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a b s t r a c t

Reactive transport modeling is applicable for a range of porous materials. Here the modeling framework
is focused on cement-based materials, where ion diffusion and migration are described by the Poisson–
Nernst–Planck equation system. A two phase vapor/liquid flow model, with a sorption hysteresis descrip-
tion is coupled to the system. The mass transport is solved by using the finite element method where the
chemical equilibrium is solved explicitly by an operator splitting method. The IPHREEQC library is used as
chemical equilibrium solver. The equation system, solved by IPHREEQC, is explained for aqueous, pure phase
and solid solution reactions. Numerical examples, with cement-based materials, are constructed to dem-
onstrate transient phase change modeling. A simulation of pure multi-species leaching from the material,
showing deterioration of the solid phases is described and calculated. A second simulation, showing
multi-species ingress with formation of new solid phases in the domain is described and calculated. It
is shown that the numerical solution method is capable of solving the reactive mass transport system
for the examples considered.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chemical phase changes as a consequence of a reactive mass
transport process in porous media are well known phenomena.
For example, cement-based materials show phase changes when
exposed to aggressive environments, both from liquid solutions
and gases. The alterations of cement-based materials are strongly
related to durability and service life. The phase changes in most
cement-based materials are often very slow processes due to the
complex matrix of the porous network. Modeling frameworks for
describing phase changes over a long period of time are useful in
the sense of evaluating the long term durability of the material
and as indicator for service life estimation.

Reactive mass transport modeling of cement-based materials is
in many cases focused on single ionic species transport, especially
chloride ingress due to its influence on reinforcement corrosion.
Single ionic ingress modeling is often related to a modified diffu-
sion coefficient. Time-depended diffusion coefficients are used in
different engineering models see e.g. Thomas and Bamforth [1],
Tang and Gulikers [2]. This approach compensates for all chemical
and physical changes over time in a single parameter. Other
suggested diffusion coefficient dependencies are, e.g., a function

of diffusion depth Yuan et al. [3], a function of concentration Bigas
[4], Tang [5], Francy and François [6].

Over the last decade multi-species transport modeling has
gained acceptance, where a constant species dependent intrinsic
diffusion coefficient is considered in these types of models and
the transient change of the diffusion properties is a consequence
of the ionic composition development. Transport models of this
type are found in, e.g., Nguyen et al. [7], Truc et al. [8]. Multi-
species transport modeling within porous media is often described
by the Nernst–Planck equation or the Poisson–Nernst–Planck
(PNP) system of equations, see e.g. Samson et al. [9], Johannesson
[10], and Johannesson [11]. The multi-species transport
approaches enable establishment of extended reactive transport
modeling, where each ionic species is considered in chemical reac-
tions, both in aqueous reactions and solid/liquid reactions. It has
been concluded that the flexibility of the multi-species approach
is a great advantage in long term simulations of cement-based
materials see e.g. Marchand and Samson [12], Baroghel-Bouny
et al. [13] even though the models are often associated with a
range of input parameters, which can be difficult to measure
separately.

A coupled reactive mass transport model within cement-based
materials was proposed by Hosokawa et al. [14] based on an
extended version of the Poisson–Nernst–Planck equation system
coupled to a chemical model. In their work a surface complexation
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model of the C–S–H phase was utilized, see Nonat and Lecoq [15],
Hosokawa et al. [16]. The chemical equilibrium system of
equations was solved by the PHREEQC code in which it is possible
to estimate the electrical double layer composition on the C–S–H
surface and thereby include binding of ionic species from the pore
solution. Another model was proposed by Samson and Marchand
[17], based on a Poisson–Nernst–Planck type of equation, coupled
with a liquid diffusion equation in order to model non-saturated
systems. A chemical model having a limited number of ions and
solids was solved together with the mass transport system. Both
models were solved under the assumption of instantaneous local
equilibrium, which enables an operator splitting method (also
known as staggered method).

The framework presented in this paper is mainly based on the
work by Johannesson [10], Hosokawa et al. [14]. The model from
these papers is extended with a two phase vapor/liquid model
described in Johannesson and Nyman [18]. The mass transport
model is coupled to the chemical equilibrium code IPHREEQC (see
Parkhurst et al. [19], Charlton and Parkhurst [20]). The proposed
model presented here differs from earlier work by coupling of
the extended vapor/liquid transport model with the chemical equi-
librium code, where all features and calculation methods are
available.

The coupled model is solved numerically by the finite element
method (FEM) and a brief overview of the chemical equilibrium
calculation is given, based on Parkhurst et al. [19]. Precondition
calculations and non-linear material parameters related to
cement-based materials are shown. Numerical examples are con-
structed to show a numerical solution for a cement-based system,
exposed to different boundary conditions. An important aspect in
this framework is the capability of modifying and testing various
chemical models together with a mass transport code. The con-
structed examples demonstrate this by combining a well known
thermodynamic database CEMDATA07 (see Möschner et al. [21],
Schmidt et al. [22], Möschner et al. [23], Lothenbach et al. [24],
Lothenbach and Winnefeld [25]), with recent external phase
descriptions, see Kulik [26].

2. Methods

2.1. Reactive mass transport

Mass transport in the porous system of a cement-based mate-
rial is in this model described by an extended version of the PNP
system of equations. The equation system describing the mass
transport is based on the work of Johannesson [10] with the excep-
tion that chemical interactions are taken into account in the solu-
tion procedure as described in Hosokawa et al. [14]. The transport
of the individual ionic species in the pore solution is described by
individual transport equations. The governing mass transport
equation in use is
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mobility, zi is the valence state of the ith ion, U is the total elec-
trical potential of the liquid, v l;s is the liquid velocity with respect
to the solid s and qi is a source/sink term accounting for chemical
equilibrium. The numerical solution of chemical equilibrium is
introduced in the transport equation as an operator splitting
approach, by assuming an instantaneous local chemical equilib-
rium state after each mass transport step performed. The operator

splitting approach for reactive transport models is simply to deter-
mine a transient solution for the mass transport part and use these
results as input for the chemical equilibrium calculation. This solu-
tion is then used as a set of initial values for the next transport
calculation. Through this approach chemical equilibrium is solved
for each discrete element in the spatial domain at all considered
time steps.

The electrical potential of the solution considered is determined
by the Gauss law, see Johannesson [10], this is the Poisson part of
the PNP equation system. The Poisson equation is coupled to the
diffusion Eq. (1) by the electrical potential U. The Poisson equation
is given as

ndn0r2U ¼ F
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where nd is the relative dielectricity coefficient, n0 is the dielectricity
coefficient of vacuum and F is the Faraday’s constant.

The liquid transport for non-saturated porous materials is
described by a two phase model proposed by Nyman et al. [27],
Johannesson and Nyman [18]. The proposed model uses the satu-
ration degree as driving potential for moisture transport. The two
phase model enables a detailed transient description of changing
boundary conditions, e.g. tidal zone modeling. The governing
equation for the liquid transport is given as
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where qw is the water density, Del el
� �

is the transport coefficient for
the liquid phase, R is a penalty number and el;eqð/vÞ is the liquid vol-
ume fraction equilibrium function. The function el;eqð/vÞ is a history
dependent function, describing the sorption hysteresis. An individ-
ual function is established for each spatial element in the numerical
discretization, based on a third order polynomials. The function is
established between a set of initially defined adsorption and
desorption boundary isotherms, see Johannesson and Nyman [18],
Nyman et al. [27] for details.

The governing equation for the vapor phase transport, which is
coupled to (3) is given by
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where qvs is the vapor saturation density, ep is the porosity of the
system, /v is the relative humidity and D/ is the diffusion coeffi-
cient for the vapor phase. It is seen that the penalty function in
Eq. (4) has opposite sign compared to Eq. (3) in order to establish
an equilibrium between the vapor and liquid phase, based on the
volume fraction equilibrium function el;eqð/vÞ.

2.2. Numerical calculation method

The mass transport equations are solved by the FEM, where
weak formulations of Eqs. (1)–(4) are established and discretized
by Galerkins method, see Ottosen and Petersson [28]. The transient
system is solved by a single parameter implicit time integration
scheme, given as

anþ1 ¼ Cþ DthKð Þ�1 Cþ Dt 1� hð ÞKð Þan þ fn þ h fnþ1 � fnð Þ½ � ð5Þ

where anþ1 is the solution at the time step nþ 1, C is the
global damping matrix, Dt is the time stepping length, h is the
time stepping parameter, K is the global stiffness matrix, f is
the load vector and an the initial values for the time step. The
numerical solution is improved, due to the non-linearities intro-
duced, by a modified version of the Newton–Raphson scheme,
see Ottosen and Ristinmaa [29]. The residual w of the solution
is given by
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