5,
the calculated gel porosity is decreasing with the curing temperature.
The gel porosity decreases significantly by increasing the hydration
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Fig. 5. Evolution of total, capillary and gel porosity with temperature.

temperature, while the mass fraction of C-S-H shows slighter varia-
tion with temperature, as shown in Table 3. This highlights that the
C-S-H becomes denser at elevated temperatures. This point will be
addressed in the following section.

4.5. Evaluation of C-S-H density

Few data in the literature exist on the effect of curing tempera-
ture on the C-S-H bulk density. It is difficult to assess this density
considering the amorphous structure of C-S-H and the presence
of portlandite intermixed with C-S-H particles. We propose here
a simple method to evaluate the C-S-H bulk density based on the
experimental results presented previously. The C-S-H gel porosity
0gel can be related to the C-S-H intrinsic porosity 0CSH and its volume
fraction fV

CSH through the following expression:

0gel = 0CSHf V
CSH (8)

The C-S-H intrinsic porosity can be further expressed in terms of
the density of C-S-H solid qs, the bulk density of C-S-H qbulk

CSH and the
water density qw as:

0CSH =
qs − qbulk

CSH

qs − qw
(9)
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The C-S-H volume fraction fV
CSH is linked to the mass fraction of

saturated C-S-H, f sat
CSH through the following expression:

f V
CSH = f sat

CSH
qCP

qbulk
CSH

(10)

where qCP is the cement paste density. It is worth noting that the
mass fraction of C-S-H evaluated in Section 4.3 corresponds to a
freeze-dried C-S-H, fdry

CSH. To evaluate the saturated C-S-H density, the
saturated mass fraction fsat

CSH should be used. The dried and saturated
mass fractions can be linked to each other with the following relation:

f sat
CSH = f dry

CSH

qsat
CSH

qsat
CSH − 0CSHqw

(11)

Using Eqs. (8), (9), (10), (11) and 0gel = 0t − 0cap, the following
expression can be derived for the bulk C-S-H density:

qbulk
CSH = qs

qw(0t − 0cap) + qCPf dry
CSH

qs(0t − 0cap) + qCPf dry
CSH

(12)

The input parameters for this expression are the density of
C-S-H solid qs, the mass fraction of freeze-dried C-S-H f dry

CSH, the
cement paste density qCP, the total porosity 0t and the capillary
porosity 0cap. The mass fraction of dried C-S-H is obtained from a
mass balance of different hydrates as explained in Section 4.3. The
total porosity and the capillary porosity are evaluated respectively
by freeze drying and mercury porosimetry. The choice of C-S-H solid
density is important for this analysis. The most admitted value of
C-S-H solid density has been given by [27] using diffraction exper-
iments and is equal to 2.603 g/cm3. This density includes all the
internal water of the C-S-H globules but excludes any adsorbed water
at the globules surface. As the 11% RH drying leaves a monolayer of
water on the C-S-H surface, the solid density of C-S-H at this con-
dition is smaller than 2.603 [27]. Jennings [31] presented a solid
density of globules equilibrated at 11% RH equal to 2.47 g/cm3 which
can be considered as the solid density of C-S-H globules in a freeze
dried cement paste, considering the similarity of freeze drying and
11% RH drying methods as presented in Fig. 3. The density of solid
C-S-H is considered to be independent of hydration conditions. Still,
we admit that a change of the C-S-H solid density is possible. The
changing chemical composition with temperatures will obviously
affect this solid density.

The bulk density of C-S-H has been evaluated for different hydra-
tion temperatures through the proposed method and presented
in Fig. 6. As expected, the C-S-H bulk density is increasing with
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hydration temperatures from 1.88 g/cm3 at 7 ◦C to 2.10 g/cm3 at
90 ◦C. The value of the bulk density evaluated at ambient tempera-
ture, equal to 1.95 g/cm3, is close to the widely admitted value of
C-S-H bulk density determined by Jennings [74], equal to 2.03 g/cm3.

The intrinsic porosity of C-S-H can now be evaluated using Eq. (9).
The results, presented in Fig. 7, show that the intrinsic porosity of
C-S-H is decreasing significantly with increasing curing temperature
from 0.40 at 7 ◦C to 0.25 at 90 ◦C.

The increase of the C-S-H bulk density with curing temperature
was undeniable from increasing grey level of backscattered images
of Gallucci et al. [13]. However, a debate has been raised on whether
this changing grey level reflects a change of the C-S-H atomistic
structure, or is due to an internal arrangement of C-S-H particles.
Through this study, we evidenced that regardless of C-S-H solid den-
sity (which is considered constant here), the decreasing internal
porosity of C-S-H captures well the C-S-H densification. Neverthe-
less, we do not refute that the variation of the atomistic structure will
influence the C-S-H solid density. In fact, decreasing water content
in C-S-H leads obviously to increasing solid density. As can be seen
in Eq. (12), the saturated C-S-H density in our calculation is directly
proportional to the C-S-H solid density qs. Considering the relatively
narrow range of the possible values of C-S-H solid density, it can only
have a limited influence on the evaluation of C-S-H bulk density. Fur-
ther work is needed to improve our knowledge about the C-S-H solid
density under different hydration conditions.

4.6. C-S-H chemical composition

This section is dedicated to evaluation of the influence of hydra-
tion temperature on the C-S-H composition in terms of C/S and
H/S molar ratios. Contradictory results are reported in the litera-
ture concerning the influence of hydration temperature on C/S ratio.
According to Gallucci et al. [13], while some authors reported a
decrease in the C/S ratio [75], others mentioned an increase of this
ratio with temperature [76]. Concerning the H/S ratio, recent results
of Gallucci et al. [13] show a decrease of this ratio by increasing
hydration temperature. These ratios are defined in the following:

C/S =
nCa

CSH

nSi
CSH

; H/S =
nH

CSH

nSi
CSH

(13)

where nCa
CSH, nSi

CSH and nH
CSH correspond respectively to molar quan-

tity of calcium, silicon and water in a C-S-H particle. The molar C/S
ratio is derived from the resolution of the system of equations as
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mentioned in Section 4.3. Regarding the H/S ratio, the molar quan-
tity of chemically combined water in C-S-H can be estimated from
the weight loss corresponding to C-S-H in TGA experiments. Within
the temperature range associated to the dehydration of C-S-H other
constituents like ettringite, Afm, hydrogarnets are also loosing water.
Consequently to evaluate the water associated to C-S-H, the quantity
of water evaporated from the other phases in the same temperature
range should be deduced. The molar contents of hydrogarnets has
been evaluated through mass assemblage of the cement paste and
its water content can be easily subtracted. Concerning ettringite and
Afm, it should be recalled that the TGA experiments are performed
here on freeze-dried samples. The freeze-drying seems to degrade or
dehydrate ettringite and Afm [33] and probably for the same reason
these two phases could not be observed in our XRD experiments. It
seems thus reasonable to not subtract the water associated to ettrin-
gite and Afm from the TGA results as these phases may have been
already dehydrated during the freeze drying. Therefore, the chemi-
cally combined water in C-S-H is evaluated by subtracting the water
bounded to hydrogarnets from the total quantity of water removed
until 350 ◦C. The H/S ratio corresponding to the saturated C-S-H can
be obtained by adding the molar quantity of water in gel pores per
unit mass of dry paste to the value obtained for the dry C-S-H:

(H/S)sat =
1

nSi
CSH

(
nH

CSH +
0gelqw

(qCP − 0tqw)MH2O

)
(14)

where qCP is the density of saturated cement paste and MH2O is the
molar mass of water.

The C/S ratios for different hydration temperatures are evaluated
directly from the resolution of the set of Eqs. (7) and are presented
in Fig. 8. One can see a decrease of C/S ratio with increasing curing
temperature, from 1.93 at 7 ◦C to 1.71 at 90 ◦C. The C/S ratio eval-
uated at ambient temperature, equal to 1.87, is in agreement with
the generally admitted value of 1.75 regarded as the mean value of
C/S molar ratio in C-S-H [9,24,77]. However, different value for the
C/S ratio are presented in the literature. Escalante et al. [78] reported
values ranging from 1.61 to 2.24 for C/S ratio. In other studies the
same authors reported values of 2.06 and 2.07 based on EDS experi-
ments [75]. Richardson et al. [24] reported values for the C/S ratio of
1.2 to 2.3. In a more recent study on a class G cement the C/S ratio at
30 ◦C is found to be 1.84 ± 0.24 [52]. It appears that the values of C/S
ratio vary widely in literature and depend on the used experimental
techniques.

It is worth noting, that the obtained values of C/S ratio depend on
the evaluated quantity of portlandite from TGA results. As mentioned
in Section 4.2, we assumed that all produced calcite comes from the
carbonation of portlandite. If one assumes that a part of the calcite
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Fig. 8. The evolution of the C/S ratio with respect to temperature.

is produced as a result of the carbonation of C-S-H, this results in a
smaller quantity of portlandite and leads to higher C/S ratios. As for
example, if the first carbonation peak is arbitrarily attributed to C-S-
H carbonation, it results in C/S ratios higher than 2.0 for hydration
temperatures 7 ◦C and 20 ◦C, which is of course much higher than
the admitted average values.

The evaluated H/S ratios for dry (corresponding to non-
evaporable-water) and saturated (corresponding to C-S-H with gel
pores filled with water) conditions are given in Fig. 9 for different
hydration temperatures. One can note a decrease of H/S ratio with
increasing curing temperature for both dry and saturated state. The
dry (H/S) decreases from 1.92 at 7 ◦C to 1.40 at 90 ◦C and the sat-
urated varies from 5.1 at 7 ◦C to 2.66 at 90 ◦C. The evaluated value
of H/S ratio for dried C-S-H at ambient temperature, equal to 1.85,
compares well with the value of 1.8 given by Allen et al. [27] based
on SANS and SAXS experiments, corresponding to interlayer water
which does not include the layer of water at the surface of the glob-
ule. This has been confirmed in recent studies by Muller et al. [79]
proposing a mean value of 1.8 for the interlayer water. The saturated
H/S ratio evaluated at ambient temperature in this study is equal to
4.23, which is in agreement with the widely admitted value equal to
4 for a pure C-S-H [9,31]. It is worth noting that the provided H/S
ratios may be underestimated due to the eventual carbonation of
C-S-H. Few data in the literature propose the H/S ratio for satu-
rated C-S-H as most of the investigation techniques are destructive.
In a recent study by Muller et al. [79] using NMR on a never
dried cement paste, H/S ratios equal to 4.4 and 5.3 are found
respectively for w/c=0.40 and w/c=0.48. These results are com-
patible with the ratio of 4.23 found in this work for w/c=0.44.
The observed decreasing trend of H/S ratio with hydration temper-
ature is compatible with the results of Gallucci et al. and Bentur
et al. [13,73] who both reported a decrease in the water content
of C-S-H. However, the values calculated by Gallucci et al. [13]
for the H/S ratio were bigger than the values admitted for inter-
layer water and lower than the values corresponding to a saturated
C-S-H. They hence assigned the evaluated H/S ratio to interlayer
water plus a part of water in gel pores. However, in this study a
clear distinction between interlayer water and gel pore water has
been provided and showed coherence with the widely admitted val-
ues. Regarding the decrease of H/S ratio, Thomas et al. [80] has
interpreted this observation using sol–gel processing mechanisms,
stipulating that the decrease in the molar H/S ratio is the result
of the condensation reactions that take place in cement pastes. In
fact, cement cured at elevated temperatures undergoes an enhanced
rate of silicate polymerization [81] turning the monomeric species
into polymeric species. This condensation reaction is accompanied
by the release of a water molecule, which result in a diminution
of C-S-H water content. Solid NMR experiments also confirmed this
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increasing rate of silicate polymerization with temperature as the
mean chain length of silicate showed an increase with elevated cur-
ing temperature [13,81]. In a similar manner, the enhanced silicate
polymerization rate yields to a decrease of the C/S ratio as reported
before in [81]. The provided chemical composition of C-S-H is a sim-
plified composition as it did not account for the eventual adsorption
of sulphate or aluminum to the C-S-H. Indeed, some sulphates or alu-
minum may adsorb to the C-S-H, but it is shown that they have only
a limited impact on it’s properties [13].

The evaluation of C/S and H/S ratios permits an evaluation of the
molar masses of dried and saturated C-S-H, presented in Fig. 10.
The results show a decrease of C-S-H molar mass with increasing
hydration temperature for both dried and saturated state. The satu-
rated molar mass decreased from 260 g/mol at 7 ◦C to 204 g/mol at
90 ◦C and the dried molar mass decreased from 203 g/mol at 7 ◦C to
181 g/mol at 90 ◦C.

Various results in the literature mentioned a more or less lin-
ear relationship between C/S and H/S ratios and also between these
ratios and the C-S-H bulk density [47,82]. The evaluated H/S ratios
are plotted in Fig. 11 against the C/S ratios. One can see that the
saturated H/S ratio shows an almost linear variation with the C/S
ratio.

4.7. Sensitivity analysis

The evaluation of the C-S-H chemical composition and density as
presented in previous sections rely on various experimental results.
Of course uncertainty in each measurement will have a certain influ-
ence on the evaluated parameters. For most of these methods, it is
quite difficult to define a numerical value for the precision or error on
the results. For this reason, a sensitivity analysis is performed here in
order to estimate the errors in the evaluated composition and den-
sity, based on an arbitrary 5% error in different experimental results.
The results are presented in Table 4 for the cases in which the error
is attributed to only one experimental result. It is shown that a 5%
error induce a very small variation on the estimated C-S-H density,
showing that the C-S-H density could be determined accurately. The
chemical composition of C-S-H seems however to be more strongly
concerned with the variation of the measured parameters. While the
portlandite content and the C3S and C2S hydration degree have a lim-
ited effect on the C/S ratio, it seems that the dry and saturated H/S
are the most sensitive to the measured parameters.

The above analysis was based on an error attributed to only one
parameter at each time. However, in reality, the errors on various
parameters can occur simultaneously with different values and signs.
In order to account for the errors superposition, we performed an
error analysis based on a randomly chosen error within the range of
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[−5%, 5%], which can occur on every independently measured vari-
able in our system of equations. A Monte-Carlo type calculation has
been performed to evaluate the range of values that can be obtained
for each result. It is worth noting that the error added to different
parameter is not necessarily the same. This is done for the hydration
temperature of 7 ◦C and the results are presented in Table 5 in terms
of minimum and maximum values obtained in the worse cases for
each parameter. It can be clearly seen that even in case of accumu-
lated errors, the uncertainties on the results higher than the case of
errors on an individual results, but however the uncertainties remain
reasonable.

The experimental measured parameters in this study show coher-
ence within repeatability and reproducibility tests, which gives
confidence in our results. Moreover, the good quantitative and quali-
tative accordance with previously published results, as mentioned in
different sections of the paper, strengthens this confidence.

5. Conclusions

A multi-technique experimental study has been performed to
investigate the influence of the hydration temperature, between
7 ◦C and 90 ◦C on the microstructure of cement paste and more par-
ticularly on the C-S-H bulk density and chemical composition. The
cement paste samples have been prepared using a class G oil-well
cement and w/c=0.44 and cured for 28 days in saturated condi-
tions at 7, 20, 40, 60 and 90 ◦C. The cement paste microstructure
has been characterized by performing X-ray diffraction analysis com-
bined with the Rietveld method, thermogravimetric analysis, mercury
intrusion porosimetry and porosity evaluation by drying. The exper-
imental results show an increase of the capillary porosity and a slight
decrease of the total porosity, resulting in a decrease of the gel poros-
ity by increasing the hydration temperature. An analysis method
has been proposed to evaluate the C-S-H bulk density and intrinsic
porosity by combining the results of the above-mentioned experi-
ments. The results show a decrease of the C-S-H intrinsic porosity

Table 4
Error analysis on different evaluated C-S-H parameters (C/S, (H/S)dry, (H/S)sat, and
density) for an arbitrary 5% error in an individual experimental result.

Parameter changed by 5% C/S (H/S)dry (H/S)sat Density C-S-H fraction

Bound water ATG 5% 2% 0.2% 0.9%
CH mass fraction 3% 0.3% 1.5%
Hydration degree of C3S 2% 4.5% 4.5% 1% 5%
Hydration degree of C2S 0.1% 1% 1% 0.5% 0.5%
Gel porosity 3% 1%
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Table 5
Accumulated error analysis on different evaluated C-S-H parameters (C/S, (H/S)dry,
(H/S)sat, density and mass fractions) for an arbitrary error chosen randomly within the
range [−5%, +5%] introduced simultaneously to experimental results at 7 ◦C.

Main results Min values Max values

C-S-H composition C/S 1.93 1.83 2.03
H/S(dry) 1.92 1.75 2.12
H/S(dry) 5.1 4.74 5.61
Density 1.88 1.85 1.93

Mass fractions C-S-H 42.84 39.74 45.95
Ettringite 1.77 1.46 2.07
Afm 1.37 1.10 1.62
Hydrogarnet 7.87 7.47 8.42

and a corresponding increase of the C-S-H bulk density by increas-
ing hydration temperature. This can clearly explain the observed
increase of the capillary porosity for higher curing temperatures.
The evaluated C-S-H bulk density varies from about 1.88 g/cm3 at
7 ◦C to about 2.10 g/cm3 at 90 ◦C. The analysis of the experimen-
tal results permitted to evaluate the C-S-H chemical composition
in terms of C/S ratio and also H/S ratio for dry (corresponding
to chemically bounded water) and saturated (corresponding to
C-S-H with gel pores filled with water) conditions. The evaluated
C/S ratio decreases with increasing hydration temperature, from 1.93
at 7 ◦C to 1.71 at 90 ◦C. The same trend has also been observed for
the variations of H/S ratio of saturated C-S-H which decreases with
increasing curing temperature from 5.1 at 7 ◦C to 2.66 at 90 ◦C. The
quantitative characterization of the effect of hydration temperature
on the cement paste microstructure, as presented in this paper, can
be used in the micromechanical modeling of oil-well cements for
evaluation of their thermo-poro-mechanical properties for various
hydration temperatures, corresponding to different depths along an
oil well.
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