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Abstract

The knowledge of the relationship between porosity and transport properties of concrete is a point of major importance to run properly the
models coupling chemistry, transport and mechanics in order to simulate the engineered barrier degradations in the context of the nuclear waste
deep repository. The present work proposes a simplified composite model aiming at linking microstructure and effective diffusivity of cement
pastes. The proposed analytical method allows the estimation of the evolution of effective diffusivity of such materials submitted to porosity
opening or plugging, at the scale of the Representative Elementary Volume (REV). The method is then applied to Ordinary Portland Cement
(OPC) pastes. The porosity—diffusion evolutions determined from the composite model for various OPC pastes are implemented into simplified
chemo-transport simulations aiming at describing the leaching of cementitious materials. Using these evolutions, OPC paste leaching simulations
are in good agreement with the available experimental data, indicating a good reliability of the simplified composite model.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Microstructure; Diffusion; Composite model; Cement paste; Durability

1. Introduction

In the various nuclear waste deep repository concepts,
concrete will be subjected in the long term to solicitations by
underground water and will undergo degradations depending on
the various ions present in the aggressive solution [1]. Due to
leaching, carbonation, sulfate attack, etc., mechanical and
confinement properties of concrete may consequently (progres-
sively) evolve. In this context, the degradations of concrete
engineered barrier are generally predicted on the basis of
experiments and using models coupling chemistry, transport
and mechanics [2—5]. These tools require in particular the
knowledge of the local evolution of the transport properties of
concrete according to the modifications of their porosity
induced by the degradations. Indeed, these latter can induce
porosity opening or plugging, and possibly cracking, due to the
dissolution or the precipitation of minerals in the system. These
phenomena may generate in turn significant modifications of
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the local transport properties which need to be quantified in
order to properly simulate the concrete long term behavior.

The link between porosity (or microstructure) and transport
properties of cementitious materials is investigated hereafter.
More precisely, this study deals with the diffusion of the
chemical species present in the pore water of cement pastes
submitted to porosity changes. The material will be considered
fully saturated, with a constant pore pressure (consequently no
convective transport is possible). The impacts of cracking and
aggregates on the diffusivity of cementitious materials have been
studied elsewhere [6—11] and are not investigated here. Neither
are electro-diffusion effects that can be taken into account
specifically using the appropriated Nernst—Planck transport
formulation (see e.g. [12]).

Because of the complex and multi-scale porosity of cement
pastes, empirical porosity—diffusion evolutions are generally used
in most contributions [6,13,14]. The drawbacks of using empirical
laws lie in the fact that the basic phenomena remain poorly
understood. Using deterministic modeling should contribute to
reach a better understanding of the phenomenology and thus to
improve the reliability of concrete long term behavior simula-
tions. Composite and homogenization methods seem well
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adapted to treat the problem. Their goal is to calculate the property
of an heterogeneous system at the scale of the Representative
Elementary Volume (REV) considering the elementary properties
of the components of the system and its microstructure (see e.g.
[15]). A three-dimensional numerical method was developed to
achieve this goal [16]. Using the numerical description of
hydrated OPC pastes obtained with the CEMHYD3D three-
dimensional hydration code [17], the tool allows to calculate the
effective diffusivity (for a given specie) of the system as a function
of'the self-diffusion coefficients of capillary porosity and calcium
silicate hydrates (C—S—H) by converting the 3D digital image into
a random conductor network [18]. The self-diffusion coefficient
of C—S—H was identified on the basis of macroscopic diffusion
experimental results by using of inverse analysis. The diffusivities
of a number of OPC pastes were then calculated using this tool,
and a modified Archie law linking the capillary porosity and the
relative effective diffusivity of OPC pastes was fitted on the
results [16]. The authors have found that the percolation threshold
of capillary porosity is about 0.17 using their three-dimensional
hydration code. For systems in which the amount of capillary
porosity is lower (higher) than this value, the diffusion flow is
principally controlled by the C—S—H porous matrix (capillary
porosity). Parameters are used to adjust the coefficients of the
modified Archie law to account for the impact of silica fume
addition on the self-diffusion coefficient of C—S—H. Another
contribution proposes to deal with the problem by using the
general effective media equation [19]. The diffusion through
capillary porosity and C—S—H is considered and the formulation
allows accounting for a geometrical percolation threshold of
capillary porosity. However, these modeling methods do not
describe precisely the composition of the C—S—H matrix. Thus, its
self-diffusion coefficient changes for example with the addition of
silica fume [16,19] and the type of cement [19] according to
empirical evolutions. In order to get a more precise description of
the C—S—H matrix in the case of OPC pastes, the C—S—H can be
described according to the Jennings model which consider two
types of this hydrate: the Low Density and the High Density C—
S—H [20,21]. These two types of C—S—H and the capillary
porosity are taken into account in a homogenization model aiming
at estimating the diffusivity of OPC pastes submitted to porosity
opening (leaching) and plugging (carbonation) [22]. The method
is based on a multi-coated sphere assemblage formulation that
provides exact solutions.

This paper presents a simplified composite model, namely
Microtrans, which avoids the problem of the multi-scale
porosity description by only considering the system at the
micro scale. At this scale, the phases contributing to transport in
OPC pastes are the capillary porosity and the Low Density and
High density C—S—H. As defined elsewhere, capillary porosity
is supposed to consist of pores larger than about 0.1 pm (see e.g.
[23]). Nanoporosity (pore sizes situated between about 1 nm
and a few tens of nanometers [23]) is described here as being a
part of C—S—H, and is directly taken into account in the LD and
HD C—S—H phases [20,21]. The percolation phenomena of the
diffusive phases are explicitly taken into account in the model.
The method, which presents the advantages of being simple and
non-empirical, allows the estimation of the effective diffusion

coefficient of OPC pastes submitted to porosity opening and
plugging at the REV scale. The formalism of the model and its
application to the case of OPC pastes are presented in the first
part of this paper. Second, the porosity—diffusion evolutions
estimated by the composite tool for various OPC pastes are
implemented into a simplified chemo-transport model aiming at
describing the leaching of cementitious materials. Using these
evolutions, OPC paste leaching simulations are in good
agreement with the available experimental data in terms of
degradation depths and leached zone diffusivities, indicating a
good reliability of the simplified composite model.

2. Description of the Microtrans model
2.1. Experimental data

The model is build up on experimental data stemming from
diffusion experiments carried out on hardened cement pastes
mixed with an ordinary portland cement (OPC). Data related to
pastes mixed with a blended cement with blast furnace slag and
pulverized fly ash (BFS-PFA cement) are also given for
comparison. However, as it will be explained later in Section
2.3, no modeling work is carried out for BFS-PFA materials in
this paper. Characteristics of the cements are given in Table 1.
The water to cement mass ratios (w/c) were ranging from 0.25
to 0.70, in order to study materials over a large range of
performances. Cylindrical samples, of 70 mm diameter and
100 mm high, were cured in saturated lime water incorporating
sodium and potassium hydroxide, during 12 months for OPC
pastes and 18 months for BFS-PFA cement pastes. Then,
samples were cut to obtain 4-mm-thick discs in order to perform
tritiated water (HTO) diffusion tests.

Diffusion experiments were carried out in diffusion cells,
containing an upstream compartment filled with water in
equilibrium with portlandite and doped with HTO, and a
downstream compartment filled with the same type of inactive
liquid. The two cells were separated by a sample of the material
to characterize. Due to a concentration unbalance between
compartments, diffusion takes place. The downstream

Table 1
Characteristics of OPC and BFS-PFA cements

Components (mass %) OPC BFS-PFA cement
Clinker 100 51
Slag - 25
Fly ash - 24
Gypsum added 7 4

Chemical composition (mass %)

Si0, 23.7 29.0
Al,0O4 2.8 10.8
Fe,04 2.3 33
CaO 67.3 455
MgO 0.7 2.5
SO; 1.9 2.6
K,0+Na,O 0.2 1.5
Density (g/cm?) 32 29
Specific area (cm?/g) 3105 4700

Compressive strength at 28 days (MPa) 60 46
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Fig. 1. Effective diffusion coefficients of tritiated water (HTO) for OPC and BFS-
PFA cement pastes as a function of w/c ratio (experimental and modeling results).

compartment is emptied at predetermined times and filled by
inactive solution, thus maintaining a quasi zero concentration.
The diffusion is modeled using Fick’s law. When the steady
state is obtained, the cumulated release gives access to an
effective diffusion coefficient of tritiated water (Deyro) in the
sample. Then, a simple program can estimate a corrected value
of Deyro taking into account the upstream activity balance,
isotopic exchange, activity present in the sample, downstream
released activities and decay. Experimental results are given in
Fig. 1 (together with modeling results obtained using the
simplified composite model, as presented in the next sections).

As it is shown in Fig. 1, whatever the w/c ratio, Deyro of
BFS-PFA cement pastes are about one order of magnitude
smaller than those related to OPC pastes. However, after 4
months curing, water porosities of OPC pastes made with
various w/c (0.30, 0.40 and 0.50) were found to be slightly lower
than the ones of BFS-PFA cement pastes made with similar w/c
(for details, see Ref. [24] in which porosity measurements were
performed on the same materials as the ones used in this study).
That illustrates the fact that it is not possible in general to estab-
lish a generic relationship between total porosity and diffusivity
for cement-based materials. The next section presents the for-
malism of the Microtrans composite model aiming at linking
microscopic features and effective diffusivity of heterogeneous
cementitious systems.

Phase 1: Q,, Dy,

. Phase 2: Q,, D5

2.2. Formalism of the model

This part is dedicated to the presentation of the general
formalism of the model. The application of the model to the case
of OPC pastes will be the purpose of the next section.

Let us consider an isotropic system made up of two phases
having different self-diffusion coefficients (for a given diffusing
species) (Fig. 2 left). The volume fraction of the matrix (phase 1)
in the system is equal to Q; and its self-diffusion coefficient is
equal to Dyq;. The same notations are adopted for the inclusions
(phase 2) and it is considered that D4, > Dgq;. The total effective
diffusivity of the composite material at the REV scale is equal to
De. It is assumed that the system presented in Fig. 2 left may be
approximated with good accuracy by the simplified one
represented in Fig. 2 right. In this new system, the percolating
fraction of the most diffusive phase (y(-) is placed in parallel in
the assemblage, whereas the remaining fraction which does not
percolate ((1 —y)0,) is placed in series with the other phase. This
disposition of the phases in the equivalent system allows
accounting for the fact that the diffusive flow is essentially
controlled by the most diffusive phase percolating in the system.
For simplicity, the non-percolating fraction of the most diffusive
phase is then integrated in series with the less diffusive phase to
compose a mixed component. In this mixed component, the
diffusive transport is controlled by the less diffusive phase (see
Fig. 2 right). It may then be interpreted as a matrix in which are
distributed inclusions of the most diffusive phases. This last
aspect will be discussed in more details in the next section.

As stated before, the diffusive transport in the modeled system
(Fig. 2 right) is assumed to occur through a first component, the
percolating fraction of phase 2, and through a second one, the
mixed component. However, the 3D geometrical properties
(tortuosity, constrictivity) of these various percolating diffusing
components (single percolating phases or mixed components) are
lost when transposing the 3D system (Fig. 2 left) to the simplified
2D modeled one (Fig. 2 right). To correct this point, a tortuosity
coefficient is attributed to each diffusive component (see e.g.
[25]). It allows accounting for the 3D disposition of the diffusive
component in the system. This approach has the advantage of
conserving a simple, analytical and exact form for the diffusivity
estimate in the case of parallel distribution of phases.

Percolating fraction of phase 2: T,

Mixed component composed of non percolating
fraction of phase 2 and phase 1: T,

Fig. 2. Sketch of a system made up of two phases having different self-diffusion coefficients (Dyq>>Dgq1) (left) and its equivalent system in the Microtrans model
(right). The arrows indicate the direction of the diffusing species through the system.
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Indeed, if both of the two phases composing the parallel
system fully percolate (y=1), the composite effective diffusion
coefficient can be calculated using Eq. (1). In Eq. (1), De; and
De, are respectively the contributions of phase 1 and 2 to the
effective composite diffusivity, and 77(Q;) and T»(Q,) are
respectively the tortuosity coefficients related to phase 1 and 2.

1

It is worth noticing that the tortuosity coefficient 75(Q,) is
directly related to the formation factor F»(Q) through the following
definition:

De [0 1

= - 2a

Do Ta(Q2) F2(02) )
in the case where the material is composed of a perfectly insulating
matrix and a connected diffusive phase (so as to obtain an infinite
contrast) with diffusivity and volume fraction Dy, and O, respectively
(see e.g. [25,26]). For a composite having two diffusive phases with
diffusivity Dgy; and Dy, the above definition simply specializes into:

m o @
Dy 0 Dggp B TZ(QZ) B FZ(QZ)’ (2b)
De O _ I

DﬂnlrgooDsdl CT(01)  Fi(O1)

Now, if only a fraction of phase 2 is percolating (as shown in
Fig. 2), it is assumed that the composite effective diffusion
coefficient can be estimated with good accuracy using Eq. (3),
which is an extension on Eq. (1). 75(yQ,) and T,[(1-y)0,+
0] in Eq. (3) are respectively the tortuosity coefficients related
to the percolating fraction of phase 2, and to the mixed diffusive
component composed of phase 1 and the non-percolating
fraction of phase 2 (see Fig. 2 right). The form of the second
term in the right-hand side of Eq. (3) follows from considering
that the mixed component self-diffusivity is simply obtained by
applying the series (harmonic) average to the diffusivities of its
components.

« [ 1 }
T12[(1-9) 02 + O]
(3)

The advantage of the proposed 2D model is to be analytically
tractable. On the face of it, it is not optimal because diffusive
transport depends on the real 3D geometry of the porous structure
which details are lost on any 2D representation. This limitation is
considered in the model by attributing tortuosity coefficients to
the diffusive phases or components. However, that implies a
difficulty for determining these parameters. It is investigated in
the paper whether the parameters of the proposed model can be
estimated using established models and justified physical
assumptions. As it will be shown in Section 2.4 when determining

the model parameters for OPC pastes, total and percolating
volumetric proportions of the diffusive phases can be determined
independently using respectively the Jennings and Tennis
multiphase hydration model [20,21] and micro-structural models
such as CEMHYD3D [17]. Self-diffusion coefficients (for
tritiated water) and tortuosity coefficients of the diffusive phases
and components will also be estimated independently using well-
known physical data, simple micro-structural models and inverse
analysis (see Section 2.4).

2.3. Application to OPC pastes

In OPC pastes, the phases which contribute to the diffusive
transport of dissolved species in pore water are the capillary
porosity and the C—S—H (because of their intrinsic porosities)
[16]. 1t is proposed here to distinguish two types of C—S—H
according to the Jennings model [20,21]: the Low Density (LD)
and the High Density (HD). Three diffusive phases have thus to
be considered to apply the composite method to OPC pastes:
capillary porosity, LD and HD C—S—H. The self-diffusion
coefficient Dyy (for a given diffusing species) of capillary
porosity is higher than the one of C—S—H phases, and because
of their higher porosity, the self-diffusion coefficient of LD C—
S—H is supposed to be greater than the one of HD C—-S—H.
Three diffusive rates are then expected to be observed in the
various systems depending on which diffusive phase or mixed
components are percolating in the system.

We now review the main configurations that the system
previously defined may exhibit. Starting with low wi/c, it is
assumed that neither capillary porosity, neither LD C—S—H, nor
the mixed component composed of these two phases are
percolating in the system (percolation thresholds of diffusive
phases and/or mixed components will be discussed in more
details in the next section). These two diffusive phases are thus
considered to be embedded in the HD C-S—H, the whole
consisting of a percolating diffusive component in which the
transport is essentially controlled by the HD C—S—H. This case
is depicted in Fig. 3(a). For increasing w/c, it is assumed that the
mixed component composed of capillary porosity and LD C—
S—H will progressively percolate in the system (Fig. 3(b1)) until
full percolation (Fig. 3(b2)). Finally, for higher values of w/c,
capillary porosity is assumed to progressively percolate in the
system (Fig. 3(c1)) until full percolation (Fig. 3(c2)).

As specified in the previous section, in the case when w/c is
high, HD C—S—H are disposed in parallel in the assemblage
although they will probably not percolate in such systems
because of their low volume fractions. This assumption is
justified by the fact that their contribution to diffusive transport
is negligible in these cases, due precisely to these low volume
fractions and their low diffusivity. On the contrary, for very low
w/c (Fig. 3(a)), HD C—S—H are disposed in series in the systems
although they do percolate. For these cases, the disposition in
series for capillary porosity and LD C—S—H is equivalent to
consider these phases as inclusions embedded in a matrix of HD
C—S—H, this latter controlling the transport. It was checked that
this last description is valid by calculating the effective diffusion
coefficients of systems consisting of a diffusive matrix in which
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Fig. 3. Disposition of the diffusive phases of OPC pastes for increasing w/c in the Microtrans model.

are embedded small quantities of more diffusive spherical
inclusions using several effective medium approximation
schemes (Maxwell, Self-Consistent method, Differential Effec-
tive-Medium approximations) see e.g. [15] or a simple series
model (without accounting for any tortuosity coefficient). For
volume fractions of inclusions lower than 0.15 (this value
corresponds to the percolation threshold of the diffusive phases
or mixed components in OPC pastes in the model, see Section
2.4.2), results were close for the different methods.

The application of the model to OPC pastes finally leads to the
equivalent systems presented in Fig. 3. The input parameters of
the Microtrans model are the volume fractions of the diffusive
phases. The intrinsic parameters of the model are the self-
diffusion coefficients (for a given diffusing species) of the diffu-
sive phases and the percolation functions and tortuosity coef-
ficients of the various diffusive phases or mixed components. The
non-diffusive inclusions (anhydrous, portlandite, AFm, Aft, etc.)
are indirectly taken into account via the estimation of the tor-
tuosity coefficients of the diffusive components, as it will be
shown in Section 2.4.3.

The various parameters of the model are determined in the
next section for OPC pastes. As stated before, the model will not
be applied to the case of BFS-PFA cement pastes because no
hydration model precise enough is available for this type of
material.

Percolating fraction

0.8 1
0.6 -
0.4 -

0.2 1

0 T T + T T
0 0.1 0.2 0.3 0.4 0.5

Total volume fraction

Fig. 4. Percolation function of the diffusive phases in the Microtrans model.
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2.4. Determination of the model parameters

2.4.1. Mineralogical compositions

The mineralogical compositions of the studied OPC pastes
(which HTO diffusion results are presented in Fig. 1) are
determined using the Jennings and Tennis model [20,21], and
given in Table 2. As the hydration degrees (o) of OPC pastes
used for diffusion experiments were not precisely known, they
were determined using Eq. (4) which links the w/c and the
maximal hydration degree of OPC pastes cured under water.
This equation was obtained by fitting a number of experimental
results given in the literature [23,27-30].

o = 0.239 4 0.745 tanh[3.62(w/c—0.095)] (4)

2.4.2. Percolation functions

The percolation function of capillary porosity in OPC pastes
has been the topic of a number of studies (see e.g. [16,31-35]), but
it still remains an open question for which no consensus has yet
been reached. On the basis of 3D-hydration simulations per-
formed with the CEMHYD3D code [16,30], the percolation
threshold of capillary porosity was found to be situated some-
where between 15% and 20%. This result was confirmed by
Differential Scanning Calorimetry studies of ice formation in the
pore structure of hydrating OPC pastes [35]. 3D-hydration
simulations performed with SPACE code found percolation
threshold values of the same order (near 20%) [32]. However,
simulations performed with [IPKM (in the case of C3S pastes) [33]
and HYMOSTRUC [34] codes gave much lower percolation
thresholds, in the range of a few percent. These variations are due
to dissimilarities in the hydration principles and in the space
discretization sizes of these various 3D codes.

The percolation function of the diffusive components used in
the Microtrans model is shown in Fig. 4. It is supposed to be the
same for the various diffusive components and it is inspired from
3D-hydration simulation performed with the CEMHYD3D code
[16]. As other data exist in the literature, this point can possibly
evolve in the future. However, this percolation function allows
performing some interpretations about the diffusion results
obtained experimentally for OPC pastes (see Fig. 1). The dif-
fusion coefficients show a first important increase for the w/c
equal to 0.30. This increase probably corresponds to the begin-
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ning of the percolation of the mixed component composed of
capillary porosity and LD C—-S—H (passage from Fig. 3(a) to
(bl)). The volume fraction of this mixed component is equal to
19.1% (see Table 1). The use of the percolation function given in
Fig. 4 induces that 7.8% of this mixed component would
percolate in the system, what finally would correspond to 4.8%
of LD C—S—H percolating in the system (through this mixed
component). The diffusion coefficients present a second increase
for the w/c equal to 0.45. As for it, this increase would
correspond to the beginning of the percolation of capillary
porosity that reaches 15.9% in this system according to Table 2
(passage from Fig. 3(b2) to (c1)).

2.4.3. Self-diffusion coefficients and tortuosity coefficients

This section is devoted to the estimation of the (tritiated
water) self-diffusion coefficients and tortuosity coefficients of
the diffusive phases in OPC pastes, on the basis of the macros-
copic diffusion results presented in Fig. 1. It is attributed to the
self-diffusion coefficient of capillary porosity the one of the
considered diffusing specie (here tritiated water) in water:
2.24x107° m? s~ ! at 25 °C [36,37]. Even if this value is only
valid in the limit of infinite dilution, what is not the case for the
pore water contained in capillary porosity, it is used here in the
model in first approximation. The evolution of the tortuosity
coefficient of capillary porosity (7cp) as a function of its volume
fraction is identified using the diffusion results obtained for the
more porous pastes (w/c >0.45) (see Fig. 1) so that experimental
and modeling results are in good agreement. An exponential
evolution, which has been successfully applied in another
context [14], is chosen according to Eq. (5).

=0.0067 exp[5.00) (5)

1
Tep(0O)

Both LD and HD C—S—H are supposed to be characterized by
the same tortuosity coefficient (71 p csu=7Tup csn)s as explained
below. The evolution of their tortuosity coefficient as a function of
their volume fraction has been estimated by means of the well-
known two phase composite sphere model of Hashin (see e.g.
[15]). This model allows in particular calculating the tortuosity
coefficient of a percolating solid matrix in which the concentra-
tion of non-diffusive spherical inclusions is progressively
increased. It is assumed that, as soon as they are percolating in

Table 2

Hydration degrees (%) and mineralogical compositions (volume %) of OPC pastes determined using the Jennings and Tennis model

w/c Hydration degree Capillary porosity LD C-S-H HD C-S-H Ca(OH), AFt-AFm C4AH ;5 C;3(AF)H, Anhydrate
0.25 62.1 4.6 8.7 38.4 14.3 7.2 7.3 19.5
0.30 70.8 7.1 12.0 37.4 15.2 7.4 7.2 13.7
0.35 78.2 9.7 16.8 33.9 15.6 7.5 7.2 9.4
0.38 81.7 11.5 20.2 30.7 15.6 7.3 7.3 7.5
0.40 83.8 12.7 22.6 28.3 15.5 7.2 7.3 6.4
0.42 85.6 14.0 25.1 25.7 15.4 7.1 7.3 5.4
0.45 87.9 15.9 28.8 21.6 15.1 6.9 7.3 4.3
0.50 90.8 19.2 34.8 14.6 14.4 6.5 7.5 3.0
0.60 94.6 25.0 47.0 1.0 13.1 5.8 6.8 1.4
0.65 95.8 27.7 47.0 0.0 12.5 5.5 6.4 1.0
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the system, both LD and HD C—S—H can effectively be seen as
forming continuous solid matrixes. This last point has already
been considered elsewhere for the whole C—S—H phase [38]. It
should be noticed that the coated sphere model of Hashin, which
provides exact results whatever the volume fractions of the phases
may be extended according to the reasoning given in [39] to
conform with the idea of the potential simultaneous percolation
for the two phases (LD and HD C—S—H). Indeed, Gilormini has
shown that the same exact value of effective diffusivity can be
obtained by mixing two types of coated spheres, the second type
differing from the first by phase inversion between the core and
the coating. These two coated spheres, when assembled according
to the Hashin model, define the upper and lower Hashin—
Shtrikman bounds for the prescribed effective diffusivity. The mix
is then possible precisely because the two coated sphere types
have the same effective diffusivity in the sense of the Hashin
model, and consequently one type sphere can be replaced by the
other without perturbing the overall system. Since the Hashin
model implies that the size distribution of the spheres ranges to the
infinitesimally small, it is expected that the two phases would
percolate with an appropriate mix of the two types of spheres.

It has been explained before that mixed components have
also to be considered in the calculations (capillary porosity + LD
C-S—-H+HD C-S-H and/or capillary porosity+LD C—S—H)
(see 2.2, 2.3 and Fig. 3). It is assumed that the tortuosity
coefficient of these mixed components is the same as the one
determined for LD and HD C—S—H alone. It would mean that as
soon as they are percolating, these mixed components can
geometrically be seen as forming matrixes.

The HTO self-diffusion coefficients of LD and HD C-S—H
remain the only unknown parameters at this stage. They are
adjusted using the macroscopic results presented in Fig. 1. The
HTO self-diffusion coefficient of HD C—S—H is identified using
principally the experimental diffusion results obtained for the
lowest w/c (0.25 and 0.30), although diffusion results related to
medium w/c values (0.35 to 0.42) were used for LD C—S—-H
diffusivity identification. The HTO self-diffusion coefficients
were found to be equal to 9x10™ "% and 1x10™ "% m? s~ res-
pectively for LD and HD C-S—H.

All the results are synthesized in Fig. 5 in which the HTO
effective diffusivities of the various eclementary phases are
expressed as a function of their volume fractions. HTO diffu-
sivities of mixed components are not represented in Fig. 5. They

Dsd HTOIIT(Q) (]-nz/s) - Capillary porosity
With: . —  ipCSH
Dy yro (Cap. Por.) = 2.2E-09 m™/s o c
LE-Q8 oo Dy srro (LD C-S-H) = 9.0E-12 m*s | HpesH
TR B P Dsro (HDC-S-H) = 1012 m%s | ...
1o ()
I A B
1.E-13 t } t } i t t } }
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 5. HTO effective diffusivities (Dq/T(Q)) of the OPC paste diffusive phases.

can be simply calculated using the parameters determined above
depending on the composition of these mixed components.
Fig. 5 shows that capillary porosity has a higher tortuosity co-
efficient compared to the one of HD and LD C—S—H. An ex-
planation may be for example that capillary porosity contains a
lot of dead-end pores. Using the parameters determined in this
section, the simplified composite model allows calculating
Deyro for each studied OPC paste with less than 15% error, as
shown in Fig. 1. It is worth noting that the model can be
extended to other diffusing species by using Eq. (6), based on
the formulation proposed in Ref. [40]. It has to be mentioned
however that care must be taken when predicting an effective
diffusion coefficient using Eq. (6) because of the impact of
speciation and, more precisely, the impact of electro-diffusion
on diffusive transport [41].

Dy DS

Deps = Depro. )

(6)

sd o

where Depg is the effective diffusion coefficient of the con-
sidered diffusing species (DS) in the material, Dyq  and Dyq,
are respectively the self-diffusion coefficients of the considered
diffusing species and of HTO in the pore solution.

3. Application of the simplified composite model to the
determination of porosity—diffusion evolutions

As the intrinsic parameters of the Microtrans model have
been determined, it can be used to estimate the effective
diffusivity of cement pastes submitted to porosity opening or
plugging. For porosity opening, the scenario considered is a
leaching inducing a progressive dissolution of portlandite,
calcium aluminate phases and anhydrous (the C—S—H decalci-
fication is not supposed to create additional porosity in the
system [14]). This sequence corresponds to the description
adopted to model the leaching of OPC pastes using a coupled
chemo-transport model (see Section 4). The leaching of the
hydrates of OPC pastes is taken into account in the Microtrans
model by progressively increasing the volume fraction of
capillary porosity in the system. For the filling-in of porosity, in
this application the capillary porosity is supposed to plug first,
leading to a decreasing of its volume fraction till zero. A
limitation of the model must be specified at this stage. Modeling
studies performed using the CEMHYD3D code have shown
that hydration and leaching can probably not be considered as
being simply inverse processes regarding capillary porosity
percolation phenomena [42]. Re-percolation of capillary
porosity seems to occur at a smaller value than that at which
the initial de-percolation during hydration occurred (e.g.
respectively 0.16 versus 0.18 for a 0.45 w/c OPC paste). In
first approximation, this effect is not taken into account into the
composite model. Moreover, as degradation consists of
dissolving and/or precipitating different mineral phases, the
tortuosity coefficient of capillary porosity is probably not a
single-valued function of its volume fraction, but is more likely
path-dependant. In first approximation, the tortuosity
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coefficient of capillary porosity determined on the basis of
experimental results related to sound OPC pastes with various
porosities (see Section 2.4.3) will be used here to describe
opening and plugging of capillary porosity in OPC pastes.

Concerning C—S—H porosity plugging, HD and LD C-S—-H
porosities are supposed to plug simultaneously. As shown in
Fig. 6, the filling-in of the C—S—H porosity is taken into account
by decreasing their HTO self-diffusion coefficients according to
a simple Archie law. Porosities of sound LD and HD C-S—-H
are defined as being equals to 20% and 31% in reference to the
Jennings model [43], and excluding pores smaller than 1 nm.
The water in these small pores probably contributes negligibly
to the overall transport because it is strongly fixed on the solid
surfaces [23]. These C—S—H porosity values are also supported
by the fact that total porosities of the studied cement pastes
calculated using the Jennings and Tennis model by summing
capillary porosity and C—S—H porosities are in very good
agreement with total water porosities measured next to a 60 °C
oven-drying on OPC pastes made with the same cement and
various water to cement ratios [24].

Fig. 7 presents the porosity—diffusion evolutions obtained
from the Microtrans model for three OPC pastes with various w/c
in order to study materials over a wide range of performances. It
indicates an important evolution of the effective diffusion
coefficient for the 0.50 w/c paste with the initial opening of
porosity. This effect is related to the progressive percolation of
capillary porosity. When all the capillary porosity percolates, the
evolution becomes less important. For the 0.40 w/c paste, the first
porosity opening percentages induce only a low augmentation of
the diffusivity. Then, for further porosity opening, capillary
porosity starts percolating in the system and a behavior
comparable to the one of the 0.50 w/c paste is observed. For the
0.25 w/c paste, an important evolution of the diffusion coefficient
can be observed over a large range of porosity opening. This is
due to the fact that, first, the percolating fraction of the mixed
component including LD C—S—H and capillary porosity increases
in the system (passage from the system described in Fig. 3(b1) to
the one described in Fig. 3(b2)). Second, capillary porosity itself
starts percolating gradually in the system. To summarize, the
diffusive flow of the 0.25 w/c OPC paste is initially controlled by
HD C—S—H; when submitted to leaching, the diffusivity becomes
progressively controlled by LD C—S—H and then by capillary
porosity. Finally, it appears that for total porosity greater than

= LD C-S-H

2
Dgg nro (m*/s) — HD C.SH
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Fig. 6. HTO self-diffusion coefficients of LD and HD C-S-H as a function of
plugging of their porosity according to a simple Archie Law.
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Fig. 7. Porosity—diffusion evolutions (HTO) determined for various OPC pastes
using the simplified composite model.

about 0.25, the diffusivity evolutions are very similar for the
different materials.

Concerning the filling-in of porosity, the initial plugging of
capillary porosity only decreases a little the diffusion coeffi-
cients in the cases of the 0.25 and 0.40 w/c pastes because this
phase does not control the transport in the corresponding sound
systems (see Fig. 7). Then, the filling-in of C—S—H porosity
induces significant reductions in the effective diffusion
coefficients of these pastes. It is emphasized that other scenario
could be envisaged on the basis of this model depending on the
degradation phenomenon (carbonation, sulfate attack...), as for
example a concomitant plugging of capillary porosity and C—
S—H. For the 0.50 w/c paste, the first few percentages of initial
filling of capillary porosity lead to a significant decrease of the
diffusivity, because they induce a complete de-percolation of
this phase in the system. The phenomena related to the sub-
sequent porosity decreasing are the same than those described
for the 0.25 and 0.40 w/c pastes.

It has been shown in this section that the simplified com-
posite model is useful to determine the diffusivity evolutions of
OPC pastes submitted to porosity changes. Because the
corresponding calculations are performed easily, the model
can thus be simply implemented into coupled numerical chemo-
transport models aiming at describing for example the leaching
of cementitious materials, as described in the next section.

4. Implementation of the Microtrans model into a simplified
chemo-transport model describing the leaching of cementitious
materials

4.1. Presentation of the coupled chemo-transport model

(Diffu-Ca)

The numerical tool Diffu-Ca used for the simulation of
cementitious material leaching by pure water has already been
presented elsewhere in details [14,44]. Leaching of hydrated
cement is due to dissolved chemical species concentration
gradients between the interstitial solution and the leachant,
generating diffusion of these species through the material pore
solution. The chemical equilibria of the system are thus modi-
fied. These chemical modifications are in turn at the origin of
the progressive portlandite and aluminate hydrates (AFm, AFt,
etc.) dissolution and the C—S—H decalcification. The numerical
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model is based on the generalized transport equation of calcium.
A single variable, namely the calcium concentration in the pore
solution C,,, allows to fully describe the problem. Indeed, the
dissolution of portlandite and aluminates hydrates, and the
decalcification of C—S—H can both be computed as a function of
this single variable. Chemical equilibria are thus taken into
account using the equilibrium curve between the calcium
concentration in the solution and in the main solid phases (C—
S—H, portlandite, AFm, Aft, etc.). The evolution of C., is
modeled using Eq. (7).

O(PCen)
ot

= div[Degrad(Ce, )|~ &;Ca (7)

where @, C.,, t, D., S.. are respectively the porosity, the
calcium concentration in the pore solution, the time, the
effective diffusion coefficient and the content of calcium in
soluble solid phases per unit volume of porous material. Eq. (7)
is solved numerically using a mixed-hybrid finite element
formulation in the Cast3m code developed at CEA [45].

4.2. Application, results and discussion

In order to test them, the porosity—diffusion evolutions as
determined for various OPC pastes in Section 3 are implemen-
ted into the Diffu-Ca model to perform leaching calculations
under pure water. It was shown elsewhere that using HTO
porosity—diffusion evolutions was an acceptable approximation
to solve Eq. (7) [6,14]. It is reminded that the porosity—diffusion
equation issued from the CEMHYD3D code [16] has also been
successfully implemented into a model simulating OPC paste
leaching [46]. A limitation of these simulations is that only
portlandite dissolution was modeled.

Fig. 8 presents the equilibrium curves between the calcium
concentration in the pore solution C., and the content of
calcium in soluble solid (per unit volume of porous material) S,
for the three studied pastes, on the basis of the following
assumptions [14]:

— the alkalis are not taken into account in the chemical
equilibria (the modeling results will be compared to leaching

S a (mo]jm“) — wic=0.50
wlc=0.40
- - -wle=025

2.E+04 .

1.LE+04

0.E+00 T T T
0 5 10 15 20 25

C,, (mol/m’)

Fig. 8. Equilibrium between the calcium concentration in the pore solution (C,)
and in the main solid phases (S.,) for OPC pastes (w/c equals to 0.50, 0.40 and
0.25).
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Fig. 9. Simulated total porosity profiles of OPC pastes after 400 day leaching
under pure water.

experiments performed on pastes in which alkalis were
already leached up during their curing in lime—water),

— portlandite linearly dissolves when C, decreases from 22 to
21 mmol/l,

— Ca/Si ratio of C—S—H linearly decreases from 1.7 to 1.0 and
aluminate phases dissolve when C, decreases from 21 to
2 mmol/l,

— Ca/Si ratio of C—S—H linearly decreases from 1.0 to 0.5 and
anhydrous phases dissolve (unless C4AF as it was shown in
Ref. [47]) when C, decreases from 2 to 1.5 mmol/I,

— Ca/Si ratio of C—S—H linearly decreases from 0.5 to 0 when
C., decreases from 1.5 to 0 mmol/l.

Figs. 9 and 10 respectively present total porosity and effective
diffusion coefficient profiles obtained from Diffu-Ca simula-
tions for the studied OPC pastes submitted to 400 day leaching
under pure water. Table 3 synthesizes the results obtained for the
three pastes in terms of leaching rate (R} ) and ratio between the
effective diffusivity of the leached zone and the one of the sound
material (Rp). Table 3 also integrates experimental data mea-
sured in quite similar conditions to that of modeling when they
are available (leaching under pure water of OPC pastes having
the same w/c and from which the alkalis were leached up during
curing). The leached zone is defined as the one which does not

De (m%s)
— w/c=0.50
1.E-09 ~ — wic =0.40
wlc =0.25
1.E-10 +=u
1.E-11 R
1E-12 - .
l——Leached surface Sound core
1¢E’13 T T T 1
0 0.002 0.004 0.006 0.008
Depth (m)

Fig. 10. Simulated effective diffusivity profiles of OPC pastes after 400 day
leaching under pure water.
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Table 3
Results of leaching simulations using the Diffu-Ca code for OPC pastes (R and
Ry ) and comparison to experimental data

w/c  Modeling results Experimental data

Ry (Leaching rate
10 7 m s °%))

Rp (ratio between diffusivities Ry Rp
of leached and sound zone)

0.50 5.95 6.1 - -
0.40 4.80 6.3 476 [6] 7 [48]
025 3.64 275 2.52[49] —

contain any more portlandite. Effective diffusion coefficient of
this heterogeneous zone (De.q) is calculated according to Eq. (8).

X
Deeq = (8)
0 De(x)

where xp is the depth of the leached zone.

Numerical results indicate that leaching rates decrease
respectively from 5.95x1077 to 3.64x107 " m s~ *° when the
w/c decreases from 0.50 to 0.25. On the contrary, in the meantime
Rp ratios increase from 6.1 to 27.5. The low diffusivity of the
sound paste at low w/c induces a low rate of evacuation of calcium
coming from the initial dissolution of portlandite. Furthermore,
taking into account the assumption of anhydrous dissolution used
in the calculations, the porosity and the diffusivity of the
completely leached low w/c paste are comparable to the ones of
the completely leached higher w/c pastes. Considering this point
and the lowest diffusivity of the sound low w/c paste explains the
higher Rp, ratio for the low w/c paste.

Numerical results (Rp and Rp) are in good agreement with
experimental data for the 0.40 w/c paste. For the 0.50 w/c paste,
complementary experiments would be necessary to check the
tendency given by the simulations. Lastly, in the case of the 0.25
w/c paste, simulations indicate a leaching rate 25% greater than
the available experimental value. However, it is recalled that the
cement paste used for the experimentation was cast using a
different cement from the one used in this study. This variation in
the composition of the initial system may have an impact on the
leaching rate R (as it might also be the case when comparing
modeling and experimental Ry for the 0.40 w/c paste). Another
explanation could be situated in the fact that for low w/c paste, a
fraction of the anhydrous phases (in particular C;S because of its
high reactivity) would be completely surrounded by a shell of C—
S—H. During leaching, these anhydrous could dissolve through
this shell leading to:

— an increase of the non-connected fraction of capillary
porosity instead of the connected one, thus generating a
weaker increase in the diffusivity of the leached zone com-
pared to the current one,

— an additional kinetics for the dissolution of these anhydrous
through C—S—H shells, and thus an additional delay for the
leach rate.

Further experimental investigations would be necessary to
check these assumptions. For example, scanning electron

microscopy characterization of the leached zone of a low w/c
paste could give some answers to these questions.

To summarize, the simplified composite model thus makes it
possible to correctly simulate the effects of local chemistry
changes on local diffusivity evolutions in the case of the
decalcification of 0.40 and 0.50 OPC pastes. Further develop-
ments would be necessary to improve the treatment of low w/c
pastes.

5. Conclusion

A simplified composite model, namely Microtrans, has been
presented in this paper. It aims at linking the main features of the
microstructure and the effective diffusion coefficient of
dissolved chemical species diffusing in saturated OPC pastes.
The method considers the system at the scale of the minera-
logical assemblage. Its purpose is to estimate the equivalent
diffusivity of the whole system by accounting for the self-diffu-
sion coefficients (for a given species) of the various components
ofthe microstructure and the way in which the latter are arranged
in the space. This simplified approach makes it possible to be
freed from a multi-scale characterization of the porosity, which it
is not possible to reach completely today using the available
experimental techniques. In this framework, the diffusive phases
of the microstructure are supposed to be the capillary porosity
and the Low Density and High Density C—S—H. The self-
diffusion coefficient of capillary porosity is higher than the one
of C—S—H whereas, because of their higher porosity, the self-
diffusion coefficient of LD C—S—H is supposed to be higher than
the one of HD C—S—H. For OPC pastes, the diffusive transport
should thus be essentially controlled by the most diffusive phase
percolating in the system. In the model, various parameters
account for the microstructural properties of the diffusive phases
(related to their overall 3D-disposition in the microstructure) that
have a critical impact on the diffusivity of the whole system
(volume fractions, percolation properties and tortuosity coeffi-
cients). The HTO self-diffusion coefficients and the micro-
structural parameters are assessed for the diffusive phases of
OPC pastes in this paper. The model is thus available to estimate
the local evolutions of the effective diffusion coefficient
according to porosity opening or plugging due to dissolution
or precipitation of minerals in the system when it is submitted for
example to underground water solicitations. This simple model
based on a phenomenological description of the processes, and
with well-defined physical parameters, can be easily implemen-
ted into coupled chemo-transport numerical models.

The porosity—diffusion evolutions calculated from the com-
posite model for three OPC pastes were implemented into a
simplified chemo-transport model aiming at describing the
leaching of cementitious materials under pure water. Leaching
simulations showed good agreement with the available ex-
perimental data for the 0.40 w/c paste. Further leaching expe-
riments would be necessary to allow a complete comparison
between numerical and experimental results for the 0.50 and
0.25 w/c pastes.

Most of the parameters of the Microtrans model were iden-
tified, or determined on the basis of simulations performed with
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various models found in the literature. Further experimental
developments would be necessary in order to directly measure or
identify the parameters taken into account in the model. In
addition, due to its flexible formalism, the model could be simply
extended to the case of blended BFS-PFA cement pastes. How-
ever, the knowledge of the mineralogical composition of this type
of materials, in particular in term of different types of C—S—H, is
still insufficient to consider this application immediately.

The proposed method could also be applied to up-scale
diffusive properties from the scale of cement paste, aggregates
and Interfacial Transition Zones to the one of concrete. How-
ever, it would probably not bring significant progress in com-
parison with efficient existing models already available to
achieve this goal (see e.g. [7—11]).
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