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Abstract

This paper attempts to critically review various approaches developed to model the effects of chemical reactions on the mechanisms of

ionic transport in porous media. A comprehensive overview of the various types of chemical reactions that can occur in reactive porous solids

is first presented. Methods to model each of these chemical reactions are then described and analyzed. The ability of each of the proposed

algorithms to predict the behavior of hydrated cement systems is discussed. The implementation of these algorithms in an ionic transport

numerical model is also discussed. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Concrete is a porous material made of a rigid solid

skeleton and a liquid (or aqueous) phase. The solid is a

composite mixture of ill-crystallized hydrated calcium sili-

cates and other more crystalline phases. The liquid phase is

a highly charged ionic solution containing mainly OH ÿ ,

K + , Na + , SO4
2ÿ and Ca2 + ions. Once the initial stages of

hydration are completed, the liquid phase can be considered

to be in a metastable state of thermodynamic equilibrium

with the various solid phases.

During the service-life of the concrete structure, the

chemical composition of the material pore fluid can be

modified by the penetration of external ions and/or the

leaching of ions already present in the pore solution. These

ionic species can be transported by simple ionic diffusion or

by a coupled process of capillary suction and diffusion. The

modification of the pore solution chemical composition

readily perturbs the local thermodynamic equilibrium of

the system. A series of dissolution/precipitation reactions

can occur to restore the equilibrium state.

An example reaction is the dissolution of calcium hydro-

xide, Ca(OH)2. The reaction is initiated when the hydrated

cement paste pore solution, initially at a pH of about 13.5, is

in contact with an external solution at a lower pH. Hydroxyl

ions in the material pore solution will tend to be leached out

of the system under the electrochemical potential gradient.

In order to restore the local equilibrium, calcium hydroxide

will dissolve, thus releasing OH ÿ and Ca2 + ions in solu-

tion. Numerous concrete structures are exposed to this

simple form of chemical degradation.

Concrete structures, such as bridges, harbors and off-

shore platforms, exposed to chloride solutions are also

likely to suffer from another form of degradation. As a

result of the concentration gradient between the hydrated

cement paste pore solution and the external solution,

chloride ions will penetrate into the material pore struc-

ture. The presence of chloride readily disturbs the equili-

brium conditions between the pore solution and the paste.

As a result, and under certain conditions, new solid

phases, e.g. Friedel's salt, will precipitate to maintain

equilibrium. Similar reactions can occur in hydrated

cement systems exposed to sulfate and magnesium solu-

tions. For instance, ettringite and gypsum are phases that

can precipitate in hydrated cement systems exposed to

sulfate solutions.
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The proper modeling of these different chemical reac-

tions is a problem of paramount importance for civil

engineers and concrete technologists [1]. An adequate ionic

and fluid transport model could predict the degradation of

concrete structures with time. This would help engineers to

properly design new structures and also allow good plan-

ning of maintenance programs. This aspect is particularly

important since contractors are increasingly required to

guarantee the durability of their structures for periods often

as long as 90 years.

This paper attempts to critically review various appro-

aches developed to model chemical reactions in porous

media. The ability of each of the proposed algorithms to

predict the behavior of hydrated cement systems is discussed.

2. Types of chemical reactions

In a comprehensive review on the modeling of chemical

reactions in porous media, Rubin [2] distinguishes two main

categories: sufficiently fast and reversible, and insufficiently

fast and/or irreversible. If the rate of reaction is large with

respect to the ionic and fluid transport processes, then it

belongs to the sufficiently fast category [2]. In this particular

case, the assumption is made that the local chemical

equilibrium is preserved throughout the porous system.

Only this first kind of chemical reaction will be considered

in the following paragraphs. As emphasized by Barbarulo et

al. [3], in most practical cases involving the diffusion of ions

in fluid saturated systems, the local chemical equilibrium

assumption is usually valid.

All reactions falling under the sufficiently fast category

are modeled through chemical equilibrium equations [2],

which are algebraic, as opposed to the partial differential

equations used in transport models. Since the equilibrium is,

in most cases, expressed through chemical activity, alge-

braic relations giving the chemical activity coefficients must

also be considered while modeling the chemical reactions.

The resolution of a transport problem involving chemical

reactions is thus called a mixed problem, because it involves

algebraic and partial differential equations.

According to Rubin [2], the chemical reactions are then

divided into two subcategories: homogeneous and hetero-

geneous. The homogeneous reactions are those involving a

single phase. This subcategory includes all the complexation

reactions, i.e. the formation of products occurring in the

aqueous phase. For example, the reaction [Eq. (1)]:

Ca2�
�aq� � OHÿaq]CaOH��aq� �1�

is a homogeneous reaction since it only occurs in the

aqueous phase.

As opposed to those falling in the previous category, the

heterogeneous reactions involve at least two phases [2].

Rubin [2] distinguishes two types of heterogeneous reac-

tions: surface and classical ones. Surface reactions are either

adsorption, in which ions are attracted to the surface of the

pore network under the influence of electrostatic forces [4],

or ion exchange, in which two or more ionic species are

exchanged between the surface of the solid and the aqueous

phase [2]. The classical reactions are precipitation, dissolu-

tion, oxidation and reduction. The dissolution of calcium

hydroxide, described in the introduction, belongs to this

category since it involves the aqueous and the solid phase:

Ca2�
�aq� � 2OHÿ�aq�]Ca�OH�2�s� �2�

3. Coupling chemical reactions to ionic transport in a

saturated porous medium

In the following sections, each of the previous subcate-

gories of chemical reactions will be treated in greater detail

from the point of view of their implementation in an ionic

transport model. In all the forthcoming examples, we will

assume that the porous medium is kept in isothermal and

fluid saturated conditions. For simplicity, we will assume

that the ionic diffusion process can be described by Fick's

law, which can be written in one dimension as:

@ci

@t
ÿ Di

@2ci

@x2
� 0 �3�

where ci is the concentration of the species i and Di is the

diffusion coefficient. This approximation is made to enable

the reader to focus on the modeling of the chemical

reactions. However, it is emphasized that Fick's law cannot

accurately describe the ionic diffusion process in hydrated

cement systems [5].

4. Treatment of homogeneous chemical reactions

The treatment of homogeneous chemical reactions is

reviewed first. Consider the aqueous phase of a porous net-

work in which the ions Ca2 + , OH ÿ , Na + and Cl ÿ undergo,

for example, the following reactions [Eqs. (4) and (5)]:

Ca2�
�aq� � OHÿ�aq�]CaOH��aq� �4�

Ca2�
�aq� � Clÿ�aq�]CaCl��aq� �5�

Let us define c1 as the concentration of Ca2 + , c2 as the

concentration of OH ÿ , c3 as the concentration of Cl ÿ and

c4 as the concentration of Na + . Following that, the

complexes are expressed as c12 for CaOH + and c13 as

CaCl + . The equilibrium relations for each of these chemical

reactions are given by [2]:

K1 � g1c1g2c2

g12c12

�6�

K2 � g1c1g3c3

g13c13

�7�

where the gi's are the chemical activity coefficients. These

coefficients can be calculated with various models, e.g.
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Debye±HuÈckel or Davies, depending on the ionic strength

of the pore solution [6]. For the specific case of cement-

based materials, which contain a highly charged pore

solution, the previous models are inadequate. The following

expression, a modification of Davies' relationship, was

found to yield good results [7]:

lngi � ÿ
Az2

i

��
I
p

1� aiB
��
I
p � �0:2ÿ 4:17� 10ÿ5I�Az2

i I����������
1000
p �8�

where I is the ionic strength of the solution (Eq. (9)):

I � 0:5
XN

i�1

z2
i ci �9�

zi being the valence number of a given ionic species and N is

the total number of ionic species in the aqueous solution. In

Eq. (8), A and B are temperature-dependent parameters,

given by [Eqs. (10) and (11)]:

A �
���
2
p

F2eo

8p�eRT�3=2
�10�

B �
���������
2F2

eRT

r
�11�

where F is the Faraday constant, eo is the electrical charge of

one electron, e = ereo is the permittivity of the medium,

given by the dielectric constant times the permittivity of the

vacuum, R is the ideal gas constant and T is the temperature.

Finally, the parameter ai in Eq. (8), often compared to an

ionic radius, is specific to the ionic species. Its value (in

meters, m) is 3� 10ÿ 10 for OH ÿ , 3� 10ÿ 10 for Na + ,

2� 10ÿ 10 for Cl ÿ and 1�10ÿ 13 for Ca2 + [7].

Following this set of algebraic equations for the chemical

equilibrium, mass conservation equations have to be con-

sidered for the transport of each ionic species. As previously

stated, we will assume that the ionic diffusion process can

be described by Fick's law [Eq. (3)]:

@c1

@t
� D1

@2c1

@x2
�12�

@c2

@t
� D2

@2c2

@x2
�13�

@c3

@t
� D3

@2c3

@x2
�14�

@c4

@t
� D4

@2c4

@x2
�15�

@c12

@t
� D12

@2c12

@x2
�16�

@c13

@t
� D13

@2c13

@x2
�17�

The complete system of equations therefore consists of

the two chemical equilibrium equations [Eqs. (6) and (7)],

five chemical activity relations corresponding to Eq. (8)

(one for each species except for Na + , which does not

appear in the chemical equilibrium equations), and the six

transport equations [Eqs. (12)±(17)], a total of 13 equations.

There are 11 unknowns, the six concentrations and five

chemical activity coefficients (again, one for each species

except Na + ).

To have a closed system, i.e. a system in which there is

the same number of unknowns as there are equations, it is

possible to reduce the number of equations by applying the

mass conservation principle over the total mass of a given

component, even if it appears in different species. It means,

for example, to consider calcium in Ca2 + , CaOH + and

CaCl + [2]. This leads to the following set of mass con-

servation equations:

@c1

@t
� @c12

@t
� @c13

@t
� D1

@2c1

@x2
� D12

@2c12

@x2
� D13

@2c13

@x2

�18�
@c2

@t
� @c12

@t
� D2

@2c2

@x2
� D12

@2c12

@x2
�19�

@c3

@t
� @c13

@t
� D3

@2c3

@x2
� D13

@2c13

@x2
�20�

@c4

@t
� D4

@2c4

@x2
�21�

These four transport equations, combined with the two

chemical equilibrium relations and the five chemical activity

relationships, form a set of 11 equations, matching the

number of unknowns.

Two different techniques are used to solve this system of

equations. In the first one, the algebraic and partial differ-

ential equations are solved altogether [8±10]. This techni-

que is called the coupled method. The discretization of this

system of equations with either the finite difference or the

finite element technique will lead to very large systems of

equations because of the large number of unknowns at each

nodal point.

In the second technique, the partial differential equations

and the algebraic ones are uncoupled [8,11]. This is per-

formed first by introducing a new set of variables [2,8]:

u � c1 � c12 � c13 �22�
v � c2 � c12 �23�
w � c3 � c13 �24�
Since the operators @(.)/@t and @2(.)/@x2 are linear, and

assuming a constant diffusion coefficient D for all the

species, it is possible to substitute Eqs. (22)±(24) in Eqs.

(18)±(20) to yield the following equations [Eqs. (25)±(27)]:

@u

@t
� D

@2u

@x2
�25�
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@v

@t
� D

@2v

@x2
�26�

@w

@t
� D

@2w

@x2
�27�

Combined with Eq. (21), this constitutes a set of independent

equations, which can be solved separately [2]. Once u, v and

w are known at a given time t and for any position x, a

system of 10 algebraic nonlinear equations, i.e. Eqs. (6) and

(7), five equations [Eq. (8)] for chemical activity coefficients

and Eqs. (22)±(24), is solved at given locations. These

locations could be nodal points if a numerical method like

finite differences or finite elements is used.

The strong argument in favor of this second technique is

a reduction of the size of the system of equations to solve, a

reduction which is more dramatic as the size of the problem

considered is increased. However, it suffers from two

important drawbacks. The operators controlling the trans-

port of the ions have to be linear. It thus prevents the use of

a more sophisticated model, like the extended Nernst±

Planck equation [12], which takes into account the electrical

coupling between each ion and the chemical activity effects.

Furthermore, the assumption that all species must have the

same diffusion coefficient may not always be valid.

5. Treatment of surface chemical reactions

The second class of chemical reactions reviewed con-

cerns heterogeneous reactions involving surface phenom-

ena. This means that ions are exchanged between the

solution and the surface of the solid phase. Consider a solid

phase X(s) on which a given number of sites are available for

cations. Taking the same ions in aqueous phase as in the

homogeneous example, OH ÿ , Ca2 + , Na + and Cl ÿ , this

means that Ca2 + and Na + will compete for the available

sites. The exchange between Na + , Ca2 + and the solid phase

can be written as [2] [Eq. (28)]:

2Na��aq� � CaX�s�]Ca2�
�aq� � 2NaX�s� �28�

where the subscript (s) stands for the solid phase. For that

kind of chemical reaction, the equilibrium constant is given

by [2,13]:

K � c
�s�
4

c4

 !
c1

c
�s�
1

 !2

�29�

The other algebraic equation required to describe the

chemical reaction is given by the definition of the ion-

exchange capacity cT
(s) [13,14], which gives the total amount

of sites available on the solid for exchanges with the

aqueous phase [Eq. (30)]:

c
�s�
T �

Xn

i�1

c
�s�
i �30�

where n is the number of exchanging ions. The ion-

exchange capacity is assumed to be a constant fixed value

[14]. For the particular example corresponding to Eq. (29),

the ion-exchange capacity is given by:

c
�s�
T � c

�s�
1 � c

�s�
4 �31�

To this set of algebraic equations, the transport equations

must be added. Since ions 2 and 3 (OH ÿ and Cl ÿ ) do not

participate in the ion exchange described here, Eqs. (13) and

(14) can be solved independently to find concentrations c2

and c3. For Na + and Ca2 + , a term is added in the transport

equation to account for the exchange between the aqueous

and the solid phase [15]:

�1ÿ f� @c
�s�
1

@t
� f

@c1

@t
� fD1

@2c1

@x2
�32�

�1ÿ f� @c
�s�
4

@t
� f

@c4

@t
� fD4

@2c4

@x2
�33�

where f is the porosity of the material, assumed constant.

The combination of the two transport equations [Eqs.

(32) and (33)] with the algebraic equations [Eqs. (29) and

(31)] give a system of four equations and four unknowns.

But it is possible to reduce that number to two equations and

two unknowns [13,14] by first combining the two algebraic

equations, which will give a relation of the form:

c
�s�
i � f �c1; c2; . . . ; cn� for i � 1; 2; . . . ; n �34�

This expression is called an exchange (or interaction)

isotherm. It can be substituted in the proper transport

equation by applying the chain rule to the time derivative of

the solid concentration [Eq. (35)]:

@c
�s�
i

@t
� @c

�s�
i

@c1

@c1

@t
� @c

�s�
i

@c2

@c2

@t
� . . .� @c

�s�
i

@cn

@cn

@t
for i

� 1; 2; . . . ; n

�35�

This technique, applied to the example described by Eqs.

(29) and (31) leads to:

c
�s�
1 � ÿ

c2
1

2Kc4

� 1

2

�����������������������������
c4

1

K2c2
4

� 4c
�s�
T c2

1

Kc4

s
�36�

Depending on the values of the parameters in this relation-

ship, only one root will have a physical meaning [13]. Eq.

(36) can be substituted into Eq. (32) through the chain

rule. By finding a similar expression for c4
(s), the initial

system of four equations is reduced to two equations and

two unknowns.

Before concluding this discussion on heterogeneous sur-

face reactions, it is worth mentioning a special case. In some

specific cases, the sum of the concentrations of the various

ions in the aqueous phase involved in the ion-exchange
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process is a constant. For the case of two monovalent ions

involved in such a situation, the following expression can be

written [Eq. (37)]:

cT � c1 � c2 �37�
where cT has a known constant value. For this case, the

equilibrium constant and the ion-exchange capacity would

be [Eqs. (38) and (39)]:

K � c
�s�
1

c1

c2

c
�s�
2

�38�

c
�s�
T � c

�s�
1 � c

�s�
2 �39�

The combination of these three expressions gives the

following relationship:

c
�s�
1 �

Ac1

1� Bc1

with A � Kc
�s�
T

cT

and B � K ÿ 1

cT

�40�

One can recognize in this expression the familiar single-

component Langmuir isotherm [13,15]. It is sometimes used

to model the chemical reactions involving chloride ions in

cement-based materials [16].

It should be emphasized that the previous approach is

based on the assumption that the exchange capacity of the

surface remains constant. Although it might be verified in

certain instances, this hypothesis is unrealistic in most

practical cases that involve the transport of OHÿ ions

through the material pore structure. The reduction in the

pH of the pore solution is known to have a strong influence

on the composition and structure of the C-S-H gel [17].

Evidence of interactions between ions and C-S-H gel

reported in the literature suggest the ion-solid sorption

binding coefficient depends on both the Ca:Si ratio within

the C-S-H and the composition of the pore solution [18±20].

Numerous more sophisticated approaches (such surface

protonation models) have been developed to describe sur-

face exchange mechanisms [21,22]. The main problem with

these models is that the interaction mechanisms are

described at the very local scale. These equations are usually

difficult to homogenize over the scale of the porous solid.

6. Treatment of dissolution/precipitation reactions

The last category concerns the heterogeneous chemical

reactions involving precipitation, dissolution, oxidation or

reduction processes. In this paper, only dissolution and

precipitation are considered. Such a reaction was already

described by Eq. (2). The algebraic chemical equilibrium

equation used to model these reactions is similar to those of

the homogeneous or heterogeneous surface reactions, Eqs.

(6), (7) and (29). For the chemical reaction [Eq. (2)], the

relationship is [8,23]:

K � g1c1g2
2c2

2 �41�

But the similarity with the other chemical equilibrium

relationships hides huge differences. For Eqs. (6), (7) and

(29), the relationship between the various components of the

chemical reactions always applies. Furthermore, all compo-

nents involved in the chemical reaction are considered in the

equilibrium relationship. For the heterogeneous dissolution/

precipitation process, the solid phase concentration does not

appear in Eq. (41). Furthermore, when there is no solid, the

product of the activity [Eq. (41)] can be lower than K. So it

is more precise to express it as an inequality [23] [Eq. (42)]:

g1c1g2
2c2

2

� K if the precipitate is present

< K if there is no precipitate

8<: �42�

This inequality allows the precipitate concentration to be

discontinuous in the material [8]. Suppose the usual ions

(Ca2 + , OH ÿ , Na + and Cl ÿ ) are initially in equilibrium

with a material containing the solid Ca(OH)2 and are

allowed to leach out of the porous network. Initially, the

concentration of Ca2 + and OHÿ obeys the relationship

[Eq. (41)] since the solid phase is present. At the surface of

the material, the product g1c1g2
2c2

2 will eventually be lower

than its initial value. The solid will thus dissolve, putting

back Ca2 + and OH ÿ ions in solution to reach equilibrium

again, until there is no more solid at this location.

Subsequently, the same process will occur right next to

the previous location. The solid concentration will thus

behave like a moving boundary [2], in this case moving in

the direction opposite to the leaching of the ions.

The mass conservation equations will be affected by the

discontinuous behavior of this type of chemical reaction.

Ions Cl ÿ and Na + , associated with concentrations c3 and

c4, are not affected by the reaction. Hence, their transport

can be modeled with Eqs. (14) and (15) at any location in

the material. For ions Ca2 + and OH ÿ , the situation is

different. In the zone where the precipitate concentration is

zero, the transport of these species obeys Eqs. (12) and (13).

Elsewhere, precipitate is present and Ca2 + follows Eq. (32).

For OH ÿ , the equation is similar:

�1ÿ f� @c
�s�
2

@t
� f

@c2

@t
� fD2

@2c2

@x2
�43�

Three techniques have been developed to solve this type

of problem. The first, fully described in Refs. [24,25],

separates the porous material into k zones of constant

mineralogical properties and solves the transport equations

in each zone with the proper conservation equations at the

moving boundary interfaces. The mathematics of this tech-

nique is described in the following paragraphs.

First, let us define the function z as [Eq. (44)]:

zk�x; t� �
1 if x is in zone k

0 elsewhere

8<: �44�
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For unidimensional cases, k also designates one of the

interfaces adjacent to a given zone. Next, the variables

appearing in the transport equations, namely the concentra-

tions in both the aqueous and the solid phase, are expressed

as functions of z [Eq. (45)]:

ci �
XN�

k�1

ck
i zk �45�

where N� is the total number of zones. The derivative of z
introduces jumps or discontinuities in the transport

equations. For the concentrations, which have to be

continuous at the interfaces, these jumps are set to zero,

which yields for example [Eq. (46)]:

@ci

@t
�
XN�

k�1

@ck
i

@t
zk �46�

But certain quantities, like fluxes, are allowed to show some

discontinuity at the interfaces. For example, the space

derivative of a flux is given by [Eq. (47)]:

@ji

@x
�
XN�

k�1

@jki
@x

zk �
XN��ÿ1

k�1

�ji�kd�xÿ xk� �47�

where [. . .]k represents the jump of the function in the

square brackets across a given interface, xk is the position of

the interface and d(xÿ xk) is the Dirac delta function,

defined as [Eq. (48)]:

d�xÿ xk� �
1 if x � xk

0 if x 6� xk

8<: �48�

The transformations applied to the transport equations in

order to consider the dissolution or the precipitation

reactions at various interfaces introduce a new variable:

the position xk of these interfaces.

To take into account this new variable, another equation

has to be introduced in the system. It is obtained by

performing mass conservation across a given interface.

The resulting relationship is called the generalized Ran-

kine±Hugoniot equation [24] [Eq. (49)]:

f� ji�k � �cis�k
dxk

dt
�49�

presented here for a case where the porosity f is considered

constant.

The complete system of equations is thus made up from

the proper transport equations within each zone of constant

mineralogical properties, to which are added the Rankine±

Hugoniot equations at the various interfaces.

Although mathematically sound, this technique creates

complications from a numerical point of view. Not only

does it add a new variable and the corresponding equation to

the transport model, but the division of the material into

zones of constant chemical properties requires the storage of

a large amount of information since the Rankine±Hugoniot

equation must be solved at each interface. The transport

equations are also different depending on the zone in which

they are applied. This requires a very complex algorithm.

The second technique used to solve dissolution/precipi-

tation problems combines the algebraic equations for che-

mical equilibrium with the partial differential transport

equations to form a global system of equations [23], in a

manner similar to that for the first technique involving

homogeneous reactions. In such a system, there are two

equations for transport [Eqs. (32) and (43)], the chemical

equilibrium equation [Eq. (41)] and two equations similar to

Eq. (8) for the chemical activity coefficients, a total of five

equations. Correspondingly, there are six unknowns: two

concentrations in aqueous phase c1 and c2, two concentra-

tions in solid phase, c1
(s) and c2

(s), and the two chemical

activity coefficients g1 and g2. One unknown is eliminated

by knowing that in the solid Ca(OH)2, c2
(s) = 2c1

(s), closing

the system. Finally, the chemical equilibrium relationship is

presumed not to be in effect initially, and it is checked at

each node every iteration and is either `̀ turned-on'' or

`̀ turned-off'' appropriately [23].

The last technique consists in uncoupling the transport

and the chemical reactions [26]. In the first step of calcula-

tion, the concentration profiles of the various species are

calculated with a transport model, such as the Fick or the

extended Nernst±Planck models. The calculation is per-

formed without taking into account chemical reactions, i.e.

the term (1ÿf) (@c(s))/(@t), is not considered. After that

step, the concentrations at a given node are checked to see if

they violate the chemical equilibrium relationships of the

various chemical reactions considered. If this is the case,

they are brought back to equilibrium with a separate

chemical code. If dissolution or precipitation occurs, the

solid phases are modified appropriately. This procedure is

repeated for every nodal point. After that operation, the

modified concentration profiles serve as a starting point for

the calculation of the next time step.

This algorithm is interesting because it allows for the use

of very complex chemical equilibrium codes. The main

problem of this model is that in order for the dissolution

or the precipitation of the solid phases to show moving

fronts, the time steps used in the calculation must be short. If

they are too large, the reactions will occur on a wide area,

and not on thin fronts.

7. Discussion and concluding remarks

This completes the review on the modeling of the three

main types of chemical reactions that can occur in a

porous material under the local equilibrium assumption.

Even though they were presented separately, they occur

simultaneously in most real life situations. Most of the

models found in the literature consider complexation and

adsorption, but overlook the dissolution/precipitation reac-

tions [9±11,27,28].

E. Samson et al. / Cement and Concrete Research 30 (2000) 1895±19021900



This is easily understandable since the latter reactions are

much more complicated to model, because of the discontin-

uous aspect of the chemical equilibrium equation. Never-

theless, some models consider the three types of reactions,

as those in references [23,26,29]. But in these three cases,

only one solid phase is taken into account. Finally, it is

worth mentioning that all the models previously discussed

were developed by geochemists and hydrogeologists.

Very little research has been specifically focused on the

treatment of chemical reactions in hydrated cement systems.

This is most unfortunate since these materials are quite

different from other porous solids. For instance, cement-

based materials are characterized by the relatively high ionic

strength of their pore solution [30]. This has an important

influence on the transport, since the contact with the

external environment will often induce very strong concen-

tration gradients. Ions like OH ÿ and Ca2 + , which have

very different diffusion coefficients, 5.273� 10 ÿ 9 and

0.792� 10ÿ 9 m2/s in free water, respectively, are very

likely to experience an internal electrical potential that will

arise to maintain electroneutrality by slowing the fast ions

and accelerating the slow ones [31]. Hence, the simple

Fick's law is no longer appropriate and more complex

models, like the Nernst±Planck or extended Nernst±Planck

equations [32,33] should be used.

Cement-based materials are also characterized by the

high reactivity of the hydrated cement paste. Aside from

the dissolution of portlandite, which has already been

described, other chemical reactions will occur, for example,

the decalcifiation of the C-S-H, the formation of ettringite

under external sulfate attack or the formation of Friedel's

salt upon chloride penetration in the porous network. Over

the past decades, numerous reports have clearly emphasized

the significant influence of these dissolution/precipitation

reactions on the durability of hydrated cement systems.

Although complexation and ion adsorption phenomena

can occur in a cement paste, they are likely to have a lesser

influence on the ionic transport and on the degree of

degradation of cement-based materials.

Over the past decade, researchers in the field of ionic

transport have relied on simple models to treat chemical

reactions in cement systems. Chemical reactions are usually

modeled using chemical interaction isotherms. This techni-

que is essentially an adaptation of the mathematical

approach used to treat heterogeneous surface reactions

[see Eq. (34)].

Recently, the isotherm technique has been mainly used to

model the chemical reactions on-going during the penetra-

tion of chloride in concrete. The experimental procedure,

described in Ref. [34], shows that all types of reaction, i.e.

dissolution/precipitation, complexation and adsorption, are

described by one isotherm. The latter is then used in a

single-ion transport model to yield chloride profiles in the

material. For instance, Masi et al. [16] modeled the chloride

interaction with a Langmuir isotherm [see Eq. (40)],

whereas Saetta et al. [35] modeled the same reaction with

the linear isotherm c(s) = Ac. The main interest in this

method lies in its simplicity. However, it is also its main

drawback, since it is nearly impossible to correctly model

complicated reactions involving multiple ionic species while

considering only one ion. This is supported by the fact that,

in the two papers mentioned previously, the same chemical

reaction is modeled differently.

One attempt has been made by Adenot [36] to model

dissolution/precipitation reactions in cement-based materials

using a technique developed by Lichtner et al. [24,25],

where the material is divided into zones of constant miner-

alogical properties. While it is an important improvement

over the isotherm method, the heavy mathematics of this

approach usually requires a simplification of the transport

model. In his work, Adenot used Fick's law as the transport

model, with all ions having the same diffusion coefficient.

Furthermore, the equations are solved over a 1-D semi-

infinite domain.

References

[1] J.R. Clifton, Predicting the remaining service life of concrete, Report

NISTIR 4712, National Institute of Standard and Technology, 1991.

[2] J. Rubin, Transport of reacting solutes in porous media: Relation

between mathematical nature of problem formulation and chemical

nature of reactions, Water Resour. Res. 19 (5) (1983) 1231± 1252.

[3] R. Barbarulo, J. Marchand, K.A. Snyder, S. PreneÂ, Dimensional ana-

lysis of ionic transport problems in hydrated cement systems: Part 1.

Theoretical considerations, Cem. Concr. Res. 30 (2000) 1955± 1960.

[4] J.O'M. Bockris, B.E. Conway, E. Yeager, Comprehensive treatise of

electrochemistry, The Double Layer vol. 1, Plenum, USA, 1980.

[5] L. Tang, Concentration dependence of diffusion and migration of

chloride ions: Parts 1 and 2, Cem. Concr. Res. 29 (9) (1999)

1463± 1474.

[6] J.O'M. Bockris, A.K.N. Reddy, Modern Electrochemistry Ð An In-

troduction to an Interdisciplinary Area, Plenum, USA, 1970.

[7] E. Samson, G. Lemaire, J. Marchand, J.J. Beaudoin, Modeling che-

mical activity effects in strong ionic solutions, Comput. Mater. Sci. 15

(1999) 285± 294.

[8] D.J. Kirkner, H. Reeves, Multicomponent mass transport with homo-

geneous and heterogeneous chemical reactions: Effect of the chemis-

try on the choice of numerical algorithm Ð 1. Theory, Water Resour.

Res. 24 (10) (1988) 1719± 1729.

[9] C.W. Miller, L.V. Benson, Simulation of solute transport in a chemi-

cally reactive heterogeneous system: Model development and applica-

tion, Water Resour. Res. 19 (2) (1983) 381± 391.

[10] A.A. Jennings, D.J. Kirkner, T.L. Theis, Multicomponent equilibrium

chemistry in groundwater quality models, Water Resour. Res. 18 (4)

(1982) 1089± 1096.

[11] G.A. Cederberg, R.L. Street, J.O. Leckie, A groundwater mass trans-

port and equilibrium chemistry model for multicomponent systems,

Water Resour. Res. 21 (8) (1985) 1095±1104.

[12] E. Samson, J. Marchand, Numerical solution for the extended

Nernst± Planck model, J. Coll. Int. Sci. 215 (1999) 1± 8.

[13] A.J. Valocchi, R.L. Street, P.V. Roberts, Transport of ion-exchanging

solutes in groundwater: Chromatographic theory and field simulation,

Water Resour. Res. 17 (5) (1981) 1517± 1527.

[14] J. Rubin, R.V. James, Dispersion-affected transport of reacting solutes

in saturated porous media: Galerkin method applied to equilibrium-

controlled exchange in unidirectional steady water flow, Water Re-

sour. Res. 9 (5) (1973) 1332± 1356.

E. Samson et al. / Cement and Concrete Research 30 (2000) 1895±1902 1901



[15] J. Bear, Y. Bachmat, Introduction to Modeling of Transport Phenom-

ena in Porous Media, Kluwer Academic Publishing, Netherlands,

1991.

[16] M. Masi, D. Colella, G. Radaelli, L. Bertolini, Simulation of chloride

penetration in cement-based materials, Cem. Concr. Res. 27 (10)

(1997) 1591±1601.

[17] P. Faucon, Durability of concrete: Physico-chemistry of the degrada-

tion induced by pure water, PhD Thesis, Cergy-Pontoise University,

France, 1997 (in French).

[18] H. Viallis, P. Faucon, J.C. Petit, A. Nonat, Interaction between salts

(NaCl, CsCl) and calcium silicate hydrates (C-S-H), J. Phys. Chem.

103 (1999) 5212±5219.

[19] S.Y. Hong, F.P. Glasser, Cem. Concr. Res 29 (12) (1999) 1893± 1904.

[20] K. Byfors, Chloride binding in cement paste, Nord. Concr. Res. 5

(1986) 27± 38.

[21] G. Sposito, The Surface Chemistry of Soils, Oxford Univ. Press, New

York, USA, 1984.

[22] J.O'M. Bockris, The Comprehensive Treatise of Electrochemistry,

Plenum, New York, USA, 1980.

[23] D.J. Kirkner, H.W. Reeves, A.A. Jennings, Finite element analysis of

multicomponent contaminant transport including precipitation± disso-

lution reactions, in: J.L. Laible, et al. (Eds.), Finite Elements in Water

Resources, Springer-Verlag, USA, 1984, pp. 309± 318.

[24] P.C. Lichtner, Continuum model for simultaneous chemical reactions

and mass transport in hydrothermal systems, Geochim. Cosmochim.

Acta 49 (1985) 779± 800.

[25] P.C. Lichtner, E.H. Oelkers, H.C. Helgeson, Interdiffusion with multi-

ple precipitation/dissolution reactions Ð Transcient model and the

steady-state limit, Geochim. Cosmochim. Acta 50 (1986) 1951± 1966.

[26] D.B. Grove, W.W. Wood, Prediction and field verification of subsur-

face-water quality during artificial recharge, Lubbock, Texas, Ground-

water 17 (3) (1979) 250± 257.

[27] D.J. Kirkner, T.L. Theis, A.A. Jennings, Multicomponent solute trans-

port with sorption and soluble complexation, Adv. Water Resour. 7

(1984) 120± 125.

[28] H.D. Schulz, E.J. Reardon, A combined mixing cell/analytical model

to describe two-dimensional reactive solute transport for unidirec-

tional groundwater flow, Water Resour. Res. 19 (2) (1983) 493±502.

[29] R. FoÈrster, A multicomponent transport model, Geoderma 38 (1986)

261± 278.

[30] E.J. Reardon, Problems and approaches to the prediction of the che-

mical composition in cement/water systems, Waste Manage. 12 (1992)

201± 219.

[31] F. Helfferich, Ion Exchange, McGraw-Hill, New York, USA, 1961.

[32] E. Samson, J. Marchand, J.J. Beaudoin, Describing ion diffusion me-

chanisms in cement-based materials using the homogeneization tech-

nique, Cem. Concr. Res. 29 (1999) 1341±1345.

[33] E. Samson, J. Marchand, J.L. Robert, J.P. Bournazel, Modeling the

mechanisms of ion diffusion in porous media, Int. J. Numer. Methods

Eng. 46 (1999) 2043±2060.

[34] L. Tang, L.O. Nilsson, Chloride binding capacity and binding iso-

therms of OPC pastes and mortars, Cem. Concr. Res. 23 (1993)

247±253.

[35] A. Saetta, R. Scotta, R. Vitaliani, Analysis of chloride diffusion into

partially saturated concrete, ACI Mater. J. 90 (5) (1993) 441± 451.

[36] F. Adenot, Concrete durability: Modeling the chemical and physical

damage processes, PhD Thesis, UniversiteÂ d'OrleÂans, France, 1992

(in French).

E. Samson et al. / Cement and Concrete Research 30 (2000) 1895±19021902


