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Résumé — Evolution des propriétés élastiques d’une pite de ciment pétrolier au trés jeune Age dans
des conditions HP/HT : caractérisation expérimentale et modélisation — Une modélisation multi-
échelle, couplée avec un modéle d’hydratation, est proposée pour prédire I’évolution des
propriétés élastiques d’une pate de ciment pétrolier au trés jeune age (jusqu’a un jour). Des
résultats expérimentaux montrent que la pression appliquée (1-200 bar) pendant la prise a peu
d’effet sur la cinétique d’hydratation contrairement a la température (20-60°C). Le modéle
d’hydratation retenu a été¢ validé par des mesures calorimétriques. Les résultats de porosité
déduits de ce modéle d’hydratation sont d’ailleurs cohérents avec des mesures de la porosité
connectée effectuées a difféerents degrés d’hydratation. La modélisation multi-échelle par
homogénéisation prend en compte I’évolution des fractions volumiques des constituants de la
pate de ciment au cours de I’hydratation. Le développement des propric¢tés ¢lastiques du
ciment pétrolier au trés jeune age obtenues avec ce modéle est en bon accord avec les mesures
obtenues par la propagation d’ultrasons.

Abstract — Evolution of the Elastic Properties of an Oilwell Cement Paste at Very Early Age under
Downhole Conditions: Characterization and Modelling — A multi-scale homogenization approach
coupled with a hydration model is adopted to predict the bulk and shear moduli evolution of an oilwell
cement paste at a very early age (up to one day). Calorimetric experiments were performed to be
compared with the results of the kinetics model and also to study the pressure and temperature effects
on the hydration kinetics. The homogenization model results are in agreement with the elastic moduli
measurements obtained from propagation of ultrasonic waves.
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INTRODUCTION

In oil and gas wells construction, primary cementing
technique consists in placing cement slurries into the
annular space between the drilled rock formation and
the steel casing. The cement paste then hardens to form
a hydraulic seal preventing the migration of formation
fluids through the annulus. The latter has to be especially
well cemented because the cement sheath is submitted to
various thermal and mechanical loadings from the dril-
ling phase to the abandonment phase. The main future
objective of this work is to pave the way for computing
stress and strain states developing within the cement
sheath during cement paste hydration; indeed the behav-
iour of the cement sheath can have a drastic impact on
the long term integrity of the well. Over the past ten
years, several papers were concerned with the long term
mechanical durability of the cement sheath. However,
until now there are no relevant physical and mechanical
inputs that allow to evaluate the development of stress
and strain states in the cement at very early age of hydra-
tion in oil or gas wells [1-4]. The monitoring of mechan-
ical properties measurements of the cement paste at very
early age under downhole conditions is not trivial due to
the lack of instrumentation that can help curing and
maintaining the cement paste under downhole condi-
tions while testing for mechanical properties. Ultrasonic
measurements initially used as an indicator of setting [5]
were extended in order to provide dynamic mechanical
properties at room temperature and atmospheric pres-
sure [6-9], and also to study the early-stage cement paste
properties [10-12]. These mechanical properties are gen-
erally much more difficult to measure at a very early age
than later in the hydration process, as they are continu-
ously changing during the measurement course.
Recently, some static mechanical properties measure-
ments [13, 14] were obtained by uniaxial compression
and have been compared with dynamic mechanical
properties obtained from ultrasonic propagation.

From another point of view, the material within the
cement sheath is completely confined, which means that
its final state is strongly dependent of the overall hydra-
tion process, even during the very early beginning of the
hydration process. So, a prediction of the properties of
the cement paste from the evolution of the concentration
of its constituents is clearly desirable for engineers. Such
kind of prediction was already provided in the past for
the prediction of mechanical properties at an early age
[15-21]. However, these studies are restricted to a period
of hydration corresponding to relatively large values of
concentration of hydrates. In our study, we are interested
by the process occurring at the very beginning of the
hydration process, the concentration of hydrates starting
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Figure 1
Workflow of this study.

from zero. This period of hydration is referred to as “very
early age”, for distinction of previous studies related to a
later stage, usually referred to as “early age”. However,
the kind of models used at a later stage cannot be used,
because it is necessary at a very early age to use a model
which ensures the formation of a skeleton of hydrates
for very small concentrations of hydrates, which is not
priori provided by models used for the subsequent stages
of hydration.

The present paper aims at characterizing and predict-
ing the development of the elastic properties of a class G
oilwell cement paste at a very early age under downhole
conditions (high pressure and high temperature,
HP/HT). The main steps of the used approach are illus-
trated in Figure 1.

Section 1 concerns the homogenization of the
mechanical behaviour of the cement paste at a very early
age. For this purpose, a multi-scale approach, that uses
the evolution of volume fractions of the different compo-
nents of the cement paste during hydration, is used.

Section 2 deals with the necessary mechanical and
chemical inputs for obtaining the evolution of volume
fractions of the different components of the cement
paste. The intrinsic mechanical properties of solid con-
stituents are recovered from nano-indentation testing
data coming from the literature, while the evolution of
volume fractions is determined from a cement hydration
kinetics model for the four clinker components of a
class G oilwell cement.
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Section 3 is devoted to the experimental characteriza-
tion of the class G oilwell cement paste. Semi-adiabatic
calorimetric measurements are performed in order to
validate the hydration kinetics model. Isotherm
calorimetric measurements are also conducted to
study downhole conditions effect on hydration kinetics.
Dynamic moduli obtained by ultrasonic propagation
measurements are presented and a comparison with
the results of the homogenization model is finally pro-
vided in Section 4.

1 PREDICTION OF ELASTIC PROPERTIES BY
HOMOGENIZATION MODELLING

From a general point of view, homogenization model-
ling is an upscaling approach which aims at predicting
the properties of an heterogeneous material, from infor-
mation on the distribution of its micro-structural
components. So, several homogenization modelling
methods were used for predicting the elastic behaviour
of cement based materials during the hardening phase
[15-22], based on the knowledge of the elastic properties
and volume fractions of its constituents either during the
hydration or in post hydration phase. The predictive
capabilities of such upscaling approaches to determine
the macroscopic elastic properties seem to be well estab-
lished. The extension of such approaches to the predic-
tion of the isothermal and not ageing viscoelastic
behaviour of cement paste or concrete to estimate their
creep during post hydration was also proposed from
the use of the correspondence principle based on the
Laplace-Carson transformation [22]. All these studies
were not performed at the very early stage of cement
paste but later during the hardening phase where the dis-
tribution of phases is drastically different from the one
observed at the very early age. From another point of
view, measurements during the quick evolution of the
cement paste at a very early age are scarce and this paper
will be restricted to the prediction of instantaneous elas-
tic properties. A drastic difference between our work and
previous studies on this subject is that the presence of the
aqueous phase is predominant at a very early age and
must be accounted for.

In this contribution, the study is particularly focused
on the instantaneous properties of the cement paste dur-
ing hydration through the choice of a microstructure
model and of the related homogenization scheme.

1.1 Homogenization in Linear Elasticity

The principle of homogenization in linear elasticity is
here briefly recalled from references [23, 24].

Let us consider a heterogeneous medium with n iso-
tropic elastic phases whereof the concentrations f; with
i = 1, ..., n evolve with time. A Representative Elemen-
tary Volume (REV) ig considered in this medium, given
by the domain Q = U €; and the boundary 0Q, where
Q; correspond to the fnvolved phases.

The elastic properties of the homogenized medium are
obtained by linking the macroscopic strain E with the
macroscopic stress X :

Y = (6) = Chom : (¢) = Chom : E (1)

where 6 = o(x) and ¢ = g(x) are the local values of the
second order stress and strain tensors at location x and
where the symbol (e) stands for the volume average over
the domain Q of the quantity between brackets (assumed
known at any point x of the REV). The fourth order ten-
sor Cpom corresponds to the homogenized stiffness ten-
sor, which can be written under the assumption of an
isotropic effective elastic behaviour as:

2
Chom = (Khom - g “hom> o ® 5 + 2HhomI (2)

where Kpom and p,,,, are the bulk and shear moduli, 6 is
the second order unit tensor and I is the fourth order
identity tensor.

The main problem in homogenization is in predicting
the local stress and strain distribution related to macro-
scopic stresses and strains; this process is called “locali-
zation”. This is effected by applying suitable
conditions at the boundary of the REV. In the following,
a displacement field u = E - x is applied at the external
boundary (x € 0Q). Thanks to the linearity of the prob-
lem, the microscopic strain can be written as [25]:

e(x,7) = L(x,7) : E (3)

where L(x, ¢) is a localization tensor which depends on
time because of the evolution of the involved phases dur-
ing hydration. Accordingly, the microscopic stress ten-
sor can be written as:

6(x,1) = C(x) : L(x,¢) : E (4)

The effective elastic properties of the composite mate-
rial can finally be related to the concentration f; of each
phase and to its elastic properties C;:

Chom = (C(x) : L(x, 1)) = Zf,-(t)c,- ‘L) (5)

where L;(fi, 1) = (L(x,?))q 1is the volume average per
phase (over the sub-domain €;) of the localization ten-
sor. The estimation of tensor L; gives access to the
required properties Kpom and p,,,. This estimation is
made possible by the choice of a specific homogenization
scheme which is based in the following on a simplified
representation of the distribution of phases.
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1.2 Choice of an Homogenization Scheme

There are many homogenization schemes as thoroughly
reviewed for example in the Milton’s book on composite
materials [24]. However, for the most complex schemes,
the knowledge of the distribution of the different phases
is necessary. So, our choice was to use the simplest
scheme which is compatible with the physics underlying
the hydration process. Among these schemes, the classi-
cal self-consistent scheme could not be used, because the
formation of a continuous hydrate skeleton during
hydration occurs at the very early stage of the process,
for concentration of hydrates for which the percolation
threshold is not predictable by the self-consistent
scheme, unless by introducing form factors which are
not adapted to hydrate particles. It is also emphasized
again that in our study, the schemes used for later stages
of hydration process could not be used in our study con-
cerned by the very early age of hydration. Slightly more
sophisticated schemes, such as Mori-Tanaka scheme or
generalized-self-consistent schemes are able to guaranty
a continuous hydrate skeleton at the very early stage of
the process. Both schemes produce similar results at
low concentrations but the field of application of the
Mori-Tanaka scheme is more restricted at higher con-
centrations. So, our choice has been to use the General-
ized Self-Consistent scheme (GSC).

For the most general expression of a GSC scheme, n
isotropic elastic phases are represented by a composite
sphere containing layers considered as homogeneous.
The interaction between such a composite sphere and
the surrounding materials is approximated by the inter-
action with a material having effective properties in the
outer part (as for the classical self-consistent scheme)
numbered (n + 1) (Fig. 2). Each constituting phase i is
considered as elastically isotropic and characterized by
its bulk and shear moduli (k;, yt;) and its volume fraction
fi= (R —R,)/R

Assuming that the REV is submitted at infinity to a
displacement # = E.x related to the macroscopic mean
strain E, the effective properties Kpom and p., are
obtained from closed-form expressions of elastic proper-
ties and concentrations of constituent phases, as
described in [27] and briefly recalled in Appendix A.

1.3 Microstructure Evolution of the Cement Paste during
Hydration

The morphological properties of the hydrating cement
paste have to be considered with care to define a relevant
homogenization scheme. When anhydrous cement is
mixed with water, the cement paste can be seen at a very
early age as a suspension. Next, the hydration leads to

Figure 2

Generalized self-consistent scheme of a multiphase medium
according to [27].

the nucleation and to the growth of a multi-components
and porous assembly of hydrates phase which produces
a gradual increase of the mechanical properties of the
hardening cement paste due to the development of a
cohesive solid skeleton. The progressive development
of the hydrated compounds induces a gradual decrease
of the aqueous and anhydrous phases as illustrated in
Figure 3. The aqueous phase is mainly present in the
C-S-H gel porosity and in a (totally or partially) filled
capillary porosity, interspersed in the hydrates network.

In the context of the present study, the cement sheath
is assumed continuously supplied with water coming
from the nearby saturated rock formations.

Representing schematically the evolutionary micro-
structure of the cement paste during hydration is not
obvious. Nevertheless, the representation of this micro-
structure is necessary to estimate the homogenized
mechanical properties. The main phases in presence are
hydrates, anhydrous phase and aqueous phase and, hav-
ing in view to use the GSC scheme, it is necessary to
affect elastic properties at each part of the composite
sphere. It is tempting to use a composite sphere made
of three parts (aqueous phase, hydrates and anhydrous
phase). Unfortunately, none of the different definitions
of composite spheres can be considered as realistic for
representing the main features of the geometrical distri-
bution of phases, the main principle being that as soon
as the hydration process begins, the anhydrous parts
are surrounded by hydrates (Fig. 4).

The scheme which has been finally retained is described
in Figure 5. It comprises a connected external spherical
layer made of hydrates (containing a part of anhydrous
phase), in contact with a spherical layer containing the
aqueous phase, itself containing a central composite
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Figure 3

Evolution of the constituents of the cement paste during early age hydration.
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Hydrates

Figure 4

Anhydrous cement grain

Representation of the morphological model of the hydrating cement paste during the second step of Figure 3.

sphere made of a hydrate spherical layer surrounding a
central sphere containing the anhydrous material. How-
ever, it is worthwhile to mention that the hydrates them-
selves are not homogeneous and it is necessary to account
for this feature for obtaining the properties of hydrates, as
described in the following subsection.

1.4 Multi-Scale Analysis

The homogenization process applied to the cement paste
requires to take into account some parameters which are

defined at different scales. Such scales (Fig. 5) can be
defined as follows:

Scale 0: C-S-H Gel

At the lowest scale, the C-S-H gel is heterogeneous. At
this scale, some mechanical properties of the C-S-H gel
are accessible by mechanical testing, i.e. nano-indenta-
tion (7ab. I). The C-S-H gel exists under two different
forms: a Low Density (LD) C-S-H with a porosity of
roughly 37% and a High Density (HD) gel of around
24% of porosity [26]. The C-S-H gel is the dominant
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Upscaling method applied to the cement paste.
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TABLE 1
Intrinsic elastic properties of the cement paste components
Elastic constants
E (GPa) v (=) References
Anhydrous cement: x C5S 135 0.3 Monteiro and Chang [29]
C,S 140 0.3 Acker [30]
C;A 145 - Velez et al. [31]
C4AF 125 - Velez et al. [31]
Hydrates: z and y C-S-H; p 21.7 0.24 Constantinides and Ulm
[32]
C-S-Hup 29.4 0.24 Constantinides and Ulm
[32]
CH 38 0.3 Constantinides and Ulm
[32]

component of the forming cement paste skeleton and
may be regarded at the upper scale as a homogeneous
matrix connected with the other phases.

Scale I: Hydrates Phase

This scale is associated with the hydrates phase in
Figure 5 which is seen as a composite phase formed by
a C-S-H matrix surrounding portlandite (CH) and alu-
minates (AL).

Scale Il: Homogenized Cement Paste

This is the upper scale corresponding to macroscopic
scale, that is the scale at which the elastic properties have
to be determined during the hydration process starting
from the intrinsic elastic properties of individual compo-
nents in these three defined scales and from their varying
volumetric concentrations.

1.5 Estimation of the Effective Elastic Properties

The volume fractions of all phases can be deduced at
each stage of the hydration process. However, the com-
posite spherical cell of Figure 5 is not completely defined
because hydrated and anhydrous phases appear in two
different parts of the composite sphere: one part named
“connected solid matrix” being the external spherical
layer, and the second one named “unconnected
hydrate/anhydrous phases” comprising the internal
sphere and its surrounding layer.

Some assumptions are therefore necessary to define
the concentrations of all phases. First (assumption 1),
without complementary information, the ratios between

volume fraction of hydrates and of anhydrous materials
are assumed to be the same within the two parts men-
tioned above. Next, an important point is to characterize
the ratio between the volume fractions of connected (f;)
and unconnected (f;) parts.

Let us consider the volume fractions f. and f, of both
parts. It is obvious that £, is null at the beginning of the
hydration process and equal to 1 at the end of the hydra-
tion process.

Now, let us consider the ratioi fif where f,, is the vol-
ume fraction of water. This ratio tends to 0 when the
hydration ratio is null and becomes very large when
the hydration ratio tends to 1. A simple way to ensure
this property (assumption 2) is to assume that:

f; =
JutFo

where o is a constant parameter and § is the hydration
ratio whose definition is recalled in Section 2. Indeed,
if the hydration is complete (£ = 1) and if the initial quan-
tity of water is adjusted so that it is completely consumed
at the end of hydration, all the water and the anhydrous
materials are consumed at this stage (f,, = f, = 0). And
therefore both ratios tend to infinity. At the beginning
of hydration (£=0) there is no hydrates and no con-
nected materials and therefore f. = 0. Under the previ-
ous assumptions, these two limit cases are consistent
with the use of the previous relationship.

Finally, the use of assumption 1 for a given hydration
ratio allows the computation of the ratio of hydrates and
anhydrous components in the different spheres of
Figure 5. It produces the ratio of the radii of the smallest
spheres and the properties of the material contained in

e (©



602 Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 68 (2013), No. 3

the upper layer of the figure. The combination of
assumptions 1 and 2 allows the computation of the radii
of all spheres.

Finally, this set of assumptions allows the computa-
tion of all concentrations of phases in the composite
sphere model and leads to the theoretical estimation of
effective properties as follows.

For a given value of o, all volume fractions of the con-
stituents are known for any hydration ratio. Knowing
the elastic properties of hydrated and anhydrous phases
(see next subsection), the computation of elastic proper-
ties is performed in two steps.

A first step is to obtain the elastic properties of the
“connected solid matrix”. These properties are obtained
by using the GSC scheme (Appendix A) for two phases
(n = 2) with one central sphere made of anhydrous
phase and an external spherical layer made of hydrates,
the radii of spheres being obtained as explained before
by using assumption 1.

In a second step these properties are introduced in the
full 4-phases GSC scheme for obtaining the overall prop-
erties, the radii of the spheres being obtained from the
hydration ratio as previously. At this stage, the equa-
tions of Appendix A are again used for n = 4. These
equations produce the overall effective elastic moduli
of the cement paste.

2 MATERIAL INPUT DATA

Computing the homogenized bulk and shear moduli
(Khoms Mhom) Of the hydrating cement paste requires the
knowledge of the intrinsic elastic moduli of the cement
paste components at the different defined scales
(Fig. 5) and their volume fractions evolution during
hydration. The elastic properties at the lowest scales
are assumed to be intrinsic and taken from the literature
based on nano-indentation tests.

A first part of this section describes the simplified
homogenization scheme which is used for obtaining the
“mean” properties of hydrated and anhydrous phases,
knowing the properties of their constituents at a lower
scale.

The second part of this section describes the hydration
model which provides the evolution of the volume frac-
tions of all phases during hydration.

2.1 Mechanical Data

The hydrate phase contains all hydrates which are
formed during the hydration process. It is not possible
to account for the distribution of all these parts. How-
ever, the contrast between their mechanical properties

is not too high and the effect of the microstructure is
reduced, which induces that different homogenization
processes produce similar results. In addition, it is well-
known that the effective bulk modulus and shear modu-
lus are strictly comprised between two bounds made of
their volume mean value and of their volume harmonic
mean value. So a convenient simplified estimation of
the mean properties at this stage is provided by the mean
between these two bounds.

This estimation is used thereafter. Indeed, at the scale
‘0’ the elastic properties of the C-S-H matrix
(Ke—s—m, We_g_p) are first determined by volume aver-
ages obtained from the two types of C-S-H (., .) with
z = LD C-S-H and HD C-S-H:

) -1
szfz(t)(lcz, )+ (Z &iﬁ))

(Ke—s—msHes ) = 2

where f , 1s the volume fraction of each type of C-S-H in
the C-S-H matrix. At the upper scale, the same estima-
tion from volume averages is used to determine the elas-
tic properties of the hydrates phase (x,,) from the
elastic properties of each hydrate component (i, p,)
with y = homogenized C-S-H at the scale 0, portlandite
(CH) and aluminates (AL):

-1
?fy(t) (Kw uy) + (; (Qtﬁ)) (8)
2

(Kha lJ'h) =

in which f, is the volume fraction of each hydrated com-
ponent in the hydrates phase. Similarly, the elastic prop-
erties of the anhydrous cement (k,, t,) are determined
from the elastic properties of each anhydrous compo-
nent (k,, 1,) with x = C3S, C,S, C3A and C4AF:

ADICTRE (z M) _
(Km ua) = - 2 : (9)

where £ is the volume fraction of each anhydrous com-
ponent in the anhydrous cement.

With regard to the elastic moduli of the solid phases,
Table 1 gives the available data at these scales in terms of
Young’s modulus E and of Poisson’s ratio obtained
from literature. Unfortunately, there is a lack of the elas-
tic properties of aluminates. Since the elastic properties
of C3S were carefully measured, Poisson’s ratio
value of C3S is simply used for C;A and C4AF.
For the aluminate hydrates, it is assumed that their
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properties are similar to the elastic properties of the C-S-
H matrix provided by Equation (7). Using the values
obtained from Table 1, the elastic bulk and shear moduli
for the solid compounds (KX, Hys Ky, by Kz, uz) are com-
puted according to the classical relationships of elastic-
ity. This set must be completed by the elastic
properties of the aqueous phase, whose bulk modulus
s kw(20°C) = 2.18 GPa and x,(60°C) = 2.25 GPa
[28], its shear modulus being null.

2.2 Data Coming from the Chemical Hydration Model

The volume fractions of the different phases inside the

cement paste are continuously evolving during the

hydration process. So, the main objective of this section
is to provide the volume fractions evolution of the phases
during the hydration process. This requires two steps:

— the description of the evolution of the hydration
degree from kinetics laws of reactions related to the
hydration of each anhydrous phase;

— the determination of the evolution of volume fractions
of associated hydration products together with the
progressive decrease of anhydrous components and
aqueous phase.

2.2.1 Hydration Model

The hydration process of each compound x is expressed
in terms of its degree of hydration &, which is one minus
the ratio of the unreacted mass m, of each anhydrous
component to its initial mass m?:

(10)

In this subsection, kinetics laws based on chemical
affinity are used for the description of the cement hydra-
tion [20]. These laws were found suitable for the predic-
tion of the cement hydration during all hydration stages
and easily incorporated within the framework of a chem-
ically reactive [33] porous medium.

Therefore, the cement hydration kinetics reads:

A1 G (1)

dt  t(T,)

where 4,(-) is the normalized chemical affinity, T, (howr)
denotes the characteristic time of the chemical reaction,
which depends on the temperature 7, the current Blaine
surface area ¢, the type of clinker mineral and the water
to cement ratio w/c.

Furthermore, dependence of the hydration reaction
on temperature is considered to be described according

to Arrhenius equation [34] by reducing the characteristic
time of the reaction as:

ST =T Sep (2 (7-7)) 02

T To

where t,.(T, ) is the characteristic time of the chemical

reaction [15] at the reference temperature 7, = 293 K,

do = 3 602 cm>.g ' is a reference fineness of cement,

E’ is the activation energy of each component x and R

is the gas constant.

Moreover, experimental results obtained from iso-
thermal calorimetric measurements with DSC (Fig. 8a
in Sect. 3.1.1) have allowed to verify the existence of
three hydration stages in the period concerned in our
study. The normalized affinity takes then three particu-
lar expressions according to the stage as reported in [20]:
1. Induction stage, at which the dissolution of clinker

occurs.

2. Growth stage characterized by a nucleation process
accompanied by reaction acceleration and formation
of hydration products.

3. Diffusion stage which corresponds to the process dur-
ing which ions diffuse through a thickening layer of
hydration products toward anhydrous cement grains.

During the induction stage (¢ < £ and &(r) < &), the
reaction is very slow, which allows to assume that it does
not evolve practically during this stage. In this case, the
chemical affinity is assumed constant, which implies
A, =1 [20, 21]. The stage duration, noted tg, reads:

£ =En(T.¢) (13)

where &2 is the critical degree of hydration at the
end of the pre-induction which is characterized by an
instantaneous release of heat. The degree of hydration
during this stage is then given by:

&) = EH (1) (14)

where H (¢) is the Heaviside step function.
During the growth stage (£ <¢<# and
g0 < &.(t) < &) of upper limit-time #, the normalized

affinity 4% is given by Avrami’s model:

A(g,) = (15)

In addition, the characteristic time associated with the
growth stage writes:

%(To) =

1
Kok, (16)
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The parameter K, defines reaction order whereas £,
represents the rate constant.

During the diffusion stage (¢ > £ and £(¢) > &%), the
normalized affinity 4¢ is given by the model of Fuji and
Kondo:

(1-¢g)"
(1—e)’ (1)

where éf is the critical hydration degree at the end of the
growth stage.

The characteristic time t?(7T) is obtained from the
diffusion coefficient D and from the initial radius r of
the cement grain, by:

A& = (17)

72

w(To) = 3D

(18)

The values of parameters used in this paper are sum-
marized in Table 2. They were interpolated from data
published in [20]. The diffusion coefficient values were
deduced from the fitting of the present hydration model
to the experimental hydration data of Escalante-Garcia
and Sharp [35] for each cement component.

Finally the overall degree of hydration &(¢) is obtained
from the values of the partial hydration degree & (¢) of
each anhydrous cement component x as follows:

where m? = 3" m? is the initial total mass of the anhy-

drous cement and 7' is the initial mass fraction of each
anhydrous component.

An alternative estimation, &, of the hydration degree
can be directly related to results of Q(¢) obtained from
calorimetric measurement (semi-adiabatic) which will
be used thereafter. It is given by:

tol) = %’3 (20)
where:
=Y fre (21)

0(#) is the current heat of hydration, O is its asymp-
totic value released at full hydration (&, =1). It is
important to note that O depends on ¢ °, the corre-
sponding asymptotic value for each component x, whose
experimental data show a certain dispersion in the liter-
ature (Tab. 3).

Equation (22) shows an equivalent expression of
Equation (20) with Q(t) deduced from the current hydra-
tion heat of each component x.

0 2LLYaEED)
&(r) = Zf'"ax (19) =
TABLE 2
Hydration kinetics model parameters for w/c = 0.44
Anhydrous cement components
Model parameters C5S C,S C5S C4AF
Ea/R(K) 4 500 2 500 5500 4200
&2(7) 0.02 0.00 0.04 0.04
Kx(f) 1.78 1.01 1.04 2.34
gl(-) 0.6 0.6 0.6 0.6
23°C Tﬁ%(h) 12.21 69.13 48.43 22.69
‘L'f(h) 5041.53 27 013.31 695.73 72 773.18
D(ecm?h™!) 12 x 1071 1.0 x 107" 3.5 %1071 3.5 % 10712
60°C T;%C’(h) 2.26 27.04 6.15 4.70
Tff(h) 1 592.07 1 472.67 294.53 9 817.78
D(cm?.h™!) 18.5 x 1071 20.0 x 1071 1.0 x 107° 3.0 x 107!
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TABLE 3
Asymptotic values of hydration heat for each component x

The Heat of hydration (J.g™")

qas qas qu quF
Taylor [36] 517 262 1144 418
Chougnet et al. [37] 520 70 1670 725

2.2.2 Volume Fractions Evolution during the Hydration Process

The hydration kinetics, Equations (11)-(18), for each
anhydrous cement component are used for determining
the evolution of the volume fractions related to the dif-
ferent phases of the cement paste during hydration.

At each time ¢, the volumes of remaining anhydrous
cement V,, of water V,,, of the formed hydrates contain-
ing gel porosity V', and of capillary porosity V', are deter-
mined. The volume of the cement paste V. is then given
by:

Ve(t) = Va() + Vul(t) + Vi) + Vp(e)  (23)

In this work, the cement paste volume is assumed con-
stant during hydration, which means that bulk shrinkage
is neglected with regard to volume variation:

V) =Ve=Va+V, (24)

where V% and 7° are the initial volumes of anhydrous
cement and water in the mixture.

The volume fractions for each phase of the cement
paste are given by:

10 =2 10 = T ) =T g =220
23)

With () + £ (1) +/3(6) +(0) =

More suitable forms of volume fraction expressions
can be obtained by considering stoichiometry of the
hydration reactions of the four main cement components
C3S, Czs, C3A, C4AFZ

C3S + 5.3H — 0.5C34S,Hg + 1.3CH (26)
C2S + 4.3H — 0.5C34S,Hg + 0.3CH (27)
C4AF + 2CH + 10H — 2C5(A, F)Hg (Hydrogarnet) (28)
C3A + 3CSH, + 26H — CsAS;Hs, Ettringite (AFt) (29)

C3A + O.5C6A§3H32 + 2H — 1.5C4ASH12

30
Monosulfate (AFm) (30)

C3A 4 CH + 12H— C4AH 3 Calcium aluminate hydrate
(31)

The hydration reactions of C3A have to be particu-
larly considered with care because they occur at different
stages in the presence of gypsum and overlap each other.
The ettringite which is a stable product is first formed
(Eq. 29), and when the gypsum (CSH;) is consumed,
the ettringite becomes unstable and further hydration
yields the monosulfate (Eq. 30). Then, calcium aluminate
hydrate may be formed (Eq. 37) if C5A is not completely
consumed after the formation of AFm (Egq. 30). The C3A
reactions rate also depends on several factors such as
temperature, w/c ratio and grain size [36]. Furthermore,
the initial mass of C;A represents only 2% of the initial
mass of the studied anhydrous cement (7ab. 4). Conse-
quently, an approximation is made by considering that
C5A is assimilated to C4AF and only the hydration reac-
tion of the C4AF which forms the hydrogarnet (Eq. 28) is
considered to describe the volume fraction evolution of
the aluminate hydrates.

According to [20], the volume fractions of the differ-
ent phases of the cement paste can finally be written
in terms of stoichiometric ratios 6 of the chemical reac-
tions Equations (26)-(31), mass densities p and molar
masses M:

Ly =105 (1 - axm)ﬁ?& (32)

X ll

fw(t)f£ﬂ°Z<wf°p‘ <>> (33)

o E (Tetimoen) o
Jo(t) = 1= fu(t) ﬁ:() —/i(t) (35)

Figure 6 presents the volume fractions evolution dur-
ing the hydration of a class G cement paste. The con-
sumption of the anhydrous cement and water during
the hydration reactions results in the formation of
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TABLE 4
Physical properties and mineral composition of the class G cement
Class G
Physical properties Surface area 3 160
(em>g")
Grains average 9.4 x 1074
radium (cm)
Mineral CsS 56
composition
(% by mass) (&) 25.7
GA 2
C4AF 16.3

T Capillary porosity

Macro-porosit Water
0.8 - P! y

0.6 1

0.4 4 Hydrates phase

Volume fractions (-)

0.2 1

0.0 4
0.0 0.2 0.4 0.6 0.8 1.0

Figure 6

Evolution of the volume fractions of the components of a
class G (Tab. 4) cement paste with w/c = 0.44 as a function
of the overall hydration degree.

hydrates containing the gel porosity and the capillary
porosity. At complete hydration (§ =1), all the
anhydrous cement is consumed, fcspy = 59.1%,
feu = 12.8%, far.= 15.3%. The remaining water con-
tent (fy, = 2.2%) and the formed capillary porosity
(f, = 10.6%) provide the macro porosity of 12.8%. Sim-
ilar trends were also obtained by Taylor [36] and Hansen
[38]. It is also worth noting in Figure 7 that porosity
measurements performed by the MIP technique (Mer-
cury Intrusion Porosity) at different hydration degrees
on the studied class G cement [39] are consistent with
the macro-porosity evolution which results from the
hydration model.

60 T T T T
50 4 E
24 h

40 | i
I
2>
% 30 - Mmip:
o
£ A 23°C P,

2071 | O 60°C, P

10 A Model: Water + capillary porosity E

0 T T T T
0.2 0.4 0.6 0.8 1.0
&)
Figure 7

Evolution of the porosity of the class G cement paste versus
the degree of hydration for two hydration conditions
(23°C, Pm) and (60°C, Pyyy). Comparison of experimental
results obtained from MIP technique [39] with the evolu-
tion of the volume fraction of the (water + capillary poros-
ity) phase from the hydration model.

3 EXPERIMENTAL RESULTS ON CEMENT PASTE

The following experimental results have two objectives:
the first one is to validate the assumptions which were
used for describing the hydration process of the previous
section, which provides the different volume fractions of
the phases. The second one is to obtain elastic properties
of the cement paste which will be compared in the
following section to the results obtained by the homoge-
nization process. In this work, all experimental results
are obtained on a Class G cement produced by
Dyckerhoff AG which is considered to be representative
of oilwell cements. Its physical properties and mineral
composition are given in Table 4. The anhydrous cement
was mixed with deionized water to prepare cement paste
with w/c = 0.44.

3.1 Characterization of the Cement Paste Hydration

The characterization of cement paste hydration is classi-
cally performed by using calorimetric tests. It is empha-
sized that the cement paste which is under study must be
used in field conditions which include high temperatures
and pressures. So, in a first step, calorimetric tests (DSC
tests) allowing to take into account the effect of these
two parameters on the hydration kinetics are reported.
However, these tests do not allow to recover the
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TABLE 5
Experimental conditions of DSC tests
Test 1 Test 2 Test 3 Test 4
T (°C) 23 23 60 60
P (Pa) 10° 200 x 10° 10° 200 x 10°

hydration ratio, for which the evaluation of the heat pro-
duced during hydration must be estimated. So a second
series of tests was performed by using the Langavant cal-
orimeter. This last method allowed to recover the heat
produced during hydration and therefore the hydration
ratio.

3.1.1 Temperature and Pressure Effects

Calorimetric measurements were performed using an
isotherm calorimeter (HP micro DSC VII). Such a calo-
rimeter allows to study the temperature (7)) and the pres-
sure (P) effects on the hydration kinetics by following the
heat flow emitted during cement paste hydration under
downhole conditions. The tests conditions are summa-
rized in Table 5.

Figure 8a shows that when curing temperature is ele-
vated (60°C), the three main phases of hydration duration
are significantly reduced and the exothermic heat flow
peak is higher than the heat flow evolution at 23°C.
Indeed, it is well known that the increase of curing tem-
perature accelerates the hydration reactions of the cement
paste [35, 40]. However, the effect of pressure on the
hydration kinetics is by far less remarkable than the one
induced by the temperature (Fig. 8b). A slight shift of
the peak in the heat flow reveals somehow an acceleration
of the hydration reactions. The amount of heat is also
slightly increased. Nevertheless this effect can be assumed
to be negligible with regard to the involved contrast of
pressure. The pressure effect is consequently assumed
negligible in this work, and it is no more considered
below.

These results provide interesting qualitative informa-
tion on the hydration process, but do not provide an
overall heat production which is necessary for obtaining
the “calorimetric” hydration degree. So, the hydration
kinetics is provided in the following section by using
an alternative calorimetric set-up.

3.1.2 Determination of Hydration Kinetics from Calorimetric
Data

The Langavant semi-adiabatic calorimeter was used to
quantify the heat Q(¢) emitted during the exothermic
chemical reactions between anhydrous cement and

a) 60 T T T T T T T T T T T T
50 - —m— 23°C, P=200.10" Pa E
—." —A— 60°C, P=200.10° Pa
< 40 .
=
; 304 @ 1\ i
Ke)
T
(0]
T
b) 60 T T T T T T T T T T T T
50 —m— 60°C, P, g
e 40 - —4A— 60°C, P =200.10° Pa i
"o
=
o
T
(0]
T

Time (h)

Figure 8

Time evolution of hydration heat flow per unit mass of the
studied cement for two curing conditions: experimental
results from isotherm calorimetric conditions with DSC.
a) 23°C and 60°C under Nitrogen pressure equal to
200 x 10° Pa. b) 60°C under two different pressures: Pym
and 200 x 10° Pa.

water. Such a calorimeter can be used only at atmo-
spheric pressure. The overall hydration degree is then
calculated by using Equation (20) where Q(¢) is the mea-
sured hydration heat. This measurement allows to vali-
date the overall hydration degree obtained from the
hydration model of the previous section. However, this
comparison is possible at the condition to know the total
heat production. This total production has been evalu-
ated by using two different kinds of estimations coming
from the literature, as shown in Figure 9, which displays
predicted (from Sect. 2) and measured estimations of the
overall hydration degree. The comparison between
experimental and predicted values shows that the model
overestimates the overall heat flow at early times, but
that it recovers the main trends provided by experimen-
tal results.
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Figure 9

Comparison of the kinetics of hydration degrees 7 and &,
obtained from the hydration model at 23°C (respectively
Eq. (19) and (22)) with &, (Eq. 20) obtained from semi-
adiabatic measurement at 23°C, P,y,.

These results must be evaluated in view of all the
assumptions used in the modelling process and by con-
sidering the two types of tests which were used in this
study.

There are indeed a few assumptions during the model-
ling of the hydration process which should need a further
scrutiny:

— the use of the equation of Arrhenius to describe the
temperature effect;

— Avrami’s model for the normal affinity;

— Fuji and Kondo’s model for the normalized affinity
during the diffusion stage;

— the use of parameters of Table 2, which correspond to
data coming from measurements on materials which
can be different from the paste under study.

In view of these assumptions, the comparison between
calorimetric data and modelling results shows that these
assumptions are realistic for the cement paste under
study.

In addition, the use of two kinds of calorimetric tests
allowed to show that the pressure has a secondary effect
on hydration compared to the temperature which
strongly influences the hydration process. These results
are obviously of importance for the use of the cement
paste in field conditions.

3.2 Acoustic Measurement of the Elastic Properties
of the Cement Paste

Acoustic measurements were performed using an ultra-
sonic instrument working in transmission mode on the
cement paste cured under two different temperatures

TABLE 6
Curing conditions of the class G cement paste

Curing conditions

T (°C) P (Pa) Curing ages (h)
23 10° 17, 20 and 24
60 10° 4, 6,7, 20 and 24

and at atmospheric pressure (7ab. 6). Samples were
soaked in water then tested at atmospheric pressure
and room temperature.

The device mainly consists of piezoelectric transduc-
ers for shear waves (Parametrics V153-RM) working at
a central frequency of 1 MHz, which provide both shear
and compression waves with only one measurement
(Fig. 10). Indeed, the piezoelectric transducer emits a
shear wave and a compression wave of lower amplitude
which propagates more quickly in the sample than the
shear wave [41]. The signal processing allows the separa-
tion between compression and shear waves.

The quantities measured are the wave propagation
velocities, v and v,, for longitudinal (compressive) and
transverse (shear) waves, respectively. Velocities given
by Equations (36) and (37) are directly related to the
elastic properties of the sample and to its density by:

4p 4+ 3x
vlz,/“37p (36)

vo= /5 (37)

p

Piezoelectric sensor
receiver

%%

Sample A
A

Plexiglas

%

Piezoelectric sensor
transmitter

Figure 10

Experimental device used for ultrasonic modulus measure-
ment in transmission mode. The Plexiglas cylinder is a
waveguide.
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Evolution of dynamic elastic moduli of the class G cement
paste with curing age. The dynamic moduli are measured
by ultrasonic method at 23°C (solid symbols) and 60°C
(open symbols).

The dynamic bulk (k) and shear (p) moduli of the
cement paste are then calculated from Equations (36)
and (37) as:

2 42
K:p3vl 34vt (38)
w=py (39)

It was not possible to measure the dynamic elastic mod-
uli of cement pastes until the transition from a suspen-
sion containing non-cohesive solid particles to a
cohesive skeleton occurs. At this time, the shear waves
may propagate throughout the forming interconnected
solid network [6].

Figure 11 shows the dynamic elastic moduli evolution
of the studied class G cement paste measured at 23°C and
60°C (Tab. 6). These moduli quickly increase at early ages
and then increase more slowly when hydration slows
down. The values of the dynamic elastic moduli for the
first curing age either at 23°C or 60°C are similar.
Figure 11 shows also, that for the same curing age, the val-
ues of the dynamic elastic moduli at 60°C are higher than
those obtained at 23°C, this result being obviously due to
the acceleration of the hydration process when increasing
the temperature.

4 COMPARISON BETWEEN THEORETICAL AND
EXPERIMENTAL RESULTS

Figure 12 shows the comparison between evolution of
elastic moduli with time obtained experimentally and
from the homogenization process. The homogenized
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Figure 12

Early-age homogenized elastic moduli (Knom, Hpom) COM-
pared with dynamic elastic moduli measured by ultrasonic
method (Kaynamic, Haynamic) @) at 23°C and b) at 60°C versus
hydration time/hydration degree (class G cement paste,
wic = 0.44).

elastic moduli are obtained by introducing the different
volume fractions shown in Figure 6 together with
mechanical parameters given in Section 2.1, into expres-
sions related to the use of GSC homogenization scheme
in a two-step process, as previously described. Different
values of parameter o were introduced. The results show
that experimental moduli compare well with the theoret-
ical results obtained from the highest value of o, i.e.
o = 0.5, the experimental moduli being slightly higher
than theoretical ones. Obviously, the comparison
between experimental results obtained by wave propaga-
tion and theoretical results coming from the hydration
data combined with the homogenization process must
be appreciated by taking into account the simplifications
used in the process. These simplifications include:

— the use of a simplified homogenization model in
which the grains of connected material are assumed
spherical, knowing that this grain shape is far from
real grain shapes which are very irregular;
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— the two assumptions which were used for obtaining
the concentrations of each constituent in the compos-
ite sphere, which constitute certainly a simplification;

— the assumptions taken into account for modelling the
hydration which were stated in Section 2.

However, despite all these simplifications, the
comparison shows a good consistency between experi-
mental and theoretical results. It shows that the main
characteristics are taken into account. Indeed, the main
points in this kind of modelling are to respect the connec-
tivity of the phases and to have a correct evaluation of
the concentrations of the different phases. The good con-
sistency between experimental and theoretical results
shows that these main points are respected in the whole
process.

CONCLUSIONS

This paper dealt with the very early-age cement paste
characterization and with the modelling of the elastic
properties development under elevated temperature
and high pressure frequently encountered in oil and
gas wells where they have to be addressed.

Isothermal calorimetric measurements have shown an
acceleration of the hydration kinetics with temperature
and also a negligible effect of pressure on hydration kinet-
ics in the range of the tested pressure. A hydration kinetics
model based on chemical affinity was used to take into
account the temperature effect on cement paste hydra-
tion. The model results are in a good agreement with
the performed semi-adiabatic measurements of hydration
heat. Then, the development of cement paste elastic prop-
erties was predicted from the use of a multiphase homog-
enization model, based on the evolving volume fractions
of components of the hydrating cement paste determined
from the hydration kinetics model and from the microme-
chanical properties of the multiphase cement paste at
multiple scales. The elastic moduli results obtained
from the multiscale homogenization approach coupled
with the hydration model, at 23°C and 60°C compare well
with the dynamic moduli obtained from acoustic mea-
surements at the same temperatures.
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APPENDIX A

COMPUTATION OF THE EFFECTIVE PROPERTIES OF A COMPOSITE MATERIAL MADE OF N ELASTIC ISOTROPIC PHASES
FROM THE GENERALIZED SELF-CONSISTENT MODEL

This appendix describes the computation of the “effective” properties of a composite medium comprising 7 phases. The

connectivity of the phases is represented by the local distribution of the phases represented by the spherically layered scheme
of Figure 2.

Knom and Ly, are respectively given by [27]:

(3, + 4p,)QY" " —B+ VB2 —44C
_ n 21 . —
Khom = K, — (1) p3 n—1) 5 Hhom = 24 Hy
3(l R+ Qi)
where the matrix Q"= is given by:
Q(n_l) _ ! 1 3Kn7k + 4:un—k+l 4(:un—k+l - :un—k)R;Ek
kot 38—kt + 4ty 1 | (Ko — Ko k)R,, 3Kn—tt1 + 4,
and the coefficients 4, B, and C are given by:
— _ _ (n 1) _ (n 1) -1 (n—1)
A=4(1—=2v)((7=10v)Z05 " +5R7(1 —2v,)Zy V) 4+ 3R —7Z%
4R, 104 = 5,025 ) + 2083 (7~ 123, + 842) 21
B——(1— zv,,)(3(7 —15v,)Z0 0 4 8(513;7(1 —2v,)Z% Y 4 3R> (Z( b gz ‘))

+ RO =507 ) = 60R3(3 = v)waZiy !
C=—(1-2v) ((7 4 5v,) 20 4(5R;7(1 —2v,)Z" Y 4 3RS (z< D _ gz ”) —2R10(7 — sv,,)zg’;*”))
. . - (n-1)
The terms Zi’;g D are given by: + 10R, (7 - )242
(n—1) n—1) p(n—1) n—1) p(n—1
Zoz[f :ch1 >P;;z _sz )P(ﬁl )

And the expressions of the matrices for the calculation of these terms are given hereafter:
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