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Abstract

This paper addresses the problem of the estimation of the diffusive and mechanical properties of hardened cement pastes by means of a

simplified multi-coated sphere assemblage model. This model relies on a microstructure description involving the main hydrated products

(portlandite, C–S–H, and aluminous compounds) and accounts for the physical properties of each phase as well as their volume fraction and to a

certain extent their size and relative disposition. The basic idea is that any initial cement grain hydrates partly to form an external (outer) layer of

C–S–H and partly an internal (inner) layer of C–S–H, both having different properties. The multi-coated sphere model, due to Hashin for its 2-

phase version, is then used and applied to calculate the diffusion coefficient and Biot coefficient of such an assemblage. The evolutions of the

diffusive properties when the initial material is subjected to lixiviation and calcite formation are estimated on the basis of simplified description of

these degradation mechanisms; the issue of expansion due to internal pressure generated by crystal growing (crystallization pressure) in the

context of sulfate attack is also analyzed.

D 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The long-term behavior of cementitious materials is a topic

of great concern in many applications of civil engineering. In

particular, such materials are already widely used for radioac-

tive waste conditioning and containers and could become an

attractive option for the construction of disposal engineering

barriers, surface structures and underground structures for

interim and long-term storage, respectively [1,2]. In this

context the French Atomic Energy Commission (CEA) has

developed research programs aiming at analyzing and charac-

terizing the long-term behavior of cement-based materials.

Several degradation scenarios have been identified and

analyzed in condition of water immersion or flow (as a

consequence of ground water), for which the diffusive and

mechanical properties are of particular importance. In this

study we focus our attention on these two properties and their

evolutions induced by the following chemical attacks (or the
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consequences of these chemical attacks), in the case of

saturated cement pastes: leaching (decalcification), carbonation

and swelling due to sulfate attack.

Whereas many studies have been devoted to the analysis

and the characterization of physical properties of concrete

viewed as a heterogeneous material made up of aggregates

surrounded by cement paste matrix with or without interfacial

transition zone (see e.g. [3–5]), few address this problem at the

level of the cement paste. However, a better understanding of

the global performance of complex materials such as Portland

cement-based ones requires investigations and knowledge at a

microstructural level [6]. In particular, if we examine the case

of two cement pastes made with CEM I and CEM V cement,

respectively, both having the same water to cement ratio (w / c),

experimental results show a higher global porosity for CEM V

material, whereas the diffusive coefficient is one order greater

for CEM I paste (see e.g. Ref. [7]). This observation indicates

that the total porosity, which is a macroscopic quantity, cannot

be considered as a suitable parameter for assessing the

diffusion parameter when dealing with different materials.

The microstructure description of the hydrated cement paste

adopted in this study is based on a very simple microstructure
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Fig. 1. Elementary description of the composite sphere forming the hydrated

cement paste; spherical inclusions of portlandite and aluminous phases are

distributed through both inner and outer C–S–H.

Fig. 2. Two-dimensional representation of the composite sphere assemblage

describing the hydrated cement paste.
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description of the cement paste involving only the four

following components: internal and external calcium silicate

hydrate phase (C–S–H), calcium hydroxide (CH), aluminous

phases (AF) and anhydrous compounds. It relies on the basic

idea that any initial cement grain hydrates in a first stage to

form an external (outer) layer of C–S–H. When the available

space becomes limited for the hydrated products to develop,

together with the fact that the water reaches the anhydrous

cement with more and more difficulty (due to the C–S–H layer

growing), then a more compact internal (inner) C–S–H layer

forms [6,8]. Both CH and aluminous phases are supposed to be

dispersed as inclusions of different sizes in the two C–S–H

layers. We investigate and propose to model the changes of

diffusive properties under steady-state and saturated conditions

when the material is subjected to leaching (decalcification of

the hydrated products) and carbonation. Further, we propose to

apply our approach to give a comprehensive and theoretical

description of the material expansion due to an internal

crystallization pressure generated by sulfate attack.

2. Bases of the model

The approach adopted in this study for describing the

microstructure of the Portland cement paste relies basically on

the assumption that the cement grains are initially spherical

(typically in the range 0.1 to 100 Am and more [9,10]) and that

they hydrate in two main components (inner and outer C–S–

H) to form an assemblage of doubly coated spheres, in which

are inserted other minor hydrated products (CH and AF phases)

as spherical inclusions, supposed to be perfectly bonded to the

C–S–H matrix. The core corresponds to the anhydrous part of

the cement grains remaining (or not) after complete hydration

and is surrounded first by the inner C–S–H layer and second

by the outer one, both forming concentric shells (Fig. 1).

The porosity is assumed to be of two types: the capillary

porosity (with a size domain starting from about 0.2–0.3 Am)

constituting a material phase and the nanoporosity (sizes

inferior to 0.2–0.3 Am) supposed to be intimately mixed with

C–S–H to form the C–S–H matrix phase. The outer layer is
divided into an external and intermediate shell, both having

different capillary porosity volume fraction but identical C–S–

H matrix properties. The CH and AF phases are homoge-

neously, but with different total volume fractions, distributed

within each of the two C–S–H phases as spherical inclusions

of various radii, the highest size of which is supposed to be

small compared to the dimensions of shells; this latter

hypothesis is supported by experimental evidence (see e.g.

Ref. [6–8]). The capillary porosity is also assumed to be

embedded in the outer layer and will receive a special treatment

in particular when addressing the diffusion problem. The

composite spheres possess exactly the same volume fraction

for each of the elementary phases and occupy the entire volume

of the material, implying a distribution in their sizes ranging to

the infinitesimally small (a two-dimensional representation of

such a construction is given in Fig. 2). This assumption is

introduced for the sake of simplicity and because it leads to

assemblages having certain exact effective properties results.

For real materials, the smallest of the composite spheres do not

probably exist and we assume these ones do not affect

significantly the global behavior. All the initial phases are

supposed to be isotropic and homogeneous and so is the

macroscopic behavior of the material. The resulting well-

known composite sphere model has been introduced in a two-

phase version by Hashin [11] and then has been extended to

multi-coated spheres by numerous researchers for evaluating

physical properties such as conductivity (or diffusion) and

mechanical parameters for multiphase materials (see e.g. Refs.

[12–16]). It is worth noting here that by diffusion we mean

mass transfer generated by concentration gradients of aqueous

species; the porous medium is considered totally saturated and

we neglect electrodiffusive phenomena due to electric charge

of the ionic particles.

The evaluation of the effective physical properties for the

material needs the knowledge of properties of each elementary

phase. It means that a multiphase effective-medium approxi-

mation is required for assessing the properties of both inner and

outer phases, where CH and AF spherical inclusions are
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embedded. In the ensuing developments, the Maxwell approx-

imation will be used due to its simplicity, although the total

volume fraction of the inclusions may be relatively high (up to

0.4). However, the characteristics of percolation threshold of

the self-consistent (SC) scheme will be utilized for diffusion

applications, as will be explained in the next section.

3. Evaluation of the diffusion coefficient for the intact and

degraded material

3.1. Estimation of the effective diffusion coefficient for the

intact material

We refer to and extend the 3-dimensional microstructural

representation of the hydrated cement paste detailed in the

previous section for estimating the diffusion coefficient,

where this material is viewed at first as a multi-coated

sphere assemblage. The effective diffusivity D̄ of such a 3-

phase material is well known and takes the form (see e.g.

[13,17]):

D¯ ¼ D3 þ 1� /3ð Þ
��

D2 � D3 þ n D1 � D2ð Þ�1
h

þ 1� nð Þ 3D2ð Þ�1
i�1
��1

þ /3

3D3

��1

; ð1Þ

where n =/1 / (/1 +/2), Di and /i are the diffusion

coefficient and volume fraction of phase i and the subscripts

1, 2, 3 denote the core, first and second coating (inner and

outer C–S–H), respectively. It is shown that this result is

obtained by determining the local fields on a single composite

sphere. The basis of the method consists in considering a

homogeneous body with unknown diffusion coefficient D̄

subjected to a uniform field E throughout it. Then a sphere of

radius r within the body is replaced by a composite sphere of

the same radius. The value of D̄ for which the field outside the

sphere remains unchanged is the solution of the problem;

indeed, repeating this replacement process until the whole

body is replaced by composite spheres leads to a 3-phase

coated-sphere dispersion with diffusivity D̄.

To be more general, the previous approach can be

straightforwardly extended to (n +1)-coated sphere assem-
121 2 3 n+1

Fig. 3. Two-dimensional representation of a (n +1)-layered composite sphere.
blages. By adopting the notation of the Fig. 3 for the (n +1)

different elementary phases of an n-coated sphere, the effective

diffusion coefficient D̄n+1 of the composite sphere construction

is determined by the following expression:

D
¯
nþ1 ¼ Dnþ1

þ 1� nnþ1ð Þ D
¯
n � Dnþ1

� ��1 þ nnþ1

3Dnþ1

�� �1

;

with nkþ1 ¼ /kþ1

Xkþ1

j¼1

/j

! �1

;

ð2Þ

where D̄n denotes the effective diffusion coefficient associated

with the (n�1)-coated sphere model; for completeness, it is

stated that D̄1=D1. The parameter nk+1 is such that nn+1=/n+1

for the (n +1)-phase material and corresponds to the volume

fraction of the phase (k +1) with respect to the volume fraction

sum of phases 1 to (k +1). This form appears to be more

compact than other expressions generally found in the

literature. By setting (n =1) in Eq. (2) and given that n2=/2

in this case, the well-known formula providing the effective

diffusion coefficient D̄2 for a two-phase sphere assemblage

model is obtained:

D¯ 2 ¼ D2 þ 1� /2ð Þ D1 � D2ð Þ�1 þ /2

3D2

�� �1

: ð3Þ

As noted previously, Eq. (2) can be simply viewed as a

generalization of Eq. (3); indeed, the reasoning for obtaining

D̄n+1 relies on the fact that the (n�1)-coated sphere

material corresponding to the elementary phases 1 to n

and characterized by its effective diffusion coefficient D̄n

can be interpreted as a single phase forming the core of a

two-phase sphere model. This observation permits to apply

again Eq. (3) to establish a relation between D̄n+1 and D̄n,

with particular attention paid to the determination of the

equivalent volume fraction nn+1 of the (n +1)th coating (see

e.g. Ref. [17]).

Given the expression of the effective diffusion coefficient

for the (n +1)-layered sphere assemblage (see Eq. (2)), the

problem is now to estimate the diffusivity for the elementary

shell. This problem can be divided in two parts: first, we

need to assess the diffusive parameter of the C–S–H matrix

(which can be a priori provided directly by experiments) and,

second, the effects of the spherical inclusions of CH, AF and

capillary porosity (for outer C–S–H shell) embedded in the

C–S–H matrix have to be evaluated. We assume that the

scale of these two sub-problems is different; indeed, the

typical size of the inclusions ranges from less than 1 ı̀m up to

several tens of micrometer for massive crystals, whereas the

characteristic length scale of C–S–H is 1 to 100 nm [9].

Because of its much higher diffusivity than the other

components (AF and CH are supposed to be perfectly

insulating), the characteristics of connectedness and thus of

percolation of the capillary porosity are of great importance

with respect to the diffusion. It is proposed to treat this phase

specifically as follows. The existence of a volume fraction
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threshold under which the capillary porosity is not connected

is assumed, this latter phase being introduced as spherical

inclusions in the outer C–S–H shell. The fraction of

capillary porosity above this threshold is considered to be

connected and forms, together with C–S–H matrix and both

CH and AF inclusions, an additional shell with higher

proportion of capillary porosity; this layer constitutes the

external shell of the outer C–S–H, whereas the intermediate

shell is the remaining part of the outer C–S–H, as defined in

Fig. 1. The outer C–S–H is then divided into two separate

layers; for the external one (which percolates), it is proposed

to use the SC scheme to estimate its diffusive properties,

whereas for the intermediate shell, where no particular

percolation properties are to be introduced, the Maxwell’s

approximation is applied. It is well known that the SC

scheme does not predict the percolation at the correct volume

fractions; its use simply permits to introduce artificially a

percolation threshold in the modeling, which has no physical

signification and therefore has to be adjusted on experimental

data. It is worth noting that this notion of capillary porosity

threshold has been utilized in other contributions (see e.g.

Ref. [18]). The Maxwell approximation, when generalized to

suspensions with two different types of spherical inclusions,

leads to the following expression for the effective diffusion

coefficient Dk of the (k)th layer of the composite sphere (see

e.g. Ref. [16]):

Dk � D kð Þ

Dk þ 2D kð Þ ¼
X2
i¼1

/ ið Þ
k

D ið Þ � D kð Þ

D ið Þ þ 2D kð Þ

��
ð4Þ

with D(k) the diffusion coefficient of the C–S–H matrix

phase and D(i) the diffusion coefficient of the ith inclusion

of volume fraction /k
(i) with respect to the layer k. This

expression is also given by the Mori-Tanaka method [16].

If we consider that both CH and AF inclusions are

perfectly insulating relative to the C–S–H phase, i.e. D(i) /

D(inn)=0, the previous expression for the inner C–S–H

reduces to:

Dinn ¼ 2D innð Þ 1�
X2
i¼1

/ ið Þ
inn

#"
2þ

X2
i¼1

/ ið Þ
inn

#" �1

ð5Þ

due to the absence of capillary porosity. For the

intermediate shell of the outer C–S–H, a fraction of the

capillary porosity /(cp)
int has to be introduced as inclusions
Table 1

Composition in volume fraction of the hydrated cement pastes [7]

w / c Capillary

porosity

AF CH Anhyd

0.30 7.1 14.6 15.2 13.7

0.35 9.7 14.7 15.6 9.4

0.40 12.7 14.5 15.5 6.4

0.45 15.9 14.2 15.1 4.3

0.50 19.2 14.0 14.4 3.0

0.60 25.0 12.6 13.1 1.4
of much greater diffusivity than the matrix; in the limiting

case D(out) /D(cp)=0, one gets:

Dint¼D outð Þ 1þ 2/ cpð Þ
int �

X2
i¼1

/ ið Þ
int

#"
1� / cpð Þ

int þ 1

2

X2
i¼1

/ ið Þ
int

#" �1

:

ð6Þ

The application of the SC scheme to the estimation of the

effective diffusion coefficient Dext of the outer C–S–H

external shell (composed of 3 phases) leads to the classical

following relation, where the previous notations still hold:

Dext ¼
1

4
aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ 8D outð ÞD cpð Þ 1� 3

2

X2
i¼1

/ ið Þ
ext

! ! vuut
3
5

2
4 ; with

a ¼ D outð Þ 2� 3 / cpð Þ
ext þ

X2
i¼1

/ ið Þ
ext

! ! 
þ D cpð Þ 3/ cpð Þ

ext � 1
� �

:

ð7Þ
The superscripts out, cp and i refer to the outer C–S–H

matrix, capillary porosity and both AF and CH inclusions,

respectively; these latter inclusions are considered to be

perfectly insulating. It should be noted that for the limiting

case D(out) /D(cp)=0 this relation becomes:

Dext

D outð Þ ¼
1� 3

2

X2
i¼1

/ ið Þ
ext

! 

1� 3/ cpð Þ
ext

: ð8Þ

3.1.1. Application

To illustrate the method presented above, we propose to

apply it to the estimation of the effective diffusion coefficient

for CEM I hydrated cement pastes with various w / c. The main

characteristics and numerical data for the materials are drawn

from Ref. [7] and are listed in Table 1. The volume fractions of

the different compounds have been evaluated by making use of

Jennings model [19]; see Ref. [7] for the details and the

hypotheses of the calculations.

For Eqs. (5), (6) and (7) to be applicable, the determination

of the diffusion coefficients and the percolation threshold are

required. Setting D(cp)=2.0 10�9 m2/s [7] and assuming that

the percolation threshold is equal to 8%, we propose to identify

the diffusive properties of both inner and outer C–S–H by

confronting numerical calculations performed with Eqs. (5), (6)

and (7) and experimental measurements of tritiated water
rous Inner

C–S–H

Outer

C–S–H

Inclusion

outer/inner (%)

37.4 12.0 12.0/37.4

33.9 16.8 16.8/33.9

28.3 22.6 22.6/28.3

21.6 28.8 28.8/21.6

14.6 34.8 34.8/14.6

1.0 47.0 47.0/1.0



B. Bary, S. Béjaoui / Cement and Concrete Research 36 (2006) 245–258 249
diffusion coefficient taken from Ref. [7]. The numerical

results obtained with the set of values D(out) =3.4 10�12 m2/

s and D(in)=8.3 10�13 m2/s are depicted on Fig. 4 and

compared to experiments. We note that these results agree

relatively well; the maximal variation, less than 15%, is

observed for a w / c ratio equal to 0.30. It should be

emphasized that these results are largely dependent on the

distribution and volume fraction of the initial constituents as

given in Table 1. Because these quantities are mainly

obtained by simulations [7], they need to be validated and

consolidated by further experimental observations and

characterizations on real microstructures, which constitute

an essential aspect to investigate in the future. Moreover,

some of the assumptions made are material dependent in the

sense that they require a priori to be adjusted for other types

of cement pastes; in particular, the percolation threshold for

the capillary porosity as introduced in the external shell of

the outer C–S–H would probably be different for CEM V

cement pastes for example.

3.2. Estimation of the effective diffusion coefficient for the

material subjected to leaching

The above procedure is now applied for estimating the

effective diffusion coefficient in the case of a saturated

hydrated CEM I cement paste subjected to a decalcification

process by pure water. According to the description of the

leaching phenomenon generally accepted in the literature for

materials prepared with CEM I cement (see e.g. Refs.

[8,9,20,21]), the main aspects to consider are, first, the CH

phase dissolves completely when the calcium concentration in

the pore solution (Ca) decreases and, second, the C–S–H

phase, which is characterized by a calcium over silicon (C /S)

ratio for the intact material of around 1.65, progressively

decalcifies when the decrease of Ca continues; this decalcifi-

cation is accompanied by a progressive drop of C /S ratio from

1.65 to approximately 0.8. As for the aluminous phases AF,

their decalcification is also supposed to occur progressively but
1.0E-12

1.0E-11

1.0E-10

0.30 0.35 0.40 0

D (m2/s)

Fig. 4. Numerical and experimental (tritiated water, [7]) effective diffusion
initiates when C–S–H degradation process is engaged and

ends roughly when C–S–H is totally decalcified. A key point

is that, with a good accuracy, this degradation process can be

described by using only one variable: the calcium concentra-

tion in the pore solution Ca. It will be then assumed that this

variable governs the dissolution phenomena and that these

latter occur at chemical equilibrium. Moreover, we suppose

that the total concentration of calcium in solid phases (which

characterizes the degradation level of each elementary phase

composing the material) can be uniquely related to Ca by

multilinear functions (see for more details Refs. [22,23]). To

illustrate these hypotheses, consider the cement paste with w /

c=0.4 as defined in Table 1. A simplified calculation allows

estimating the molar proportion of each of the elementary

compounds per unit volume of material by making use of the

well-known Bogue formula. With this example we get C–S–

H=5292 mol/m3, CH=5689 mol/m3, and AF=330 mol/m3

(the AF phase is supposed to be composed only of mono-sulfo-

aluminate for the sake of simplicity).

The degradation process is then assumed to be schemat-

ically described by Fig. 5, showing the progressive decrease

of the calcium concentration in the solid phase Sca as a

function of Ca. This result has been obtained by using and

adapting the numerical results performed with the code

CHESS developed at Ecole des Mines (see e.g. Ref. [24]),

which solves chemical equilibrium problems. The following

hypotheses are supposed to apply: no alkalis are present in

pore solution and the C–S–H decalcification is described

(discretized) by 3 distinct phases with C /S ratios of 1.65,

1.25 and 0.90, respectively. In Fig. 5 is also depicted a linear

simplification of the CHESS results, which eliminate the

strong variations of Sca occurring when a phase disappears (is

totally decalcified). In this context, Ca can then be viewed as

an indicator of the degradation state when regarding the

decalcification process.

It is proposed simply to adapt Eq. (3) for dealing with the

case of the C–S–H matrix phases. We then assume that both

inner and outer C–S–H matrix are composed only of a
.45 0.50 0.55 0.60

experiments
simulations

w/c

coefficient for CEM I hydrated cement paste with various w / c ratios.
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Fig. 5. Degradation process of the main hydrated phases in terms of calcium concentration in solid phase Sca as a function of calcium concentration in solution Ca

(line=results obtained with the chemical equilibrium code CHESS; dotted line=simplified curve).
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perfectly insulating solid phase and a phase corresponding to

the nanoporosity and form an assemblage of coated spheres

with sizes ranging to the infinitesimally small. Further, we

suppose that the total porosity in each C–S–H matrix is

divided into a percolating part and an occluded one, this

latter being embedded in the solid phase; consequently the

core of each coated sphere is the sum of the solid phase and

the non-percolating nanoporosity. Using Eq. (3) in which the

diffusion coefficient of the composite spheres core is 0, the

resulting diffusion coefficient D(k) of the C–S–H matrix is

given by:

D kð Þ ¼ D pð Þ 2/ pð Þ
k

3� / pð Þ
k

ð9Þ

where D(p) and /k
(p) denote the diffusion coefficient and the

volume fraction of the saturated percolating porosity,

respectively. In the following application, the values retained

are D(p) =2.5 10�10 m2/s, /(p)
in =0.005 and /(p)

out=0.02, which
1E-12

1E-11

1E-10
0 5 10

W/C=0.3

W/C=0.4

W/C=0.5

W/C=0.6

D (m2/s)

Fig. 6. Evolutions of the effective diffusion coefficient for 4 different cement pa

concentration in pore solution.
yield the values taken for D(out) and D(in) in the previous

section. An additional percolating porosity of 0.05 is

assumed to arise during the decalcification process of the

C–S–H.

To apply the method to the case of leaching, some

further assumptions regarding the decalcification mechanism

of the hydrated phases have to be made. Firstly, we suppose

that CH inclusions embedded in each layer dissolve totally

and are replaced by capillary porosity. Secondly, we assume

that, at the end of the leaching process, only a fraction of

the initial volume of AF and C–S–H phases are replaced

by capillary porosity (in the numerical applications, the

following values are used for AF and C–S–H: 50% and

5%, respectively, the latter value being taken from [9]).

Lastly, the degradation is supposed to be, in term of

dehydrated volume (that is, volume of solid phase replaced

by porosity), linearly related to the calcium concentration in

pore solution Ca according to Fig. 5: CH dissolves between

Ca = 21.54 and Ca = 20.31 mol/m3, C–S–H between
15 20 25
Ca (mol/m3) 

stes (of which composition is defined in Table 1), as a function of calcium
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Ca=20.31 and Ca=1.09 mol/m3, and AF between Ca=20.31

and Ca=8.081 mol/m3.

The effective diffusion coefficient versus calcium concentra-

tion for cement pastes with different w / c ratios, with composi-

tions listed on Table 1, are shown on Fig. 6. The effective

diffusion coefficient is multiplied by a factor of about 2 to 3

when CH is totally dissolved. From the beginning to the end of

the degradation process, the increase of this parameter is up to

one order of magnitude for the lowest w / c ratio and a factor of 4

for the greater one. It is noteworthy that both initial and final

values obtained for w / c=0.4 are close to the ones reported in

Ref. [7] for a similar material. Themethod yields the evolution of

the total porosity during leaching. Numerical results obtained for

cement pastes of different w / c ratios are gathered on Fig. 7.

There is a strong increase in porosity when the CH inclusions

dissolve. Both initial and final values of the porosity are

consistent with experimental results obtained in Ref. [25] by

mercury intrusion porosimetry, for a comparable material with

w / c ratio equal to 0.45: /ini�0.20 and /fin�0.52.

3.3. Estimation of the effective diffusion coefficient for a

carbonated material

This section is devoted to the evaluation of the effective

diffusion coefficient when the cement paste is subjected to

carbonation in saturated conditions, that is, when calcium ions

react with carbonate ions present in pore solution and

precipitate into calcite. It is proposed to express the carbonation

influence on the diffusive properties, for different volumes of

precipitated calcite, as a function of calcium concentration in

pore solution, this latter variable being again interpreted as a

descriptor of the decalcification state. This choice is equivalent

to considering that a fraction of the volume of decalcified solid

phases is replaced by calcite, corresponding to a material

submitted first to combined leaching and carbonation, and then

after achievement of a certain carbonation degree, subjected

only to leaching. This carbonation degree is supposed to be

characterized by the volume fraction of precipitated calcite.

When addressing the phenomenon from the modeling point of
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Fig. 7. Evolutions of the porosity for 4 different cement pastes (of which compositio
view, the drop of diffusion coefficient due to calcite precipi-

tation is usually explained by a reduction of the global porosity,

with in general no consideration paid to the material

degradation (decalcification) level. In this study this latter

aspect is taken into account. It is supposed that the calcite

precipitates first in the capillary porosity sites, whatever the

decalcification state. Then, if the hydrated products provide no

space because they are not decalcified, the C–S–H phases are

assumed to be calcified (that is, filled with calcite, which leads

to reduction of nanoporosity, cf Eq. (9)) up to a C–S–H matrix

diffusion threshold below which the formation is no longer

possible; this threshold has been fixed for both C–S–H types

to 1.6 10�13 m2/s, in order to obtain an effective diffusion

coefficient when the material is totally carbonated of 9.0 10�14

m2/s, corresponding to an experimental value drawn from Ref.

[7]. Now if decalcification is initiated, calcite formation first

takes place in the sites left by CH inclusions, then by C–S–H

and AF decalcification.

These hypotheses and conditions lead to the results presented

on Fig. 8. The case of the cement paste withw / c ratio of 0.35 and

formulation detailed in Table 1 has been simulated for several

values of maximum calcite volume fraction, ranging from 0 to

0.32. The lowest value of diffusion coefficient is obtained

obviously when the material exhibits the lowest global porosity

level, whatever the decalcification degree; it appears first for a

calcite volume fraction of 0.198 which corresponds to the sum of

the capillary porosity and the C–S–H matrix filling. The

capillary porosity has a significant effect on the diffusion

coefficient because its filling has a strong impact on the diffusion

and percolation properties. The importance of C–S–H and AF

decalcification can be deduced from examination of the curves

for calcite volume fractions of 0.32 and 0.28, which exhibit a

significant increase for low Ca values.

4. Estimation of the global mechanical effects due to

internal pressures generated by sulfate attack

This section is devoted to the evaluation of the mechanical

response of the material when it is subjected to internal
15 20 25

Ca
(mol/m3)

n is defined in Table 1), as a function of calcium concentration in pore solution.
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Fig. 8. Evolutions of the effective diffusion coefficient for a cement paste with w / c ratio of 0.35, subjected to carbonation with different levels (the maximum volume

fraction of calcite is indicated in the legend), as a function of calcium concentration in pore solution.
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pressures generated by chemical reactions consecutive to

sulfate attacks. The topic of sulfate attacks has been intensively

studied by many researchers, from chemical and coupled

chemo-transfer points of view (see e.g. Refs. [8,26–29];

however, up to now relatively few approaches exist regarding

the treatment of the global chemical–mechanical-transfer

problem [30]. In this study it is proposed to deal with the

chemo-mechanical part of this subject by means of micro-

mechanical considerations and on the basis of the material

microstructural description developed in Section 2. It will be

assumed that the major phenomena leading to pressure

generation and swelling are similar in the cases of delayed

ettringite formation (DEF) and external sulfate attack.

4.1. Expansion mechanism due to sulfate attack

The expansion process is supposed to result from crystal-

lization pressures due to the interaction between the solid

product of chemical reactions (ettringite) and the surrounding

cement paste [31,32]. This approach then suggests that

chemical energy is converted into mechanical work whenever

the solid product is confined, the driving forces being the

activities of the reactants (supersaturations) in the pore

solution. Precisely, it is assumed that the expansion mechanism

can be schematically explained by the pressures generated by

crystal growth due to monosulfate inclusions reacting to form

ettringite in the presence of calcium and sulfate ions in pore

solution. The pressures are significantly higher when the initial

crystals are intimately mixed with the surrounding C–S–H

matrix and the reactions occur in confined spaces at high

supersaturation [26,33]. Although this mechanism can be

extended to the case of gypsum, which also precipitates in

the presence of sufficient calcium and sulfate concentrations in

pore solution and therefore may create crystallization pressures

[31], it will be neglected in the ensuing discussion. It has been

emphasized that the pressure intensity is strongly related to the

confinement of growing crystals; this leads to the conclusion

that the maximal pressure values are obtained in the zones with

dense C–S–H matrix and high volume fractions of (initial)
monosulfate. According to Ref. [26], these zones are located in

the outer C–S–H shell immediately surrounding the inner one;

indeed, with increasing distance away from the core of cement

grain, the porous structure becomes more open, lessening the

conditions for maximizing pressures. It is supposed that there is

initially no sufficient quantity of monosulfate in the inner C–

S–H shell to produce substantial pressures.

The crystallization pressure can be expressed by means of

the thermodynamic principle of crystallization pressure in the

following way (see e.g. Refs. [31,33]). We suppose that the

chemical reaction under consideration may take the form

ciRi6S, where ci is the stoichiometric coefficient of the ith

reactant Ri and S is the solid product of the reaction. The

equilibrium state of this reaction imposes that dls=cidli, with

ls the chemical potential of the solid product and li the one for

the reactant Ri. Assuming S is subjected only to the hydrostatic

pressure ph, we can express dls and dli as:

dls ¼ � ssdT þ vsdph;

dli ¼ dl̄i þ d RT ln aið Þð Þ ¼ dl̄i þ Rln aið ÞdT þ RTdln aið Þ
ð10Þ

where ss and vs are the molar entropy and molar volume of

solid product, l̄i is the chemical potential of Ri at standard

state, function of the temperature T and the pressure of liquid

phase pl, and ai is the activity of Ri in the solution. Under the

conditions that both T and pl are constant, dl̄i(T,pl) is zero and

the last two relations can be simplified in:

dph ¼
RT

vs
cidln aið Þ: ð11Þ

Integrating this expression and introducing a reference state

(superscript 0) where there is no interaction between the solid

product and the cement paste yield:

pc ¼ ph � p0h ¼
RT

vs
ln

ai

a0i

�� ci

¼ RT

vs
ln

Ksp

K0
sp

! 
ð12Þ

where Ksp=ai
ci and Ksp

0=ai
0ci refer to the solubility product of

S under pressure ph and ph
0, respectively; the pressure ph

0
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without interaction can be chosen to the atmospheric pressure.

Denoting pc as the interaction pressure resulting from reactant

activity increases in pore solution and crystal growth prevention,

it appears that pc is the essential cause of sulfate expansion and

exerts on both the solid product and the C–S–H matrix. As

emphasized in Refs. [31,26], the two necessary conditions for

crystallization pressure to produce expansion are the confine-

ment of crystal growth and the fulfillment of the inequality

Ksp>K
0
sp, that is, the supersaturation of reactants. In this study,

the first condition is assumed to be realized, with different levels

of confinement for the outer layer. Indeed, this level will be

maximum in the intermediate C–S–H shell (in conjunction with

the quantity of monosulfate), whereas in the external shell,

which contains a priori an important volume fraction of capillary

porosity (0.5 in the numerical simulations presented in the

previous section), this level is lesser due to its more deformable

structure. The second condition is also supposed to be fulfilled

and, as appears clearly in Eq. (12), the driving forces imposing

the magnitude of the crystallization pressure are defined by the

activities ai of the reactants.

4.2. Mechanical behavior of the cement paste subjected to

sulfate attack

It is proposed in this section to evaluate the mechanical

response of the material described in Sections 2 and 3 when it

is submitted to sulfate attack characterized by a crystallization

pressure pc as expressed by Eq. (12). This pressure will be

viewed in the ensuing discussion as an external loading

parameter controlled by the following ionic species in pore

solution: Ca2+, SO4
2- and Al3+, which activity is supposed to be

imposed. It is proposed to find an approach on the basis of the

Biot formulation principle, where the macroscopic stress �
acting on the material is decomposed into a part due to the

macroscopic strain E and another one resulting from an

internal pressure p*, via the relation (see e.g. Refs. [34–36]):

� ¼ Ch : E � BpT ð13Þ

where Ch is the (homogenized) fourth-order stiffness tensor of

the overall material and B is the second-order Biot tensor. The

main objective of this section resides now in the estimation of

these two macroscopic tensors, providing the knowledge of

the mechanical properties of the elementary phases composing

the material. As in the case of the diffusive properties, two

stages have to be considered: one is the estimation of the

overall parameters of the multi-coated sphere model as

represented on Fig. 3, in which the different phases are

constituted by the layers, regarded as homogeneous in this

section, composing each sphere. The second stage consists in

the evaluation of the mechanical parameters of these layers,

given that they are formed with several types of inclusions

embedded in the C–S–H matrix (see Fig. 1). In the following,

our attention will be focused on the mechanical response of

this construction undergoing an internal pressure. All phases

will be assumed to have isotropic linear elastic behavior

(except the saturated capillary porosity which will be
considered, from a mechanical point of view, as void) and

each shell of the composite sphere will be supposed to exhibit

a homogeneous distribution of inclusions; consequently,

without any other loading than this pressure, the response of

the material is expected to be hydrostatic in terms of both

macroscopic strain and stress fields.

5. Determination of the Biot coefficient for the multi-coated

sphere model

This section addresses the issue of determining the Biot

coefficient of the composite sphere model as described in Figs.

2 and 3. Each phase i will be considered as a homogeneous

isotropic linear elastic porous medium saturated with fluid

undergoing a uniform pressure p*, with shear and bulk moduli

li and ki , and Biot coefficient bi , respectively; these

parameters are supposed to be known. The local stress–strain

relation for the phase i is defined by:

�i ¼ 2liei þ ki Ei : Ið ÞI � bipTI ð14Þ

where �i, Ei and ei are the local stress, strain and deviatoric

part of the strain tensor, respectively. One first considers the

case of a two-phase sphere model (that is, the case of Fig. 3

with n =1). Starting with the basic idea already employed in

Section 3.1 concerning the diffusion coefficient estimation,

such a composite sphere of radius r is inserted into an infinite

homogeneous body obeying the macroscopic stress–strain

relation (Eq. (13)). This body is subjected to prescribed

uniform strain E and pore pressure p*; the overall Biot

coefficient b̄2 related to B by B = b̄2I will then be determined

by making use of the condition that the sphere insertion does

not provoke any perturbation in the body fields. Taking

advantage of the elastic behavior and homogeneity of the

phases (see for example Refs. [37,38]), the loading can be split

into two distinct parts, such that the initial problem is

equivalently replaced by the following two sub-problems:

(E =0; p*)KPV and (E =p*; 0)KP�. The total stress and strain

are then simply obtained by summing their counterparts for

both problems PV and P�. The latter one is well known and

permits us to express explicitly the macroscopic bulk modulus

k̄2 [11]. We focus our attention on problem PV, which possesses

spherical symmetry and consequently undergoes the classical

displacement field ui in phase i in the form:

ui ¼ cir þ
di

r2

��
r ð15Þ

where r is the radial vector emanating from the sphere and ci and

di are unknown constants. The determination of these four

constants for i =(1,2) results from the classical following

continuity conditions for displacement and traction vector at

the boundary surfaces core–shell (radius R1) and shell–body

(radius R2) and the requirement of finite displacement in the

core:

u1 0ð Þ finite; u1 R1ð Þ ¼ u2 R1ð Þ;

�1 R1ð Þr ¼ �2 R1ð Þr; u2 R2ð Þ ¼ 0: ð16Þ
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The continuity condition of the traction vector across the

shell–body interface yields an expression connecting b̄2 and

the mechanical parameters of the two-phase sphere:

�2 R2ð Þr ¼ � R2ð Þr ¼ � b¯ 2pTr: ð17Þ
The solution of the problem (Eqs. (16) and (17)) leads to the

exact relation:

b¯ 2 ¼ b2 þ
3k2 þ 4l2ð Þ b1 � b2ð Þ/1

4l2 þ 3k1/2 þ 3k2/1

: ð18Þ

It can be noticed that this result corresponds to the well-

known formula of Levin giving the overall thermal expansion

coefficient ā2 for any two-phase material [39], providing the

introduction of k̄2 in Eq. (18) and the replacement of bip* by

�3kiaih in local stress–strain relation (Eq. (14)) and b̄2 by

�3k̄2a2̄ in Eq. (13), for the case of thermoelastic behavior; ai is

the thermal expansion coefficient of the phase i and h is the

variation of temperature from initial conditions. The expression

of the overall bulk modulus k̄ is [11]:

k¯ 2 ¼ k2 þ
3k2 þ 4l2ð Þ k1 � k2ð Þ/1

4l2 þ 3k1/2 þ 3k2/1

: ð19Þ

This relation has exactly the same structure as Eq. (18).

Combining these two expressions yields:

b¯ 2 ¼
b1
�
k¯ 2 � k2Þ þ b2

�
k1 � k¯ 2Þ

k1 � k2
: ð20Þ

This result, when replacing the Biot coefficients by the

thermal expansion ones, leads to the following relation due to

Levin [39]:

ā2 ¼
a1 1=k¯ 2 � 1=k2
� �

� a2 1=k¯ 2 � 1=k1
� �

1=k1 � 1=k2
: ð21Þ

It can be seen from Eq. (18) that the mechanical parameters of

phase 1 (which defines the core of the composite sphere) enter

into the expression for b̄2 only via its Biot coefficient and bulk

modulus (the shear modulus does not appear). Since the latter is

exactly known in the case of the (n +1)-layered sphere model

and because the same is expected for the Biot coefficient (due to

the correspondence between Eqs. (18) and (19)), it is suggested

that the relation (Eq. (18)) can be straightforwardly extended to a

multi-coated sphere assemblage model. Indeed, considering the

(n +1)-phase construction of the Fig. 3, the relation (Eq. (18))

can be applied for determining its overall Biot coefficient b̄n+1,

given that the elementary phases 1 to n are interpreted as a single

phase with characteristics k̄n and b̄n, which form the core of the

two-phase sphere model of Eq. (18). One then has:

b¯ nþ1 ¼ bnþ1 þ
3knþ1 þ 4lnþ1

� �
b¯ n � bnþ1

� �
1� nnþ1ð Þ

4lnþ1 þ 3k¯ nnnþ1 þ 3knþ1 1� nnþ1ð Þ
ð22Þ

where nn+1 is defined in Eq. (2). For practical reasons, it can be

useful to express b̄3 in a form involving only the elementary

phase parameters:

b
¯

3 ¼ b3þ
3k3þ4l3ð Þ 1�/3ð Þ b2�b3ð Þ 4l2 1�/3ð Þ þ 3k̃k 12

� �
�/1 b2 � b1ð Þ 4l2 þ 3k2ð Þ

� �
9k1k2/3 1� /3ð Þ þ 12l2 k̂k 12/3 þ 4l3 þ 3k3 1� /3ð Þð Þ 4l2 1� /3ð Þ þ 3k̃k 12

� �
ð23Þ
with k̃12=k2/1+k1/2 and k12=k1/1+k2/2. Applying again the

convenient replacement of bi by �3kiai and b̄n by �3k̄na
¯
n for

an extension of Eq. (22) to the case of thermoelasticity, the

overall thermal expansion coefficient an+1 of the (n +1)-phase

composite sphere model is related to both elementary and overall

properties by:

a¯ nþ1 ¼
knþ1

k¯ nþ1

anþ1

þ
3knþ1 þ 4lnþ1

� �
k¯ na

¯
n � knþ1anþ1

� �
1� nnþ1ð Þ

knþ1 4lnþ1 þ 3k¯ nnnþ1 þ 3knþ1 1� nnþ1ð Þ
� � :

ð24Þ

This expression appears to be more compact than the one

established recently in Ref. [38] but has the disadvantage of

involving the overall bulk modulus k̄n+1.

5.1. Determination of the Biot coefficient for a layer of the

sphere model

This subsection is concerned with the estimation of the

parameters entering into the stress–strain relation (Eq. (14))

and in particular the Biot coefficient bi. This coefficient will be

evaluated by means of simple considerations and with the use

of the superposition principle. As previously mentioned, the

inclusions subjected to growing exert a pressure p* theoreti-

cally defined by:

pT ¼ bpc � pE�þ ¼ pc � pEð Þd ð25Þ

with pE as the pressure (hydrostatic part of the stress tensor)

corresponding to the effect of the uniform loading strain Ei on

the inclusions and d =H( pc�pE) is the Heaviside step function

applied to the argument ( pc�pE). Thus p* expresses the fact

that the effective pressure generated by the crystal growth

results from the crystallisation pressure, pc, corrected by the

hydrostatic stress pE due to the external mechanical loading

applied on the crystals; pc may then be related to the well-

known concept of eigenstress (see e.g. Ref. [16]). If pE is

negative then p* is lessened and if pE is positive

(corresponding to global tension), p* increases. In other words,

when the material undergoes (very) high compressive state of

stresses, Eq. (25) suggests theoretically that there is no

possibility for any crystal to form [33]. Because of the lack

of information on this aspect, Eq. (25) is simplified as follows:

p* =pc. This simplification is equivalent to considering that pE
is negligible with respect to pc (due to high supersaturation

levels); its adoption prevents p* from being dependent upon

the location of the point in the layer because Ei is non-

homogeneous. Since p* is assumed to be constant whatever the

macroscopic strain E applied on the system, it can be

interpreted as a fluid pressure acting at the interface of the

growing crystals. Further, the behavior of the constituents

being linear, the superposition principle is used again to

decompose the macroscopic loading (�i,p*) exerted on a

representative volume element (RVE) of the layer i in the two

sub-problems (�i
(1) =�i + p*I , p*=0) and (�i

(2) =�p*I ,
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p*=0), denoted P(1) and P(2), respectively. Fig. 9 illustrates

this decomposition. The RVE is of course supposed to be

statistically representative of the layer and is composed of

two sub-domains: X designates both C–S–H matrix and

non-growing inclusions (CH and porosity) considered as a

unique homogeneous constituent and x represents the

growing inclusions (AF crystals). It should be emphasized

that the pressure p* inside the material exerts at the

interface of crystals and matrix, although the figure does

not reflect this point well.

The local stress and strain tensors are denoted ri and ei,
respectively. The classical volume average over any volume, V,

designated by bI�V, is defined by:

bf �V ¼ 1

V

Z
V

f dV : ð26Þ

The problem P(2) as previously defined is trivial; indeed, it

is clear that one has:

be 2ð Þ
i �X ¼ be 2ð Þ

i �x ¼ E
2ð Þ
i ¼ � pT

3kX
I ð27Þ

with kX as the bulk modulus of the domain X. The

macroscopic strain Ei
(1) of the problem P(1) is given by

Ei
(1)=Ei�Ei

(2)=CX
h� 1

: (�i +p*I), where CX
h is the (homoge-

nized) stiffness tensor of the layer i, the domain x being

considered as voids. This identity permits, together with the

expression of Ei
(2), to establish the following relation:

�i ¼ Ch
X : Ei � E

2ð Þ
i

� �
� pTI

¼ Ch
X : Ei �

�
1� khX

kX

�
pTI ð28Þ

with 9khX =Ch
X : I : I. An identification of this formula with Eq.

(14) gives the following result, well known in the context of

poroelasticity (see e.g. Refs. [34–37]):

bi ¼ 1� khX
kX

: ð29Þ

5.1.1. Application

To illustrate the previous theoretical results, a simple

numerical application regarding the effects of crystal expan-

sions on the material macroscopic response is provided in
∗p

i   Σ

ω

Ω

==

Fig. 9. Decomposition of the macroscopic and inte
terms of maximal percentage of induced stress generated by

crystal growth, with respect to the effective crystal pressure p*.

The configuration of the composite sphere model retained for

the application corresponds to Figs. 1 and 2, where the

anhydrous phase is supposed to be completely hydrated and

the outer C–S–H is divided into two layers with different

properties (in particular regarding the porosity volume frac-

tion), as explained in Section 3.1; each sphere of the

assemblage is then composed of a core and two layers. This

construction obeys the macroscopic stress–strain relation (Eq.

(13)), with isotropic overall Biot coefficient given by Eq. (23);

the Biot coefficient for each sphere layer is expressed by Eq.

(29) and the effective pressure exerted by the growing crystals

is formulated by Eq. (25) with pE=0. For simplification, both

core and external layers are assumed to have a zero Biot

coefficient, such that the macroscopic Biot coefficient is:

b̂b3 ¼
b2 3k3 þ 4l3ð Þ 1� /3ð Þ 3k1 þ 4l2ð Þ/2

9k1k2/3 1� /3ð Þ þ 12l2 k̂k 12/3 þ 4l3 þ 3k3 1� /3ð Þð Þ 4l2 1� /3ð Þ þ 3k̃k 12

� � :
ð30Þ

This simplified hypothesis is equivalent to assuming the

absence of growing crystals (AF inclusions) in the core and the

incorrect fulfillment of the confinement condition in the

external layer (which could be explained by its low stiffness

due to the relatively important level of capillary porosity), such

that the pressure exerted by crystals is negligible. The induced

stresses are evaluated by considering that the material under-

goes no macroscopic strain, i.e. E =0, yielding the macroscopic

stresses �=� b̂3p*I. Once p* is known locally via the

activities of the reactants, the stresses are then directly related

to it via b̂3. To illustrate the evolutions of this coefficient with

respect to the parameters involved in its expression in a simple

way, it is proposed to evaluate the ratio b̂3 /b2 as a function of

ratios k3 /k2, k1 /k2, l3 /k3 and l2 /k2, the last two being kept

constant and equal to 0.5. Fig. 10 presents the curves b̂3 /b2
versus /2 for different ratios k3 /k2 and k1 /k2 (the values of k1
indicated in the legend implicitly consider that k2=1) and for

several values of /3; /1 results obviously from the identity

/1=1�/2�/3. These values are chosen by considering that

the core possesses the greater mechanical properties, followed

by the first layer and the second one (subscripts 1, 2 and 3,

respectively). As could be expected from Eq. (30), the maximal

and minimal values of b̂3 /b2 are obtained for /2=1 and /2=0,

respectively. The influence of k1 /k2 is all the more important

when /1 is high (or equivalently /3 is low). The strong

variations of b̂3 /b2 with these parameters suggest that they
I∗+ pi   Σ I∗−p
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rnal loading exerting on a RVE of the layer i.
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Fig. 10. Evolutions of the ratio b̂3 /b2 defined in Eq. (30) as a function of /2 for different values of parameters k1 and k3 (with k2=1) and porosity /3.
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must be characterized precisely. Finally, it is clear that if all the

elastic moduli are lessened by the same factor during a

degradation process (decalcification, for example), then b̂3 /

b2 does not evolve at constant volume fraction of constituents.

The evaluation of the Biot coefficient b2 requires the

knowledge of mechanical properties for CH inclusions and C–

S–H matrix. Making use of the Maxwell approximation

method (see e.g. Ref. [16]) for estimating kX
h and kX appearing

in Eq. (29), b2 then takes the form:

b2 ¼ 1�
kCSH þ 4

3
lCSH /CHjCH � /p þ /AF

� �
jp

� �� �
1� /CHjCH � /pjp

� �� �
1� /CHjCH � /p þ /AF

� �
jp

� �� �
kCSH þ 4

3
lCSH /CHjCH � /pjp

� �� � ð31Þ

with jCH= (kCH�kCSH) / (kCH+4 / 3lCSH) and jp=3kCSH /

4lCSH. To illustrate the evolutions of b2 as given by the above

equation with the volume fraction of AF inclusions /AF in the

layer 2, several simulations for different values of CH and

porosity volume fractions are performed and gathered in Fig.

11. The following numerical values, drawn from Refs. [9,10],

are retained for the computations: kCH=38 GPa, kCSH=27

GPa, and lCSH=20 GPa. As expected, the numerical results

show that the impact of these latter two quantities is less
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Fig. 11. Evolutions of b2 as a function of /AF for different volume fraction
significant than that of /AF; in particular, the effect of /CH

appears to be weak, which is not surprising when considering

that its mechanical properties are relatively close to those of the

C–S–H matrix.

To conclude this section, the numerical results regarding the

evaluation of b3 as defined by Eq. (30) clearly show the strong

dependence on the volume fractions of the different constituents,

from the global volume fractions of the coatings forming the

composite spheres to the relative ones of the inclusions

distributed through them. Concerning this latter aspect, the

most influential parameters appear to be the volume fractions of

AF and porosity, the one of CH being of less importance due to

its mechanical properties being relatively close to those of C–

S–H matrix. These results also illustrate the significant impact

of the mechanical parameters on the Biot coefficient estimation.

6. Conclusion

This paper addresses the problem of estimating the

diffusive and some mechanical properties of cement pastes

by making use of both properties and volume fractions of
0.3 0.4

φAF

s of CH and porosity, as given by the Maxwell approximation method.
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their main hydrated constituents. The description of the

material microstructure relies on the adaptation of the multi-

coated sphere assemblage model, where the core is constitut-

ed of the anhydrous part of the initial cement grain (if it

exists) and the first and second layers represent inner and

outer C–S–H, respectively (this decomposition is enhanced

by dividing this outer layer into two sub-coatings for taking

into account the particular behavior of capillary porosity and

aluminate inclusions regarding the effective diffusion param-

eter and expansion phenomena due to sulfate attack,

respectively). The other major hydrated products, namely

CH and AF, together with the capillary porosity are

homogeneously distributed through the C–S–H layers as

spherical inclusions. Whereas the macroscopic diffusion

coefficient as well as effective Biot coefficient are exactly

determined for the composite sphere model, the knowledge of

these properties for the sphere constituents (except the core)

requires the application of appropriate approximation techni-

ques (the Maxwell and self-consistent methods are used in

this study) for taking into account the effects of the spherical

inclusions. The developed method is firstly applied to the

evaluation of the diffusion coefficient for cement pastes with

different water/cement ratios; comparison of the results with

available experimental data shows quite good agreement. It is

then applied to the estimation of the diffusion coefficient for

cement pastes subjected to leaching and carbonation, these

two degradation processes being described by using a

simplified chemical approach. Further dedicated experiments

would be necessary to validate these simulation results.

Finally, on the basis of the crystallization pressure concept,

the method is extended to the case of the sulfate attack, which

induces expansions via the growing of AF inclusions. The

method then gives a qualitative description of the major

phenomena experimentally observed and is also capable to

provide quantitative results when the chemical activities of

the reactants present in pore solution are known.

These results suppose that both volume fractions and

mechanical properties of the major constituents can be

precisely measured, which constitutes an experimental diffi-

culty. In the case of sulfate attack, a subsequent paper will

address the whole chemo-transfer-mechanical problem, where

the internal crystallization pressure generated by the growing

inclusions as defined in this paper will be coupled to a chemo-

transfer modeling, for the determination of the concentration in

pore solution of the main ionic species. Another aspect of

further developments resides in the extension of this approach

to the concrete case by inserting aggregate inclusions to the

cement paste matrix.
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