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Abstract

Ionic diffusion coefficients are estimated rapidly using electromigration tests. In this paper, electromigration tests are accurately simulated by
numerically solving the Nernst–Planck (NP) equation (coupled with the electroneutrality condition (EN)) using the finite element method.
Numerical simulations are validated against experimental data obtained elsewhere [E. Samson, J. Marchand, K.A. Snyder, Calculation of ionic
diffusion coefficients on the basis of migration test results, Materials and Structures/Matériaux et Constructions 36 (257) (2003) 156–165., H.
Friedmann, O. Amiri, A. Aït-Mokhtar, A direct method for determining chloride diffusion coefficient by using migration test, Cement and
Concrete Research 34 (11) (2004) 1967–1973.]. It is shown that migration due to the non-linear electric potential completely overwhelms
diffusion due to concentration gradients. The effects of different applied voltage differences and chloride source concentrations on estimations of
chloride diffusion coefficients are explored. We show that the pore fluid within concrete and mortar specimens generally differs from the curing
solution, lowering the apparent diffusion coefficient, primarily due to interactions of chloride ions with other ions in the pore fluid. We show that
the variation of source chloride concentration strongly affects the estimation of diffusion coefficients in non-steady-state tests; however this effect
vanishes under steady-state conditions. Most importantly, a comparison of diffusion coefficients obtained from sophisticated analyses (i.e., NP–
EN) and a variety of commonly used simplifying methods to estimate chloride diffusion coefficients allows us to identify those methods and
experimental conditions where both approaches deliver good estimates for chloride diffusion coefficients. Finally, we demonstrate why
simultaneous use and monitoring of current density and fluxes are recommended for both the non-steady and steady-state migration tests.
© 2007 Elsevier Ltd. All rights reserved.
Keywords: Multi-ion transport; Migration tests; Nernst–Planck equation; Electroneutrality; Apparent chloride diffusion coefficient; Concrete durability
1. Introduction

The estimation of concrete durability has become increas-
ingly important for both durability modeling and the mainte-
nance planning for civil engineering structures. Steel corrosion
significantly impacts on the service life of reinforced concrete
structures. Marine environments and deicing salts on bridges
prompt chloride transport from the concrete surfaces towards
the reinforcing steel [3]. Chloride ions accelerate steel corrosion
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by depassivation processes and so the service life of reinforced
concrete structures is reduced. Chloride transport through con-
crete results from: 1) advective transport within the concrete
micropores due to pore-water pressure gradients, 2) diffusive
transport due to chloride concentration gradients [4,5]. The
second mechanism dominates in the absence of pressure gra-
dients in completely saturated concretes [6]. The accurate ex-
perimental determination of diffusion coefficients is crucial for
estimating the service life of reinforced concrete [7]. Herein, we
focus on the estimation of effective chloride diffusion
coefficient using electromigration tests. There are several varia-
tions of this test and a variety of different methods are used to
calculate ion diffusion coefficients. The employed methods
generally differ in the simplifying assumptions. As a result there
is a rather large variability in reported diffusion coefficients
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1 Eq. (2) must not be confused neither with the Fick's second law fitting
parameter Dapp such that ∂c/∂t=−Dapp∂2c /∂x2 nor with the effective diffusion
coefficient Deff=τ d D0i.
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obtained from migration test compared with those from more
traditional diffusion tests [8–10]. A number of factors have been
postulated to contribute to these discrepancies such as temper-
ature, intensity of applied electric field, electrode types, chem-
ical activity and composition and concentration of the testing
solution [1,10–13]. The primary aims of the paper are to in-
vestigate and resolve some of the above mentioned discrepan-
cies for migration tests. For this purpose we perform state-of-
the-art numerical simulations of migration experiments using a
sophisticated multi-ion transport model, i.e., the Nernst–Planck
equation coupled with the electroneutrality condition. This
model allows us to numerically simulate migration tests and to
improve the fundamental physical understanding of ion migra-
tion in concrete and mortar and its relationship to the estimation
of diffusion coefficients. The experimental conditions and
methods that lead to good estimates of chloride diffusion
coefficients are revealed by comparing the diffusion coefficients
that are obtained on the basis of the Nernst–Planck equation
coupled to the electroneutrality condition and the estimates
obtained from a variety of commonly employed simplified
methods. Finally, experimental test design optimization and
suitable test protocols are outlined.

2. Ion transport governing equations

The general equation describing ion electrodiffusive trans-
port at the macroscale is the generalized Nernst–Planck equa-
tion [14]. The average ionic flux density ji through saturated
uncharged specimens in one dimension is given by,

ji ¼ � s � u � D0ið Þ ∂ci
∂x

þ zi � F
R � T ci

∂w
∂x

þ ci
∂lngi
∂x

� ci � Vx

s � u � D0ið Þ
� �

ð1Þ
where τ is the tortuosity of the cement-based specimen (i.e.,
concrete or mortar); φ is its porosity; D0i is the self-diffusion
coefficient of ion i; ci is the average concentration of the ith ion
in the fluid phase; zi is the ith ion charge; F=96,485.3 C mol−1

is the Faraday constant; R=8.3144 J mol−1·K−1 is the universal
gas constant; T is the absolute temperature; ψ is the voltage; γi
is the chemical activity coefficient; and Vx is the average
velocity of the fluid.

We shall use Eq. (1) as the fundamental equation describing
the behaviour of electromigration tests. These tests are per-
formed on saturated specimens. Moreover, the advection term in
Eq. (1) can be ignored as no pressure gradients are applied or
generated during testing. On the other hand, chemical reactions
can be neglected in most migration tests since the application of
an electric field produces an ionic transport rate much faster
than the kinetics of chemical reactions in concrete. By the
separation of time scales the influence of the chemical reactions
on the overall transport is minimized [1,15,16]. Furthermore, it
has been shown that one can also neglect the chemical activity
term in non-steady-state migration tests [1,17].

The tortuosity τ in Eq. (1) is the result of volume averaging
the microscopic Nernst–Planck equation. It is a geometrical
quantity that measures the tortuosity of the pathways followed
by the diffusing ions as a result of the pore space morphology.
The values of τ range from 0 (impervious pores) to 1 (free
water) [1,18]. The tortuosity τ and the porosity φ are intrinsic
characteristic of the material and must be constant for un-
charged porous materials like concrete in the absence of chem-
ical reactions. In this case it is possible to define an apparent ion
diffusion coefficient1 [18,19]

Di ¼ u � s � D0i ð2Þ

Given these assumptions for migration tests and recalling
Eq. (2), the one-dimensional average ionic flux ji in Eq. (1) can
be simplified to,

ji ¼ �Di
∂ci
∂x

þ zi � F
R � T ci

∂w
∂x

� �
ð3Þ

where Di is the apparent diffusion coefficient of ion i; ci is the
average fluid concentration of the ith ion; zi is the ith ion
charge; F, R and T are the Faraday constant, gas constant, and
absolute temperature; and ψ is the electrical potential. Eq. (3)
implies that the unidirectional ith ionic flux is constituted by a
diffusion plus a migration component [6]. The electrical current
density ielec passing through a specimen is a function of the flux
ji given by Eq. (3),

ielec ¼ F �
XN
i¼1

zi � ji ð4Þ

where N denotes the total number of ions present in the pore
solution.

Mass conservation for each ion species is expressed as

u
∂ci
∂t

¼ � ∂ji
∂x

ð5Þ

and so the macroscopic governing equation for ionic transport
(where the influence of chemical reactions on the overall mass
transport has been neglected) leads to,

u
∂ci
∂t

� ∂
∂x

Di
∂ci
∂x

þ zi � F
R � T ci

∂w
∂x

� �� �
¼ 0 ð6Þ

where ci is the average fluid concentration of the ith ion; t
represents time; Di is the apparent diffusion coefficient of ion i;
zi is the ith ion charge; F, R and T are the Faraday constant, gas
constant, and absolute temperature; and ψ is the voltage.

The system of Eq. (6) must be solved simultaneously with
another equation that couples the transport of all ionic species,
viz, the electroneutrality condition [20]:

XN
i¼1

zi � ci ¼ 0 ð7Þ



Table 1
Values of ξ as a function of the bulk concentration

c0
[mol/m3]

ξ ci U,0 and ci U,BC [mol/m3]

Na+ Cl− OH−

12 312 12 300
125 −0.107 425 125 300
250 0.412 550 250 300
500 0.764 800 500 300
750 0.934 1050 750 300
1000 1.044 1300 1000 300
1500 1.187 1200 1500 300

Notation: c0 — initial concentration; ξ=erf−1[1− (2 ·cd /c0)]; erf — error
function and cd≈0.07; ci U,0 — upstream initial concentrations (at time t=0);
ci U,BC — upstream concentration boundary condition.
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where N is the total number of ionic species in the system. Eq.
(7) holds in all solutions at the macroscale for uncharged porous
materials, except very close to the electrodes in migration tests
[21,22].

In steady-state conditions, the flux is constant and the time
dependent term in Eq. (6) vanishes. Moreover, it is usually
assumed that the ‘diffusion component’ of the transport is
overwhelmed by the ‘migration component’ of the transport due
to the relatively large applied external voltage. Many research-
ers also choose to assume a constant field [2,6,7,10], even
though the constant field assumption tends to overestimate the
computed apparent diffusion coefficients Di [1,23].

We quantify deviations arising from simplifying assumptions
as a function of the applied external voltage and salt concen-
trations, and by this means, we provide further insight into
modeling, design and interpretation of migration tests.

3. Migration tests

The classical two compartments cell experimental setup has
been historically used to estimate diffusion coefficients. In
general, one of the cells acts as a source containing a chloride
solution while the other holds a chloride-free solution. The
chloride flux passing through the cement-based specimen be-
tween the two cells is computed from the measured time-
varying chloride ionic concentrations in both chambers. These
diffusion tests are usually time consuming (in the order of
months or even years).

Alternatively accelerated tests protocols have been proposed
over the last decades. Application of an external electrical
potential has been found to drive ions through specimens
considerably faster. Using this approach, the estimation of dif-
fusion coefficients is accelerated and the respective tests are
now known as electromigration (or more simply as migration)
tests [1,2,7,10,12,23]. There are several variations of migration
tests. Fig. 1 shows a schematic representation of a typical
experimental setup. Samples are prepared and cured while
saturated in an alkaline solution, usually sodium hydroxide
(NaOH) and/or potassium hydroxide (KOH) solutions, and
sectioned into specimens with thicknesses (l ) ranging from
Fig. 1. Migration tests: schematic representation of a typical experimental setup.
25 mm for mortars to 50 mm for concrete. Subsequently,
specimens are placed in the experimental device. Initially, the
upstream or cathodic compartment and the downstream or
anodic compartment contain a solution identical to the curing
solution so as to minimize leaching and to conserve the micro-
structure of the material to be tested [1,2]. Later, a salt such as
sodium chloride (NaCl) or copper chloride (CuCl2) is added to
the upstream compartment at a predetermined concentration and
an electrical field ranging from 400 to 1200 V m−1 is applied
using electrodes of different type, such as steel or copper elec-
trodes, depending on the added salt.

As for ‘standard’ diffusion tests, migrations experiments can
be classified as steady-state and non-steady-state tests. During
steady-state migration tests, the time-varying chloride ionic
concentrations are measured in both compartments. On the
other hand, the current passing through the specimen or the ion
penetration within it is measured during non-steady-state migra-
tion tests. Accordingly, researchers propose different ways of
calculating diffusion coefficients.

For example, the ith ionic flux ji through a specimen of
cross-section As is computed as a function of the molar incre-
ment of the ith ion ni in the time interval Dt as [2,23]:

ji ¼ ni
As � Dt ¼

Dci � Vcompartment

As � Dt ð8Þ

In steady-state, ji remains constant and the apparent diffusion
coefficient Di can be determined using the modified Nernst–
Planck equation [1,2,6,7,10]:

Di ¼ R � T
F

� ji

zi � Dw
l

� �
� ci

ð9Þ

where R, T and F are the gas constant, absolute temperature and
Faraday constant, ji is the ith ion molar flux density determined
using Eq. (8), zi is the ith ion charge, ci is the concentration of
the ith ion in the fluid phase, ▵ψ is the applied voltage
difference, and l is the specimen thickness. Eq. (9) is widely
used and is valid under the following assumptions: ionic
mobilities in the upstream and downstream compartment
solutions are several orders of magnitude higher than in the
concrete and therefore only what happens inside the concrete



Fig. 2. Time-lag approach. Determination of tlag (modified from [10]).

Table 2
Summary of simplified formulae to estimate diffusion coefficients from migration
tests

Steady-state tests Equation References

Di ¼ R � T
F

� ji
zi � Dw=lð Þ � ci

(9) [1,2,6,
7,10]

Di ¼ R � T
F

� ji
zi � Dw=lð Þ �

eziFDw=RT � 1

cU � eziFDw=RT � cD

(10) [7]

Di ¼ R � T
F2

� i � tri
zi � Dw=lð Þ � ci

(11) [6]

DCl ¼ R � T
F2

� i0 � ifð Þ � u
Dw=lð Þ � cU Clð Þ

cU Clð ÞþcU OHð Þ
� cU OHð Þ

� �
� D0OH

D0Cl
� 1

� � (12) [2]

Non-steady-state tests

Di ¼ 1
a � t �

2 � n2
a

þ xd � 2 � nffiffiffi
a

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

a
þ xd

s0
@

1
A (13) [7,23]

ci ¼ c0
2
� erfc

x� a � Di � t
2 � ffiffiffiffiffiffiffiffiffiffi

Di � t
p

� �
þ ea�x � erfc xþ a � Di � t

2 � ffiffiffiffiffiffiffiffiffiffi
Di � t

p
� �� � (14) [1,7,23]

Di ¼
2 � x2d � v coth v

2 � 2
	 


tlag � v2
(15) [10]

Notation: ji=ni / (As ·▵t) — ith ion molar flux density, As — cross-section, ni —
molar increment of the ith ion in the time interval Dt; R, T and F — gas constant,
absolute temperature and Faraday constant; zi — ith ion charge; ci — concentration
of the ith ion in the fluid phase; ψ— voltage; l — specimen thickness; cU and
cD — upstream and downstream ionic concentrations; i — current density;
tri — transference number of the ionic species; i0 — initial current density;
if — final current density; φ— porosity; D0OH — OH− self-diffusion coefficient;
D0Cl — Cl− self-diffusion coefficient; erfc — complementary error function;
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specimen is influencing the measurements; convection and
chemical activity are neglected; the diffusive flux component in
the Nernst–Planck equation is small in comparison to that due
to migration and therefore is neglected; the specimen is thin and
the steady-state is reached in few hours; the electrical potential
varies linearly along the specimen; and the concentration (or
activity) in the upstream compartment remains comparatively
constant. So this expression arises from the application of
simplifying assumptions to Eq. (3).

A more rigorous analytical solution can be expressed as [7]:

Di ¼ R � T
F

� ji

zi � Dw
l

� � � eziFDw=RT � 1

cU � eziFDw=RT � cD
ð10Þ

where cU and cD represent the upstream and downstream ionic
concentrations. Eq. (10) reduces to Eq. (9) when eziFDw=RTN1
and cU≥cD.

The apparent diffusion coefficient Di can be also estimated
using the Nernst–Einstein equation since the flux ji can be
related to the current density i (Eq. (4)) through the transference
number tri of the ionic species [6]:

Di ¼ R � T
F2

� i � tri
zi � Dw

l

� �
� ci

ð11Þ

In the case of migration tests using NaOH, KOH and NaCl,
the chloride diffusion coefficient can also be computed as [2]2

DCl ¼ R � T
F2

� i0 � ifð Þ
Dw
l

� �
� cU Clð Þ

cU Clð ÞþcU OHð Þ
� cU OHð Þ

� �
� D0OH

D0Cl
� 1

� � � u
ð12Þ

where i0 and if are the initial and final measured current density
upon the addition of NaCl, φ is the porosity, D0OH and D0Cl are
the OH− and Cl− self-diffusion coefficients and cU is the up-
stream ionic concentration. Eq. (12) also applies for migration
test using NaOH and NaCl and it is based on the relationship
given by Eq. (4), concentration balances during testing and after
reaching steady-state within specimen and compartments, and
flux conservation.
2 We multiply the expression proposed by [2] times porosity to get the
apparent diffusion coefficient as defined here in Eq. (2).
On the other hand, in non-steady-state migration tests, the
diffusion coefficients are computed as [7,23]:

Di ¼ 1
a � t �

2 � n2
a

þ xd � 2 � nffiffiffi
a

p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

a
þ xd

s0
@

1
A ð13Þ

where a= zi ·F ·Dψ / (R ·T · l); ξ=erf
−1[1− (2 ·cd /c0)], erf is the

error function and cd is the ionic concentration at which the
colour changes when using a colorimetric method to measure
the penetration depth xd, and c0 is the initial concentration. The
values of ξ as a function of c0 for the common case of
cd≈0.07 M for chloride are given in Table 1. The application of
Eq. (13) assumes that the electric field is large enough to
produce some minimum chloride penetration at a given time t
a=zi ·F·Dψ / (R ·T · l); xd — penetration depth; c0 — initial concentration;
ξ=erf−1[1− (2·cd /c0)]; erf — error function,cd — ionic concentration at xd;
ν=zi ·q ·Dψ / (k ·T), k=1.380 6505×10−23 J K−1 — Boltzmann's constant, q=
1.602 176 53×10−19 C — elementary charge; and tlag — time lag.



Fig. 3. 1D numerical models: a) three-domain model with initial conditions
ci U,0, ci S,0 and ci D,0 for the upstream, specimen and downstream domains (at
time t=0) and boundary conditions ci U,BC, ci D,BC and ψU and ψD for
concentrations and electrical potentials upstream and downstream respectively.
b) One-domain model and its initial and boundary conditions.

3 It is noted that from the electroneutrality condition generally one
concentration can be expressed in terms of the remaining concentrations and
be back-substituted into the mass balance equations; hence, reducing the system
to n equations with n unknowns.
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(i.e., xdNa ·DCl · t). Alternatively, one can determine Di numer-
ically from the following more accurate analytical expression
[1,7,23]

ci ¼ c0
2
� erfc

x� a � Di � t
2 � ffiffiffiffiffiffiffiffiffiffi

Di � t
p

� �
þ ea�x � erfc xþ a � Di � t

2 � ffiffiffiffiffiffiffiffiffiffi
Di � t

p
� �� �

ð14Þ
An apparent diffusion coefficient can be also computed

following the time-lag approach [10]

Di ¼
2 � x2d � vcoth v

2 � 2
	 

tlag� v2

ð15Þ

where v= zi ·q ·Dψ / (k ·T) and k=1.380 6505×10−23 J·K−1 is
the Boltzmann's constant; q=1.602 176 53×10−19 C is an
elementary charge; and tlag is the time lag as defined in Fig. 2. In
this approach, migration tests are mathematically converted into
natural diffusion tests through the proportionality given by
the time lag, and a multiplying factor is adjusted to best fit
experimental data.

Table 2 summarizes these methods commonly used for
estimating diffusion coefficients from steady-state and non-
steady-state migrations tests. Further details of each method can
be found in their respective references.

4. Numerical simulations

Eqs. (6) and (7) can be used simultaneously to model the
transport of ions under the assumptions previously stated:
specimens are saturated and ion transport only occurs within the
pore space; advection is not considered; and chemical reactions
and activity are neglected. Eqs. (6) and (7) provide a system of
n+1 differential algebraic equations (i.e., n PDEs and one
algebraic equation) for the n+1 unknowns (i.e., n concentra-
tions ci and the electric potential ψ). This system of equations
has to be solved simultaneously applying appropriate initial and
boundary conditions. The numerical treatment of these equa-
tions using the Finite Element Method (FEM) has been dis-
cussed in several papers3 [16,24]. Here we employ the
multiphysics package COMSOL to numerically solve these
equations using FEM (for more details on the implementation
see COMSOL Chemical Engineering Module) [25].

The code is validated against available analytical solutions
and experimental data obtained elsewhere. Then the influence
of the ‘constant field’ assumption is quantified. Then chloride
diffusion coefficients computed using Eqs. (9)–(15) are com-
pared with the ‘true' value, i.e., with the apparent diffusion
coefficient used in Eq. (6) to simulate migration tests. More-
over, the effects of the applied voltage difference are presented
as well as the influence of using different salt and ionic concen-
trations in the upstream compartment.

4.1. Finite element model

Migration tests (Fig. 1) are simulated in this work using two
different one-dimensional models: a model with three domains,
namely the upstream, the specimen and the downstream domains;
and a model with one domain representing the specimen of
thickness l. Fig. 3-a shows the three-domain model and its
boundary conditions. The initial concentrations for each of the
ionic species i are specified as initial conditions ci U,0, ci S,0 and
ci D,0 for the upstream, specimen and downstream domains (at
time t=0). Boundary conditions ci U,BC, ci D,BC and ψU and ψD

for concentrations and electrical potentials upstream and
downstream are also prescribed. Fig. 3-b shows the one-domain
model and its boundary conditions, a model used elsewhere
[1,16,20], but incapable of providing transient information of the
upstream and downstream compartments. Based on a parametric
study on mesh size, time stepping and relative tolerance for both
models, optimal values are chosen. As a result, Fig. 3-a ismodeled
with 264 elements and quadratic shape functions, while Fig. 3-b
uses 358 elements; which ensures convergence of results.

The FEM model and the use of Eqs. (6) and (7) are further
validated with experimental data from the literature. Two cases
are analyzed: Case 1, migration test experimental results on the
evolution of current density with time for a concrete specimen
with water–cement ratio w/c=0.5 [1]; Case 2, experimental
results on the evolution of current density with time for mortar
specimens with w/c=0.35, 0.5 and 0.7 [2].

4.1.1. Case 1
The FEM model uses Eqs. (6) and (7) to approximate

experimental data on concrete from the literature [1]. The
successive forward simulation technique [26] is used to find the
tortuosity τ and initial specimen pore fluid concentrations ci S,0
that minimize error between the measured and computed
electrical current density,

Errorn ¼
X
k

jimes;k � ielec;k jn
 !1=n

ð16Þ



Table 3
Geometry, initial and boundary conditions

Case 1 As=4.54·10
−3 m2 φ=0.184 ψU=0 V ψD=10.3 V l=25 mm

i D0i

[10−9 m2/s]
ci U,0 and ci U,BC

[mol/m3]
ci D,0 and ci D,BC

[mol/m3]
ci S,0

a

[mol/m3]

OH− 5.273 300.0 300.0 1070
Na+ 1.334 800.0 300.0 1000
K+ 1.957 0.0 0.0 70
Cl− 2.032 500.0 0.0 0

Case 2 As=unknown φ=unknown a ψU=0 V ψD=3 V l=10 mm

i D0i

[10−9 m2/s]
ci U,0 and ci U,BC

[mol/m3]
ci D,0 and ci D,BC

[mol/m3]
ci S,0

a

[mol/m3]

OH− 5.273 108 108 400
Na+ 1.334 525 25 93
K+ 1.957 83 83 307
Cl− 2.032 500 0 0

Notation: As – exposed cross-section area; φ – porosity; l – specimen thickness; ψU and ψD – electrical potential upstream and downstream; i – ionic species;
D0i – self-diffusion coefficient; ci U,0; ci S,0 and ci D,0 – upstream, specimen and downstream initial concentrations (at time t=0); ci U,BC; ci D,BC – upstream and
downstream concentration boundary conditions. Refer to Fig. 3.
a After optimization. Optimized φ are 0.20 (w/c=0.35), 0.22 (w/c=0.5) and 0.24 w/c=0.7) for Case 2.
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where imes is the measured current density and ielec is the
electrical current density computed usingEq. (4), at corresponding
times k. We use the most common norms, i.e., n=1, 2, and∞. The
initial and boundary conditions are specified in Table 3—Case 1.
The apparent diffusion coefficientsDi are then computed with Eq.
(2). Fig. 4-a shows the comparison between the experimental data
from [1] and the computed current density using the one-domain
and the three-domainmodels (Fig. 3). The evolution of Eq. (16) as
a function of OH− initial concentration within the concrete
specimen and tortuosity are shown in Fig. 4-b and -c respectively.4

The chloride apparent diffusion coefficient corresponding to the
best approximation is DCl=6.17×10

−12 m2 s−1.

4.1.2. Case 2
Again, Eqs. (6) and (7) are used to approximate experimental

data on mortars from the literature [2]. The initial and boundary
conditions are specified in Table 3— Case 2. Since mortar poro-
sity is not reported, porosity is another optimization parameter
alongwith tortuosity, OH−, Na+ andK+ initial specimen pore fluid
concentrations ci S,0. The set of values that minimize the error
(Eq. (16)) is found by successive forward simulation. A summary
of the numerical results is shown in Fig. 4-d. Fig. 4-b and -c
illustrate theL2 norm errorminimization as a function of tortuosity
and of OH− initial specimen pore fluid concentration.

In Case 2, experimental fluxes are also reported [2] and
in good agreement with the computed fluxes: the experimen-
tally measured chloride fluxes are 1.35×10−5 mol (m2 s)−1 for
w/c=0.35, 1.81×10− 5 mol (m2 s)− 1 for w/c=0.5, and
3.35×10−5 mol (m2 s)−1 for w/c=0.7; and the numerically com-
puted fluxes are 1.3×10−5 mol (m2 s)−1, 2.3×10−5 mol (m2 s)−1,
and 3.3×10−5 mol (m2 s)−1 respectively. The chloride appa-
rent diffusion coefficient corresponding to the best approxima-
4 We verified that small initial specimen concentrations of other ions such as
SO4

2− and Ca2+ do not significantly affect the overall current density, and are not
included here for clarity.
tions are DCl=7.88×10
−12 m2 s−1; DCl=9.83×10

−12 m2 s−1;
and DCl=12.7×10

−12 m2 s−1 for w/c=0.35; 0.5 and 0.7
correspondingly.

4.2. Influence of main parameters

Eqs. (9)–(15) are used to compute apparent diffusion co-
efficients. These equations are presented as a result of sim-
plifications of the governing equations (see Section 3). In this
section, we take a close look of the transport of ions through
cement-based specimens. We consider that experiments are
conducted in isothermal conditions and therefore, the effect of
temperature is not shown.

4.2.1. Pore fluid composition/ion species
The pore fluid composition of concrete specimens is rarely

reported in migration tests, in part due to the difficulties on
obtaining accurate results. Although the initial pore fluid com-
position is usually assumed to be same as for the curing speci-
men environment, the successive forward simulations reveal
that the pore fluid composition is, in general, different. We take
Case 1 (Section 4.1.1), and we monitor the ionic concentration
variations in time within the specimen (Fig. 5). It is observed
that there is indeed cation migration (Na+, K+) towards the
cathodic compartment and anion movement (OH− and Cl−)
towards the anodic compartment (compare with Fig. 1). More
importantly, ions that are not initially present in the upstream or
downstream compartments (i.e., K+) migrate out of the
specimen within ∼30 h; while the excess concentration of
other ions (i.e., concentration difference on top of upstream and
downstream compartments concentrations) transport out in
∼10 h and continue their migration thereafter (OH− and Na+).

4.2.2. Electric potential
It is usually assumed that the electric potential varies linearly

within the specimen. Fig. 6-a shows the variation of the potential



Fig. 4. Validation of the finite element model: a) Case 1, comparison between experimental data from [1] and the computed current density using the one-domain and
the three-domain models (Fig. 3). b) Error minimization (Eq. (16)) as a function of the OH− specimen initial concentration and c) tortuosity (L1, L2 and L∞ are shown).
d) Case 2, comparison between experimental data from [2] (doted line) and numerical results (solid line) using three-domain models. e) and f) Error minimization for
Case 2 (only L2 norm are shown).
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with specimen depth for Case 1, similar results are obtained for
Case 2. Fig. 6-a clearly indicates that the electric potential is
generally not linear.

The electric field can be computed as:

E ¼ � ∂w
∂x

ð17Þ

where ψ is the electric potential or voltage. A linearly varying
potential means a constant electric field. It is observed that the
electric field is not constant at any time during the migration
test, in particular before ∼20 h (Fig. 6-b). Nevertheless, it
becomes more stable thereafter. Even though the electric field
is constant between 1/4 and 3/4 of the total specimen thickness
at times greater than ∼20 h, the constant field in this region
is approximately 8% lower than the expected external field
Eext,

Eext ¼ �Dw
l

ð18Þ



Fig. 5. Pore fluid composition and the time-varying concentration of ions within the specimen (Case 1 is shown).
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where ψ is the electric potential or voltage (in this case, Eext=
412 V m−1). Moreover, the electric field in the specimen is up
to 2.5 times higher closer to the downstream compartment.

4.2.3. Ionic concentrations upstream
The added salt concentration in the upstream compartment is

varied and its effects on the electrical potential ψ across the
cement-based specimen are computed.

Consider the three-domain-model for Case 1 (Table 3 —
Case 1) but with salt concentrations ranging from 0.0125 M
through 1.5 M, with corresponding boundary and initial
conditions (as in Table 1). Eqs. (6) and (7) are simultaneously
solved using COMSOL for each of these initial and boundary
conditions. Fig. 7-a summarizes the effects on the voltage
within the specimen. As the upstream NaCl concentration
increases, voltage non-linearity increases. Fig. 7-b shows the
effects of increasing upstream salt concentration on the current
density transient response. The time lag decreases with
increasing salt concentration. However, the steady-state current
density only slightly varies by 6% for the whole range of
concentrations, with a tendency to increase.

4.2.4. External voltage
The effects of applied external voltage on migrations tests

are also explored using the three-domain-model for Case 1.
Fig. 8-a shows the influence of the applied external voltage on
current density over time. It is shown that current density
increases with increasing applied voltage. In addition, steady-
state is reached faster. The combined effects of both externally
applied voltage difference and varying salt concentration in the
upstream compartment can be seen in Fig. 8-b. The non-
linearity of the electrical field increases as both parameters
augment.

5. Analysis and discussion

The pore fluid composition of cement-based specimens is
usually not reported, due to the difficulties on obtaining accu-
rate results, and the initial pore fluid composition is typically
assumed to be same as for the curing specimen environment.
However, the successive forward simulations performed in this
work shows that the pore fluid within the specimen may be
different from the curing solution as a result of chemical
reactions throughout curing (some experimental evidence is
also available [1,2]). Nevertheless, the differences seen here do
not greatly affect pH levels (e.g., from pH=13.7 to pH=14 in
Case 1); thus they may not be easily detected before the
migration test starts. Furthermore, excess ions migrate out of the
specimen and delay chloride migration, while its apparent
diffusion coefficient is lowered. Although the estimation of the
average apparent diffusion coefficient is not greatly affected by
the specimen initial pore solution, the overall current density
versus time response is influenced significantly. A total of four
experimental data sets are analyzed in this work; however, more
comparisons with data where pore solution after curing is
measured are needed.



Fig. 6. Electric potential (Case 1 is shown): a) non-linear variation of electrical
potential with depth, b) variation of electrical field with depth.
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Most of the simplified expressions for estimating diffusion
coefficients are a function of ionic flux density and concentra-
tions. Fig. 9-a shows as an example the chloride flux density
evolution with time throughout the specimen. Due to the
variation of concentrations with time within the specimen
(Fig. 5), one may wonder if the flux density is constant within
the sample at steady-state.

Fig. 9-b shows that indeed the flux tends to be constant.
Moreover, the dominant driving force can be estimated from the
ratio between the migration and diffusive components of the
flux (Eq. (3)). The migration component certainly dominates in
migration tests, with increasing importance up to the time lag,
where it is 600 times larger than the diffusive component
(Case 1 — Fig. 10). Therefore, neglecting the diffusive com-
ponent as in Eqs. (9)–(12) in steady-state migration tests is
reasonable for practical purposes.

Nevertheless, Eqs. (9)–(12) also assume a constant electric
field. In addition, the location x where the input parameter
concentration is taken may lead to inaccuracies for both non-
steady and steady-state tests. Fig. 11 shows a summary of
chloride diffusion coefficient estimations using formulae in
Table 2 for a salt concentration range upstream from 0.012 M
through 1.5 M and external applied voltage difference ranging
between 3 V and 18 V, in a specimen of 25 mm thickness.5
5 Results from Eqs. (13) and (14) are not looked at due to their inadequacy to
capture chloride profiles as of Fig. 5.
Theoretical ‘true' apparent chloride diffusion coefficient ob-
tained from solving the Nernst–Planck equations coupled with
the electroneutrality condition are also shown (see dashed line
in Fig. 11). Chloride concentrations in these computations are
taken in the upstream compartment cU, downstream compart-
ment cD, at the midpoint within the specimen cMidpoint and as an
average value caverage.

Eqs. (9) and (11) deliver the same result in consequence of the
relationship that exists between flux density and current density
given by Eq. (4). Therefore, we recommend the monitoring of
both, concentration (i.e., flux) and current density during testing.
We believe that the use of more than one measurement would
become a good practice to minimize experimental errors since
both parameters (flux and current density) should deliver the
same chloride diffusion coefficient. Our numerical simulations
in Fig. 11-a show slight tendency of decreasing diffusion co-
efficient with increasing salt concentration in the upstream
compartment, also observed in experiments [10] when employ-
ing Eq. (9).
Fig. 7. Influence of ionic upstream concentration (based on Case 1): a) voltage
within the specimen with varying NaCl concentration in upstream compartment.
b) Current density perturbation.



Fig. 9. Chloride flux density (Case 1 is shown): a) its variation with depth within
the specimen. b) Cl− flux density variation with time.

Fig. 10. Dominant driving force in migration tests (Case 1 is shown).

Fig. 8. Influence of applied external voltage difference (based on Case 1): a)
current density variation over time as function of external voltage. b) Voltage
within the specimen with varying NaCl concentration in upstream compartment.
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The use of Eq. (10) yields the same chloride diffusion co-
efficients as of Eqs. (9) and (11) when the chloride concen-
tration is taken in the downstream compartment cD and is
strongly affected by the external electric field, decreasing as the
external voltage difference increases (Fig. 11-a). Practitioners
should avoid making the mistake of considering cD in the
estimation of Cl− diffusion coefficient.

Eq. (15) does not give accurate results; it shows dependency
of the source salt concentration and of the external electric field.
Although the determination of xd from our numerical simula-
tions is challenging, we show in Fig. 11-b the outcome of using
xd as one third of the total specimen thickness. This represents
the best realistic scenario, since the use of larger xd would
render even higher chloride diffusion coefficients.

Fig. 11-b reveals that the use of measured average upstream
concentrations cU, as a practical substitute of the difficult-to-
obtained specimen average concentration cAverage, gives results
with less than 10% difference in the estimation of diffusion
coefficients between them. Moreover, Eqs. (9) and (11) with
employment of upstream concentrations yield a chloride diffusion
coefficient only 10% lower than the ‘true' apparent diffusion
coefficient employed in the simulationwith c0=500mol·m−3 and
Dψ=10.3 V (equivalent to Case 1, Section 4.1.1). This difference
is partially justified by the decrease in the actual ‘constant'
electric field applied to most of the specimen (Section 4.2.2,
Fig. 6-b). If instead of the upstream or average concentration, the



Fig. 11. Chloride diffusion coefficient comparison: a) estimations for varying
upstream salt concentration and varying applied external voltage. b) Enlarged
view on best estimations.
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concentration of the specimen middle point cMidpoint is taken into
consideration in Eqs. (9) and (11), then the difference between
coefficients estimated with these formulae and the actual appa-
rent coefficient will increase (Fig. 11-b). This is because chloride
ions do not transport within the specimen independently of other
ions since electroneutrality (Eq. (7)) must be satisfied. Fig. 5
exemplifies such assessment. The electric field makes anions
move towards the downstream or anodic compartment; mean-
while cation Na+ moves in the opposite direction towards the
upstream or cathodic compartment against the Na+ concentra-
tion gradient since the migration term overwhelms the diffusive
term (Fig. 10).

On the other hand, there is a small ∼0.3% variation on the
estimation of chloride diffusion coefficient for a large range of
externally applied voltage. However, larger voltage differences
(i.e., larger electric fields) may induce joule effects [6] and thus
it may change the isothermal assumption of this work.

The use of Eq. (12) overestimates the apparent chloride
diffusion coefficient by 9% for c0=500 mol m−3 and ▵ψ=
10.3 V. Diffusion coefficients estimated with this equation tend
to decrease as the source salt concentration increases (a 16%
variation for the range explored), and also slightly decreases for
increasing externally applied voltage show a tendency.

6. Conclusions

Ionic diffusion coefficients can be determined rapidly using
electromigration tests. They are accurately simulated here using
Nernst–Planck equation coupled with the electroneutrality con-
dition. The following conclusions are drawn:

• Migration due to the external voltage difference overwhelms
diffusion due to concentration gradients and chloride ions
interact with other ions while migrating since electroneu-
trality must be satisfied.

• The electric field within the specimen is not constant,
although it reaches asymptotic values close to the assumed
constant electric field. This difference is of the same order of
the error encountered in the estimation of the chloride
diffusion coefficient when employing the upstream chloride
concentration in Eqs. (9) and (11).

• The variation of external voltage differences strongly affects
the current density measured during testing.

• The variation of source chloride concentration induces
increasing non-linearity in electrical potential within spec-
imen and modifies the time lag for reaching steady-state
condition. It also strongly affects the estimation of diffusion
coefficients in non-steady-state tests; however, it does not
have such effect in steady-state results.

• The simultaneous use and monitoring of current density and
fluxes are recommended for both the non-steady and steady-
state migration tests.

• Pore fluid within the specimen may differ from the curing
solution, but more experimental data are needed to further
verify this observation. The impact of possible changes in the
pore solution is minor for changes in pH. The excess ions
migrate out of the specimen and delay chloride transport,
while its apparent diffusion coefficient is lowered.
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Appendix A

Notation
As specimen cross-section
c0 initial source concentration (upstream salt concentration)
cAverage average specimen chloride concentration
cD downstream average ionic concentrations
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cd ionic concentration at xd
ci D,0 initial downstream average pore fluid concentrations

of ith ion
ci S,0 initial specimen average pore fluid concentrations of

ith ion
ci U,0 initial upstream average pore fluid concentrations of

ith ion
ci U,BC; ci D,BC upstream and downstream boundary conditions,

respectively
ci average concentration of the ith ion in the fluid phase
cMidpoint chloride concentration at specimen middle point
cU upstream average ionic concentrations
D0Cl chloride self-diffusion coefficient
D0OH hydroxyl self-diffusion coefficient
D0i self-diffusion coefficient of the ith ion
Di apparent ion diffusion coefficient of the ith ion.
F Faraday constant=96,485.3 C mol−1

i0 initial current density
ielec computed current density
if final current density
imes measured current density
ji ith ion molar flux density
k Boltzmann's constant=1.380 6505×10−23 J K−1

l specimen thickness
ni molar increment of the ith ion
q elementary charge=1.602 176 53×10−19 C
R gas constant=8.3144 J mol−1 K−1

T absolute temperature
t time
tlag time-lag
tri transference number of the ionic species
Vx average velocity of the fluid
w/c water–cement ratio
xd penetration depth
zi ith ion charge
γi chemical activity coefficient of the ith ion
ν time-lag constant= zi ·q ·▵ψ / (k ·T)
τ tortuosity
φ porosity
ψ voltage
ψU and ψD boundary condition in upstream and downstream

electrical potentials
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