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The apparent (Dapp) and effective (Deff)migration coefficients obtained in chloridemigration tests are investigat-
ed in this study. The presented Dapp profiles in concrete show that the apparent migration coefficient is strongly
concentration-dependent. As demonstrated, the binding of chlorides during the migration tests is very low at
low free-chloride concentrations and therefore the chloride penetration front progresses throughout the con-
crete only slightly retarded by the binding. The diffusion flux during migration tests is shown to be insignificant
compared to the migration flux. The DRCM obtained from the Rapid Chloride Migration (RCM) tests are found to
be equal to the computed Dapp at the locations of the chloride penetration fronts, which gives an indication that
the DRCM represents only the migration coefficient at the front. A linear correlation is found between the DRCM

obtained from the traditional RCMmodel and theDeff obtained from the chloride transportmodelwhich includes
non-linear chloride binding and concentrations in non-equilibrium.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride induced corrosion of steel rebars is the main cause of de-
terioration of concrete elements and structures being exposed to
chloride bearing environments. Therefore, it is of vital importance to
design new structures with minimized risk of this type of deteriora-
tion. The concrete cover, which is the layer of concrete that separates
the steel rebars from the external environment, plays a crucial role in
resisting the ingress of chlorides during a certain time (so-called
service lifetime), after which the critical chloride concentration is
reached at the level of the rebars so that the corrosion of the steel
is triggered. Two main properties of the concrete cover determine
the service lifetime of concrete: its thickness and permeability to
chlorides, and both these properties may be adjusted in order to
meet the service lifetime criteria in the design stage. Chloride ingress
speed in concrete is diffusion controlled and in order to quantify it
various test methods can be used. In the past, mainly the natural dif-
fusion test methods were used, but nowadays the importance and
applicability of accelerated migration tests have significantly
increased. Chloride migration tests were developed to obtain the
chloride diffusion coefficient in a much shorter test period compared
to natural diffusion tests, by accelerating the chloride ingress rate
with the applied electrical field. The chloride transport process in
+31 40 243 8595.
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concrete during electrically forced migration in transient conditions
can be described by the Nernst–Planck equation, as follows [1,2]:

∂c
∂t ¼ D0

∂2c
∂x2

− zFE
RT

∂c
∂x

 !
ð1Þ

where: c— free-chloride concentration, t— time,D0— intrinsic chloride
migration coefficient, x — distance, z — ionic valence, F — Faraday con-
stant, E— electric field, R— universal gas constant and T— temperature.
The Nernst–Planck equation shown in the present form Eq. (1) can be
termed simplified, as it assumes a linear decay of the applied potential
in the sample, a constant value of the chloride diffusion/migration coef-
ficient, a negligible effect of ionic activities and no advection. Because
the coefficient D0 in Eq. (1) is obtained from chloride migration tests,
it is often called “migration coefficient” to differentiate it from the diffu-
sion coefficient obtained in diffusion tests [3]. Tang [3,4] explains that
these two coefficients are not the same because of different counter-
electrical potentials (caused by differences in drift velocities of cations
and anions in pore solution) and ionic frictions during diffusion
and migration processes.

The intrinsic migration coefficient D0 in Eq. (1) represents the
diffusion/migration rate of chlorides in the pore solution of concrete,
i.e. it does not refer to the overall volume of concrete but just to its liquid
phase, and therefore is related to the diffusivity of chlorides in free
liquid constrained by the pore structure of the porous medium (its tor-
tuosity and constrictivity). In order to quantify the chloride diffusion/
migration coefficient referring not only to the volume of pores, but to
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the total volume of concrete, the effective and apparent diffusion/
migration coefficients are used. The effective chloride diffusion/
migration coefficient refers to the diffusivity of chlorides in the
pore solution by taking into account the volume fraction of the per-
meable pores in the entire volume of concrete (i.e. porosity) [5]:

Deff ¼ φ � δ
τ2

Df ¼ φD0 ð2Þ

where: Deff — effective chloride diffusion/migration coefficient, φ —

total water-permeable porosity, δ — constrictivity of pore structure,
τ — tortuosity of pore structure, Df — chloride diffusion coefficient in
free liquid (infinite dilution) and D0 — intrinsic chloride diffusion/
migration coefficient in pore solution. The effective diffusion/migration
coefficients are determined in steady-state diffusion/migration tests, i.e.
with a constant chloride flux (c is independent of distance and time).
Nevertheless, steady-state tests are often not preferred from the practi-
cal point of view as they are time consuming and laborious (the
upstream chloride solution must be periodically replaced and the con-
centration of chlorides in the downstream solution must be regularly
measured). To overcome these drawbacks, non-steady-state chloride
diffusion and migration tests were developed. The apparent diffu-
sion/migration coefficients obtained in the non-steady-state tests
represent the diffusion/migration of chlorides in the pore solution
of concrete, taking into account the reaction between the chlorides
and the porous medium (so-called chloride binding). Following
Atkinson and Nickerson [5], assuming that the effective diffusion co-
efficient is independent of the free-chloride concentration, the ap-
parent chloride diffusion/migration coefficient can be defined as
follows:

Dapp ¼ φ
λ
� δ
τ2

Df ¼
φ
λ
D0 ¼ Deff

λ
ð3Þ

where: Dapp — apparent chloride diffusion/migration coefficient and
λ— distribution coefficient of chlorides between the solid and liquid.
The distribution coefficient can be further defined as [5,6]:

λ ¼ φ 1þ ∂cb
∂c

� �
ð4Þ

where: cb — bound-chloride concentration [gCl/dm3
liquid] and c —

free-chloride concentration [gCl/dm3
liquid].

Combining Eqs. (3) and (4), the following relationship can be de-
rived [1,5,6]:

Dapp ¼ D0

1þ ∂cb
∂c

¼ Deff

φ 1þ ∂cb
∂c

� � ð5Þ

The apparent chloride diffusion/migration coefficient, as shown in
Eq. (5), depends on the chloride binding capacity defined as ∂cb/∂c,
i.e. the ability of concrete to bind further chlorides when the free-
chloride concentration increases [1,6]. As can be seen in Eq. (5), the
Dapp can be equal to the D0 or Deff/φ in two cases: i) if there is no chlo-
ride binding (as e.g. for inert porous media) and ii) if chloride binding
is completed (as e.g. during steady-state chloride diffusion/migration
tests).

Tang [3] shows that the relationship between the Dapp and Deff,
given in Eq. (5), should also include the concentration dependency
of the chloride migration coefficient, as follows:

Dapp ¼
Deff þ RT

zFE
∂c
∂x þ c

� � ∂Deff

∂c

φ 1þ ∂cb
∂c

� � : ð6Þ
It is known that the effective chloride migration coefficient is a
function of the concentration [3,4,7–9]; nevertheless, for the sake of
simplicity, in chloride transport models the migration coefficients
are assumed to be independent of the free-chloride concentration. In
such a case Eq. (6) can be simplified to Eq. (5), as for example adopted
in Tang's chloride migration transport model for the Rapid Chloride
Migration (RCM) test [1,10].

The non-steady-state chloride migration coefficient, which is ob-
tained in the RCM test, is based on the simplified Nernst–Planck equa-
tion (Eq. (1)) and reads [1]:

∂c
∂t ¼ DRCM

∂2c
∂x2

− zFE
RT

∂c
∂x

 !
ð7Þ

and

DRCM ¼ Dapp ¼ D0

1þ ∂cb
∂c

¼ Deff

φ 1þ ∂cb
∂c

� � ¼ constant: ð8Þ

The assumption of a constant binding capacity ∂cb/∂c in Eq. (8) is
very questionable as it only represents the case when chloride bind-
ing follows a linear isotherm (i.e. cb = A · c, where A is a binding
constant) and is in instantaneous equilibrium. The binding of chlo-
rides is a very complex process because different hydrated cement
phases are able to bind different amounts of chloride, in different
ways (chemically or physically) and at different rates [11]. In fact,
chloride binding obeys the non-linear Freundlich isotherm (i.e. cb =
Kb · cn, where Kb and n are binding constants) very well in a wide
concentration range of c, as demonstrated in [1]. Fig. 1a shows the
chloride binding curve determined experimentally by Zibara [12]
(units of concentrations were recalculated to the units used in this
paper) for an OPC paste with w/c ratio of 0.3, fit to both Freundlich
and linear isotherms. These measurements represent the equilibrium
between the free- and bound-chloride concentrations, reached within
about two weeks. Fig. 1b shows the ∂cb/∂c term derived for the iso-
therms given in Fig. 1a. It can be seen that for the linear binding iso-
therm the binding capacity is constant, which obeys the assumption
adopted in Eq. (8). In the case of the Freundlich isotherm, the binding
capacity is concentration dependent and is much larger for lower
c than for larger c. In the case of short-term chloride migration tests,
the duration of which most often amounts to just 24 h [10], the
term ∂cb/∂c in Eqs. (5) and (8) becomes even more complicated as
the concentrations are obviously in non-equilibrium. In the literature,
the equilibrium concentration for chloride binding is reported to be
reached between seven days up to two months of exposure [1,12,13].
These facts give evidence that the chloride migration coefficient DRCM,
as defined in Eq. (8), will not be constant, but instead, will depend
on the local free- and bound-chloride concentrations in the concrete
sample.

In this article, the apparent chloride migration coefficient obtained
in the Rapid Chloride Migration test is estimated along the depth of
the tested concrete sample, to investigate if/how its value changes
during the test. Both our own test results and empirical data obtained
from the literature are used. The chloride transport model presented
in Spiesz et al. [14] isfirstly extended by adding a non-zero chloride flux
due to the diffusion (in the original model that flux was neglected) and
then applied to experimental data, to compute the effective chloride
migration coefficient aswell as the free-, bound- and total-chloride con-
centration profiles after the migration tests. From the effective chloride
diffusion coefficient and the term ∂cb/∂c (see Eq. (5)), the Dapp is com-
puted. Additionally, this computed Dapp is verified against the DRCM

obtained from the traditional RCM test model.
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Fig. 1. a) Chloride binding data fit to Freundlich and linear isotherms; b) chloride binding capacity (dcb/dc) computed for Freundlich and linear isotherms.
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2. Employed chloride transport model

The employed chloride transport model for the RCM tests, devel-
oped in Spiesz et al. [14], takes into account the non-linear nature
of chloride binding and non-equilibrium conditions between the
free- and bound-chloride concentrations. Due to the questionably
constant value of the apparent chloride migration coefficient (DRCM)
in the traditional RCM model (see previous paragraph), the effective
coefficient is adopted instead in the new model. The Deff is indepen-
dent of chloride binding and is related only to the diffusion/migration
of chloride in free liquid and to the porosity of concrete (see Eq. (2)).
The model is based on the simplified Nernst–Planck equation
(Eq. (1)) and is split into two equations describing individually the
chloride concentrations in liquid and solid states. It is assumed that
the binding of chlorides takes place instantaneously at the surface of
the hardened cement paste (i.e. reaction kinetics do not limit the chlo-
ride transport), but there is resistance to themass transfer through the
stagnant liquid at the liquid–solid interface. This limitation in themass
transfer rate of chlorides is responsible for the non-equilibrium condi-
tions in the system and is governed by the mass transfer coefficient—
k. Themass transfer rate of chlorides is proportional to the deviation of
the chloride concentration in the pore solution from the equilibrium
concentration at the liquid–solid interface, as given by the Freundlich
equation [14].

The following assumptions are adopted in the employed chloride
transport model [14]: (i) no convection; (ii) diffusion and migration
of chlorides only in the pore solution of concrete; (iii) one dimension-
al and constant electrical field distribution in the concrete sample;
(iv) non-linear chloride binding; (v) non-equilibrium between free-
and bound-chloride concentrations; (vi) constant binding parameters
and (vii) negligible effect of ionic interactions during the test. The
diffusion flux is often neglected in chloride transport models for mi-
gration tests because it is much smaller compared to the migration
flux [1,14]. Nevertheless, in the present work, the chloride transport
model given in [14] has been extended by adding a non-zero chloride
diffusion flux to improve its accuracy. The model reads for the liquid
and solid phases respectively:

φ
∂c
∂t−Deff

∂2c
∂x2

− zFE
RT

∂c
∂x

 !
¼ −k c− Cb

Kb

� �1=n

" #
ð9Þ

1−φð Þρs
∂Cb

∂t ¼ k c− Cb

Kb

� �1=n

" #
ð10Þ
with the following initial and boundary conditions:

Cb x; t ¼ 0ð Þ ¼ Cbi
c x ¼ 0; tð Þ ¼ c0
c x ¼ ∞; tð Þ ¼ 0

ð11Þ

where: Cb — bound chloride concentration [gCl/gsolid], Kb and n —

binding parameters from the Freundlich isotherm, ρs — specific den-
sity of concrete, Cbi — initial bound-chloride concentration [gCl/gsolid]
and c0 — chloride concentration in the bulk liquid [gCl/dm3

liquid].
From the practical point of view it is very difficult to measure the

free- or bound-chloride concentration profiles in concrete; therefore,
the total chloride concentration (Ct) is usually measured. The rela-
tionship between the concentrations c and Cb in Eqs. (9) and (10)
and Ct reads as follows [14]:

Ct ¼
cφþ Cb 1−φð Þρs

ρa
� 100 ð12Þ

where: Ct — total chloride concentration in concrete [gCl/100gconcrete]
and ρa — apparent density of concrete.

As demonstrated by Tang in [3,4], the chloride diffusion coefficient
is not equal to the migration coefficient because the counter-electrical
potentials (caused by differences in drift velocities of cations and
anions in pore solution) and ionic frictions during diffusion and mi-
gration processes are not the same. Therefore, one can consider the
Nernst–Planck equation (Eq. (1)), including two different coefficients:
i) the diffusion coefficient, related to the transport of chlorides due to
the concentration gradient and ii) migration coefficient, related to the
transport of chloride due to the application of electrical field, and in
such a case Eq. (9) can be rewritten as follows:

φ
∂c
∂t−D�

eff
∂2c
∂x2

þ Deff
zFE
RT

∂c
∂x ¼ −k c− Cb

Kb

� �1=n

" #
ð13Þ

where: Deff
⁎ — effective chloride diffusion coefficient and Deff — effective

chloride migration coefficient.

3. Application to experimental data

Experimental results used in this study include our own experi-
mental data [16] as well as data retrieved from the literature
[15,17]. The mix proportions and properties of analyzed concretes
(5 different mixes) and mortar are presented in Table 1. Concrete/
mortar disks of 50 mm in height and 100 mm in diameter were test-
ed following the RCM test procedure described in the NT Build 492
[10] guideline. The tests were performed at different experimental

image of Fig.�1


Table 1
Mix proportions and properties of the analyzed concretes.

Mix number C1 [15] C2 [15] C3 [16] C4 [17] C5 [17] C6 [17]

Composition [kg/m3]

Cement 418 363 786 400 380 363
Water 146 163 207 140 182 218
Coarse aggregates 1025 1025 – 1281 1217 1162
Sand 695 698 1382 660 627 599
w/c 0.35 0.45 0.26 0.35 0.48 0.60
age [months] 12–18 12–18 1 2 2 2
σc

a[MPa] 52 33 97.8 81.7 46.7 37.9
ρa [kg/m3] 2577 2553 2450 2637 2608 2584
ρs [kg/m3] 2601 2606 2710 2665 2661 2643
φ [-] 0.113 0.143 0.150 0.102 0.141 0.150
Cement type T10 T10 CEM I

52.5 N
CEM I
52.5 N

CEM I
52.5 N

CEM I
52.5 N

a 28 days for C3; 56 days otherwise.
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conditions, as specified in Table 2. The total water permeable poros-
ity of concrete was measured using the vacuum-saturation tech-
nique and the total-chloride concentration profiles after the RCM
test were measured in ground layers of concrete sample using the
potentiometric titration method. The details of both measurement
procedures are described in [15–17].

The system of Eqs. (9)–(11) is a system of partial non-linear differen-
tial equationswith the non-linearity coming from the reaction term. This
system consists of a second order partial differential equation coupled
with an ordinary differential equation. Due to the non-linearities, for
the coupled system, an explicit solution is difficult to obtain. Thus, the
problem was solved numerically in Matlab. For time-discretization the
following were chosen: N ∈ N, the time step ζ = tRCM/N and ti = i · ζ,
i = {1,…,N}, so that the time discretization was uniform. The solution
pair (ci, Cb,i) is a numerical approximation of the solution pair (c, Cb) at
time ti. Starting with the initial conditions (cI, Cb,I) and for given (ci − 1,
Cb,i − 1), the semi-implicit time discretization leads to the following
equations for the free- and bound-chlorides respectively:

φ
ci−ci−1

ζ
−Deff

∂2ci
∂x2

þ Deff zFE
RT

∂ci
∂x ¼ −k ci−

Cb;i−1

Kb

� �1=n

" #
ð14Þ

1−φð ÞρsCb;i ¼ 1−φð ÞρsCb;i−1 þ ζk ci−
Cb;i−1

Kb

� �1=n

" #
: ð15Þ

The above problems are de-coupled when ci is solved using
Eq. (14), and then, due to an explicit discretization in Eq. (15), Cb,i
can be computed directly. For the transport equation (Eq. (14)) a
finite difference method on 3-point stencil was employed to discretize
in space. For the time discretization, as can be seen from Eq. (14), the
Euler explicit method for the reaction term and the implicit method
for the convective and diffusive terms were used. For the ordinary dif-
ferential equation, as shown in Eq. (15), the free-chloride concentration
ci computed above was used and Euler explicit time stepping was used
to compute the bound-chloride concentration. The total chloride con-
centration was computed by the expression given in Eq. (12).

The data given in Tables 1 and 2 (φ, ρa, ρs, U, c0, tRCM) were used
along with the total chloride concentration profiles (measured in
Table 2
RCM test conditions.

C1
a

C1
b

C1
c

C2
a

C2
b

tRCM [h] 6 9 18 6 9
U [V] 60 60 60 60 60
c0 [gCl/dm3

liquid] 64.95 64.95 64.95 64.95 64.95
the samples after the test) in the optimization process of the
unknown model parameters (Deff, k, Kb and n, see Eqs. (9) and
(10)). The following interval constraints were used in the optimiza-
tion of the parameters (based on [14]): Deff ∈ (0.1 · 10−12,
3.0 · 10−12) m2/s, k ∈ (0.5 ·10−6, 3.0 · 10−5) 1/s, n ∈ (0.4, 0.6)
and Kb ∈ (1 · 10−4, 1 · 10−3) dm3n/gn. The initial bound-chloride
concentration Cbi (see Eq. (11)) was set equal to the background concen-
tration measured for each analyzed chloride profile. Differently from the
previouswork of the authors [14], the system of Eqs. (9)–(12)was solved
applying a more precise value of the bulk chloride concentration c0
(1.83 mol/dm3 instead of 2 mol/dm3 used e.g. in [1,14]).

In the optimization process, the total mean square error of the dif-
ference between the measured and simulated total chloride concen-
tration profiles was minimized by adjusting the values of k, Kb, n
and Deff. The error was calculated applying the following formula:

error ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXj
i¼1

Ct mod−Ct meað Þ2

j

vuuuut ð16Þ

where: j — number of measured data points, Ct_mod — total chloride
concentration obtained from the model at a defined depth and
Ct_mea — total chloride concentration measured at a defined depth.

3.1. Diffusion flux of chloride during migration test

The system of equations describing the chloride transport during
the migration test (Eqs. (9) and (10)) was solved with the term
Deff · ∂2c/∂x2 set equal and unequal to zero, to investigate the influence
of the diffusion flux on the total chloride transport process during
the migration test. Additionally, the equation for the transport of chlo-
rides employing separate chloride diffusion and migration coefficients
(Eq. (13)) was solved to investigate if these two coefficients had the
same values. Fig. 2 shows the optimized total chloride concentration
profiles for concrete C1 at different experimental conditions (C1a–c,
see Table 2). The values of the optimized parameters corresponding to
the profiles shown in Fig. 2 are given in Table 3. Optimization of the pa-
rameters for concretes C2–C6 (see Table 1) was also performed and the
results are shown in Table 4.

One can notice from Fig. 2 and Table 3 that the optimized chloride
concentration profiles and the corresponding parameters are almost
identical for all the investigated cases: neglected diffusion flux and
non-zero diffusion flux with the migration coefficient equal/unequal
to the diffusion coefficient. This tendency gives evidence that during
the RCM test, the diffusion flux of chlorides due to the concentration
gradient is insignificant compared to the electrically-induced flux. This
confirms the assumption adopted in the chloride transport model
used in this study and also in many other models (e.g. [1,18–21]). In
the case of independent optimization of the chloride migration and dif-
fusion coefficients (Deff and Deff

⁎ respectively), one can notice in Table 3
that the optimized values of Deff

⁎ are in the same order of magnitude
as the Deff, but slightly lower. Nevertheless, because the influence of
the chloride diffusion flux on the total flux is minimal (as shown in
Fig. 2), the value ofDeff

⁎ does not alter the optimized chloride concentra-
tion profile or the optimization error, so the accuracy of the optimiza-
tion of Deff

⁎ is also low.
C2
c

C3
a

C3
b

C3
c

C4 C5 C6

18 24 24 24 24 24 24
60 35 47.5 60 35 25 20
64.95 64.95 64.95 64.95 64.95 64.95 64.95
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Table 3
Optimized parameters for concrete C1a–c for three cases: no diffusion flux and with the diffusion flux when Deff = Deff

⁎ and Deff ≠ Deff
⁎. The corresponding computed chloride profiles

are shown in Fig. 2.

No diffusion flux, Deff
⁎ = 0

Deff

[·1012 m2/s]
k
[·106 1/s]

Kb

[·104 dm3n/gn]
n
–

Error (Eq. (16))

C1a 0.81 14.36 6.70 0.53 0.004
C1b 1.05 9.95 5.83 0.51 0.015
C1c 0.97 5.16 5.50 0.57 0.039

With diffusion flux, Deff = Deff
⁎

Deff

[·1012 m2/s]
k
[·106 1/s]

Kb

[·104 dm3n/gn]
n
–

Error (Eq. (16))

C1a 0.81 14.36 6.70 0.54 0.005
C1b 1.05 9.92 6.05 0.50 0.015
C1c 0.97 5.16 5.50 0.57 0.039

With diffusion flux, Deff ≠ Deff
⁎

Deff

[·1012 m2/s]
Deff

⁎

[·1012 m2/s]
k
[·106 1/s]

Kb

[·104 dm3n/gn]
n
–

Error (Eq. (16))

C1a 0.81 0.57 14.36 6.70 0.54 0.005
C1b 1.05 0.45 9.92 6.05 0.50 0.015
C1c 0.97 0.31 5.16 5.50 0.57 0.039

Table 4
Optimized parameters for concretes C1–C6.

Deff

[·1012 m2/s]
k
[·106 1/s]

Kb

[·104 dm3n/gn]
n
–

Error (Eq. (16))

C1a 0.81 14.36 6.70 0.54 0.004
C1b 1.05 9.92 6.05 0.50 0.015
C1c 0.97 5.16 5.50 0.57 0.039
C2a 1.94 6.92 6.50 0.53 0.021
C2b 1.91 6.11 9.05 0.55 0.041
C2c 1.80 2.09 8.00 0.55 0.033
C3a 0.75 6.50 5.25 0.50 0.062
C3b 0.67 7.00 5.10 0.51 0.064
C3c 0.79 7.00 4.80 0.53 0.058
C4 0.65 3.10 5.00 0.49 0.035
C5 1.21 1.40 5.55 0.46 0.015
C6 2.22 0.74 8.05 0.53 0.033
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3.2. Chloride binding capacity and the apparent chloride
migration coefficient

In order to determine the apparent chloride migration coefficient,
Eq. (5) was used. The Deff and the free- and bound-chloride concentra-
tion profiles (c and Cb, respectively) were obtained by applying the
model (Eqs. (9) and (10)) to the experimental data, as described pre-
viously. Since the unit of the Cb obtained in this optimization is gCl/
gsolid and in the term ∂cb/∂c, needed for the calculation of the Dapp,
both concentrations should have consistent units (i.e. gCl/dm3

liquid),
the following equation was used to unify the units:

cb ¼ Cb � ρa

φ
: ð17Þ
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As an example, Fig. 3a–c shows the optimized free-, bound- and
total-chloride concentration profiles together with the measured total
concentration profiles for concrete C1a–c. The parameters obtained
from the data fitting for concrete C1a–c are given in Table 3 (for
Deff = Deff⁎). One can notice in Fig. 3a–c that the chloride profiles
symmetrically progress further into the depth of concrete with time
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(6 h RCM test for C1a, 9 h for C1b and 18 h for C1c). Despite the different
durations of the RCM tests performed on concrete C1a–c, the optimized
parameters are relatively constant (see Table 3 for Deff = Deff⁎). The only
parameter whose optimized value varies significantly is themass trans-
fer coefficient k. This has been previously observed in [14]. It seems that
the value of k diminishes in time, whichmeans that themass transfer of
0

0.2

0.4

0.6

0.8

1

0.03 0.04 0.05

C
t [

g C
l/1

00
g co

nc
re

te
]

]

0

0.2

0.4

0.6

0.8

1

1

0.03 0.04 0.05

C
t [

g C
l/1

00
g co

nc
re

te
]

]

0

0.2

0.4

0.6

0.8

0.03 0.04 0.05

C
t [

g C
l/1

00
g co

nc
re

te
]

]

c, model

cb, model

Ct, model

Ct, measurement

c, model

cb, model

Ct, model

Ct, measurement

c, model

cb, model

Ct, model

Ct, measurement

ined from the model for concrete: a) C1a, b) C1b and c) C1c.

image of Fig.�3


0

20

40

60

80

100

120

140

0 10 20 30 40 50 60 70 80

c b [
g C

l/d
m

3 liq
ui

d]

c [gCl/dm3
liquid]

C1a
C1b
C1c
Castellote et al. [22]

Fig. 4. Chloride binding isotherms computed from the model vs. the isotherm measured in [22].

122 P. Spiesz, H.J.H. Brouwers / Cement and Concrete Research 48 (2013) 116–127
chlorides from the liquid to the solid phase reduces when the duration
of the test increases. This phenomenon still needs a closer investigation.

With known cb and c profiles in concrete, the binding isotherm dur-
ing the RCM test can be derived. Therefore, in Fig. 4 the chloride binding
isotherms obtained from the model for concrete C1a–c are shown. As
expected, these isotherms are very different from the Freundlich iso-
therm (see Fig. 1a), which was obtained in concentration–equilibrium
conditions (i.e. when a sufficient time is given to complete binding).
However, given a sufficient time, the isotherms shown in Fig. 4 should
reach the Freundlich isotherm. It can be noticed, comparing the
Freundlich isotherm (Fig. 1a) to the modeled isotherms (Fig. 4), that
the binding of chlorides during migration tests is much lower for low
free-chloride concentrations. This phenomenon has been also con-
firmed in [22,23]. The reduced binding at low c can be explained
through the reaction model given in Eqs. (9) and (10). It can be noticed
that in this model the reaction (binding) rate is proportional to the
deviation of the chloride concentration in the bulk solution from the
equilibrium concentration at the liquid–solid interface. Therefore, the
deviation of cb from the equilibrium concentration will be low for low
values of c and it will increase proportionally with the increase of c. In
turn, the increase in the amount of bound chlorides will be low at low
c and respectively higher for larger c.

In Castellote et al. [22] an isotherm measured during non-steady-
state migration test is reported, and is also shown in Fig. 4 (cb was
recalculated to the unit used in this work assuming ρa = 2400 g/dm3

and φ = 0.14) for a comparison with the isotherms obtained from
the model. It can be noticed that the predicted isotherms for concrete
C1a–c and the one measured in [22] are similar, except for the region
of low free-chloride concentrations. This difference can be explained by
the fact that in the isotherms computed from the model the initial
bound-chloride concentration is non-zero, but instead, it corresponds
to the measured total chloride background concentration, while for the
isotherm measured in [22] the initial cb is zero. Besides the region of
low c, both isotherms presented in Fig. 4 are in a very good agreement,
which confirms the employed non-equilibriumbindingmodel. Castellote
et al. [22] explain that the isotherm determined after the migration test
differs from a Freundlich isothermbecause of the non-equilibrium condi-
tions during the short-term migration tests. Additionally, the lower
bound-chloride concentration is attributed to the faster transport rate
of chlorides during migration compared to the diffusion transport rate,
which in turn might cause binding to occur less.
The term ∂cb/∂c, needed for the estimation of Dapp or DRCM (Eqs. (5)
and (8), respectively), was derived from the computed free- and
bound-chloride concentration profiles, and is shown in Fig. 5a for con-
crete C1a–c. The binding capacity profiles in concrete C1a–c are given
in Fig. 5b. Again, one can see in these figures that the binding capacity,
defined as ∂cb/∂c, ismuch greater at higher free-chloride concentrations
than at lower concentrations.

With the known porosities (frommeasurements), free- and bound-
chloride concentration profiles and effective migration coefficients
obtained from the model, it is possible to estimate the apparent mi-
gration coefficient profiles in concrete, applying Eq. (5). Fig. 6a–b
show the computed Dapp profiles obtained for concrete C1 and C2, re-
spectively, for which the test conditions were the same, except for
the duration (i.e. 6 h, 9 h and 18 h of the RCM test at 60 V). Fig. 6c
shows the Dapp profiles obtained for mortar C3a–c, for which the
duration of the test was the same for all the tested samples (24 h),
but the applied voltages were different (35 V, 47.5 V and 60 V).
Fig. 6d shows the Dapp profiles obtained for three concretes with
different w/c ratios (0.35, 0.48 and 0.6). The Dapp profiles given in
Fig. 6a–d are computed until the depth of the free-chloride penetra-
tion (the so-called chloride penetration front). All the derived Dapp

profiles have a similar characteristic: lower values of the Dapp in the
layers of concrete closer to the exposed surface (higher chloride
concentrations), followed by a region of a rapid increase and finally
a flat region with relatively constant Dapp in the layers close to the
chloride penetration front (very low chloride concentrations). As
can be observed in Figs. 2 and 3, the chloride concentrations in con-
crete samples after the RCM test decrease gradually from high values
at the exposed surfaces to zero in deeper layers. Due to these in-
creased concentrations in the surface layers, the term ∂cb/∂c is also
larger in these layers (see Fig. 5a–b), which in turn reduces the value
of the Dapp, following Eq. (5). The regions of a rapid increase of the Dapp

in Fig. 6a–d correspond to the value of the binding capacity ∂cb/∂c,
which changes significantly at low free-chloride concentrations (about
1–10 gCl/dm3

liquid), as can also be seen in Fig. 5a–b. Therefore, in con-
crete layers with free-chloride concentrations in this range, the binding
capacity varies greatly, which, according to Eq. (5) also greatly influences
theDapp. For very lowchloride concentrations the binding capacity is also
low and it does not significantly influence the value of the Dapp, which
explains the flat region of the profiles in the vicinity of the chloride pen-
etration front (see Fig. 6a–d). One can notice in Fig. 6a–d that in each
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profile the Dapp is not constant as assumed in the traditional RCM test
model [1], but instead varies greatly: the difference between the mini-
mum values in the regions of concrete with high c and the maximum
values in the vicinity of the chloride penetration front (at very low c),
is of about a factor of four.
4. The migration coefficients Deff and DRCM

As demonstrated in the previous section, the apparent chloride
migration coefficient during the short-term chloride migration test
is not constant, but instead, due to non-linear binding and non-
equilibrium conditions, it varies greatly within the concrete sample.
This contradicts the assumption of a constantDRCM (Eq. (8)), adopted
in the RCM test chloride transport model.

Following the RCM test guideline [1,10], the chloride migration
coefficient is calculated as follows:

DRCM ¼ RT
zFE

� xd−α
ffiffiffiffiffi
xd

p
tRCM

ð18Þ
and

α ¼ 2

ffiffiffiffiffiffiffiffi
RT
zFE

r
� erf−1 1−2cd

c0

� �
ð19Þ

where: α — laboratory constant, xd — chloride penetration depth in-
dicated by a colourimetric indicator, tRCM — duration of the RCM test,
erf — error function and cd — chloride concentration at which the
colourimetric indicator changes the color.

The values of the DRCM computed from Eqs. (18) and (19) are
shown in Table 5, together with the free-chloride penetration depths
(xd), which were used for their calculation. The values of xd were de-
rived from the computed free-chloride profiles, assuming that the
colourimetric indicator for chlorides (0.1 mol/dm3 AgNO3 solution
sprayed onto the split concrete samples after performing the RCM
test) indicates a free-chloride concentration equal to 0.07 mol/dm3

(2.48 g/dm3) for an OPC concrete [1,24]. This concentration at the
color-change boundary was also confirmed in [16] for an OPCmortar,
however, many researchers reported larger values, especially in the
case of concrete with slag cements [17,32,33].

image of Fig.�5


0

2

4

6

8

10

0 0.01 0.02 0.03 0.04 0.05

D
ap

p 
[·1

012
 m

2 /
s]

x [m]

C1a
C1b
C1c

0

2

4

6

8

10

12

14

0 0.01 0.02 0.03 0.04 0.05

D
ap

p 
[·1

012
 m

2 /
s]

x [m]

C2a
C2b
C2c

0

1

2

3

4

5

6

0 0.01 0.02 0.03 0.04 0.05

D
ap

p 
[·1

012
 m

2 /
s]

x [m]

C3a
C3b
C3c

0

4

8

12

16

20

24

0 0.01 0.02 0.03 0.04 0.05

D
ap

p 
[·1

012
 m

2 /
s]

x [m]

C4
C5
C6

a) b)

c) d)

w/cU

t 

Dapp_max

t 

Fig. 6. The apparent chloride migration profiles during the chloride migration tests; a) C1a–c, b) C2a–c, c) C3a–c, and d) C4, C5 and C6.

124 P. Spiesz, H.J.H. Brouwers / Cement and Concrete Research 48 (2013) 116–127
The maximum values of the apparent chloride migration coeffi-
cient (Dapp_max), obtained from the model for each derived profile
shown in Fig. 6a–d, are also given in Table 5. These values represent
the migration coefficient at very low free-chloride concentrations,
right behind the progressing chloride penetration front in concrete,
where the binding capacity is very low. It can be seen in the presented
profiles that the Dapp_max for the same concrete remains relatively
constant at different durations of the test (Fig. 6a–b) and at different
applied voltages (Fig. 6c). Following Eq. (5) it can be stated with a
Table 5
Chloride migration coefficients from the RCM test (DRCM) and the maximum apparent
chloride apparent chloride migration coefficients (Dapp_max) computed for concretes
C1–C6.

xd
[mm]

DRCM

[·1012 m2/s]
Dapp_max

[·1012 m2/s]

C1a 7.85 6.85 6.94
C1b 14.70 8.91 8.92
C1c 26.85 8.24 8.38
C2a 15.99 14.60 13.28
C2b 22.61 13.99 13.03
C2c 42.19 13.35 12.40
C3a 11.05 4.16 4.73
C3b 13.52 3.84 4.25
C3c 19.10 4.40 5.01
C4 15.70 6.08 6.12
C5 16.88 9.16 8.40
C6 23.54 16.45 21.53
good approximation that the Dapp_max equals the Deff/φ or D0, as the
derived ∂cb/∂c term is nearly zero for the migrating chloride penetra-
tion front (obtained minimum values of ∂cb/∂c are in the range of
0.02–0.09 for the analyzed profiles). As shown in Table 5, the values
of the DRCM obtained from the traditional RCM model are very similar
to the values of the Dapp_max retrieved from the Dapp profiles. This
means that the DRCM represents the apparent chloride migration coef-
ficient in concrete only in the vicinity of the chloride penetration
front (low values of c), where the binding of chlorides is very limited.
As can be concluded from the binding isotherms shown in Figs. 4 and
5, the chloride penetration front can progress in concrete only slightly
retarded by chloride binding. This influence becomes more significant
when the chloride concentration increases, in which case, the value of
the Dapp behind the chloride penetration front decreases towards the
exposed surface, where the Dapp is the lowest (see Fig. 6a–d).

In Spiesz et al. [14] it has been stated that the DRCM calculated from
the traditional RCM model (Eqs. (8), (18) and (19)) is larger than
the DRCM (or Dapp) calculated from the Deff, which was obtained either
by fitting profiles (for non-steady-state regime experiments) or mea-
sured in steady-state regime migration tests. However, the equation
used in [14] to correlate the Deff and DRCM employs only the maximum
value of the binding capacity (∂cb/∂c), which in turn gives only the
minimum value of the Dapp that can be observed in Fig. 6a–d in the
surface layers of concrete. In the present article it is shown more
properly that the Dapp is not constant, but it changes within the con-
crete sample.

Based on the explanations given above, Eq. (8), which represents
the DRCM in the traditional RCM model [1], can be modified by

image of Fig.�6


125P. Spiesz, H.J.H. Brouwers / Cement and Concrete Research 48 (2013) 116–127
neglecting the chloride binding capacity for the migrating chloride
penetration front:

DRCM ¼ Dapp max ≈D0 ≈
Deff

φ
¼ constant: ð20Þ

The constant Dapp assumed in the traditional RCM model (Eq. (8))
is correct, but not because of the constant binding capacity term as-
sumed in this model, but due to the lack of chloride binding at very
low chloride concentrations. One can notice that the DRCM represents
only one case of the Dapp, i.e. when there is no chloride binding, and
then it equals theDeff/φ orD0 (see Eqs. (5) and (20)). Therefore, the con-
stant DRCM, as defined in Eq. (8), is not valid in the entire volume of the
tested concrete sample, but only in the vicinity of the chloride penetra-
tion front, where the binding is negligible. However, as the traditional
DRCM is determined based only on the position of the chloride penetration
front, it should not be affected by the binding.

The correlation between the DRCM and Deff given in Eq. (20) is very
straightforward — only the porosity is the proportional factor between
the two coefficients. This relationship is presented in Fig. 7 for the data
analyzed in this study. The linear correlation between the DRCM and Deff

shown in Fig. 7 is clear, and the proportionality factor of 0.133 obtained
in the regression can also be accurately predicted from the term
φ · (1 + ∂cb/∂c) in Eq. (5), applying the weighted average porosities of
all the analyzed concrete samples and the binding capacity term of 0.08.

Because the chloride penetration front during migration tests pro-
gresses at much higher rates compared to diffusion tests, Eq. (20) is
not valid for long-term diffusion tests. As shown in Yuan [17] or
Loser et al. [25], for the same concrete, the DRCM is about 30% larger
than the Dapp obtained in the non-steady-state diffusion test [26].
This can be explained by the ∂cb/∂c term, which will increase for the
slowly diffusing chloride penetration front, and following Eq. (5) will
decrease the Dapp_max.

5. Discussion

The RCM test has received some criticism in the literature for the
adapted chloride transport model. This criticism focused mainly on
the difference between the theoretical andmeasured chloride concen-
tration profiles after the test [14–17,27,28]. It was already mentioned
in Tang [1], that the theoretical ‘tsunami’-shape free-chloride concen-
tration profile, in which the free-chloride concentration decreases
from the maximum concentration (c0) to zero within a very short dis-
tance in the concrete sample, is different from actually measured
Deff
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Fig. 7. The effective chloride migration coefficient obtained from the new model vs
profiles. In these, the chloride concentration decreases gradually and
is in fact very similar in shape to diffusion profiles measured after
the natural diffusion tests. The gradual concentration profiles after
the non-steady-state chloride migration tests were later experimen-
tally confirmed by many researchers [14–17,27–33], and only in [34]
the measured chloride concentration profile was similar to the theo-
retical one. Tang [1] lists the following hypotheses explaining the dif-
ference between the theoretical and experimental chloride profiles:
i) different pore distribution resulting in different penetration fronts,
thus the measured profile is a combination of these different pene-
trations; ii) the influence of other ions on the chloride binding or
iii) reaction kinetics which change the shape of the profile without
changing the penetration depth. For the latter argument an equation
including a first-order chemical reaction model is used to represent
the chloride binding rate through a linear binding isotherm [1,35].
Nevertheless, the simulated chloride profiles again do not match
well with the measured ones [1]. Therefore, a new chloride transport
model was proposed in Spiesz et al. [14], which considers the non-
linear binding in non-equilibrium conditions and can predict the
experimental profile much better than the traditional model. Based
on the present article the explanation of the measured gradual profile
can be extended: due to the mass transfer resistance of chlorides
(concentration non-equilibrium) and non-linear chloride binding, the
local binding capacity and therefore the local apparent chloride migra-
tion coefficient Dapp, depend upon the local free- and bound-chloride
concentrations. For the chloride penetration front, the binding capacity
is very low so the front progresses through the concrete not retarded by
the binding. On the other hand, the concentration behind the front
increases, which in turn increases the binding capacity. Therefore, in
the locations in concrete behind the chloride penetration front there is
a larger deviation of bound-chloride concentration from the equilibri-
um concentration, so the binding takes place faster and reduces the
Dapp. Thus, at higher free-chloride concentrations more chlorides are
bound, which causes a higher accumulation of the total-chlorides in
the layers of concrete closer to the exposed concrete surface than in
the deeper layers, closer to the chloride penetration front. However,
this process does not significantly influence the chloride penetration
front because at very low free-chloride concentrations the binding
capacity is minimal. Therefore, the DRCM determined in the migration
tests based only on the position of the chloride front is not influenced
by the chloride binding and as shown in the present study, equals the
intrinsic chloride migration coefficient (D0) and the effective chloride
migration coefficient obtained from the model divided by the porosity
of concrete.
 = 0.133 · DRCM
R² = 0.95

10 12 14 16 18

 [·1012 m2/s]

. the chloride migration coefficient obtained from the traditional RCM model.
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6. Conclusions

The following conclusions can be drawn from the present article:

• This study increases the understanding of the chloride transport
process during migration tests.

• The diffusion flux of chloride during the migration test can be
neglected as the chloride transport is dominated by the electrically
forced migration.

• The chloride binding capacity, defined as ∂cb/∂c, is not constant in the
whole volume of concrete as assumed in the traditional RCM model.
Due to the non-linear binding and non-equilibrium conditions be-
tween c and cb, the binding capacity changes locally with the chloride
concentrations.

• The binding capacity during migration tests is very low at low free-
chloride concentrations. Hence, the progress of the free-chloride pen-
etration front through the concrete sample during migration tests is
not retarded by chloride binding. Therefore, the traditional DRCM,
computed based on the position of the chloride penetration front is
not affected.

• The apparent chloride migration coefficient changes during the RCM
test within the concrete sample, because it is a function of the local
binding capacity. The computed Dapp profiles show that the apparent
migration coefficients are much higher at the chloride penetration
front location (for very low c) and decrease towards the exposed sur-
face (higher c).

• The chloridemigration coefficient in the traditional RCMmodel is de-
fined as a constant apparent migration coefficient. In fact, it repre-
sents only the maximum apparent migration coefficient which
prevails at low c (in vicinity of the chloride penetration front). There-
fore, the constant DRCM is valid only at the location of the chloride
penetration front and not in the regions of concrete in which the
chloride concentrations are increased.

• Themaximumvalues of theDapp computed from theproposed chloride
transport model are very similar to the DRCM computed from the tradi-
tional RCMmodel. Additionally, it is explained that theDRCM is identical
with the intrinsic chloride migration coefficient in the pore solution
(D0) andwith the effective chloridemigration coefficient (Deff) divided
by the porosity (Deff/φ). A clear linear correlation between the obtained
DRCM and Deff is found.

• The discrepancy between the theoretical abrupt chloride concentra-
tion profile and the experimental gradual profiles can be attributed
to the fact that at higher chloride concentrations the chloride binding
capacity is increased. This in turn reduces the apparent chloridemigra-
tion coefficient in the layers of concrete with increased chloride
concentrations, and causes a higher accumulation of chlorides in
these layers compared to the layers with lower c (closer to the
chloride penetration front).

List of symbols

c concentration of chlorides in pore solution [gCl/dm3
liquid]

cb concentration of bound-chloride [gCl/dm3
liquid]

cd concentration of chlorides at which 0.1 N AgNO3 changes
color [gCl/dm3

liquid]
c0 concentration of chlorides in bulk solution [gCl/dm3

liquid]
Cb concentration of bound-chloride [gCl/gsolid]
Cbi initial concentration of bound-chloride [gCl/gsolid]
Ct total concentration of chlorides [gCl/100gconcrete]
Ct_mea measured total concentration of chlorides [gCl/100gconcrete]
Ct_mod total concentration of chlorides computed from the model

[gCl/100gconcrete]
Dapp apparent chloride diffusion/migration coefficient [m2/s]
Dapp_max maximum apparent chloride migration coefficient [m2/s]
Deff effective chloride diffusion/migration coefficient [m2/s]
Deff⁎ effective chloride diffusion coefficient [m2/s]
Df chloride diffusion coefficient in free liquid [m2/s]
DRCM chloride migration coefficient obtained from the traditional

RCM test [m2/s]
D0 intrinsic chloride diffusion/migration coefficient in concrete

pore solution [m2/s]
E electrical field [V/m]
F Faraday constant, 96485 [C/mol]
i number -
j number of measured data points -
k chloride mass transfer coefficient [1/s]
Kb Freundlich isotherm binding constant [dm3n/gn]
L thickness of concrete specimen [m]
n Freundlich isotherm binding constant -
N number -
R universal gas constant, 8.314 [Jmol−1 K−1]
t time [s]
tRCM duration of the RCM test [s]
T temperature [K]
U electrical voltage [V]
w/c water/cement ratio -
x distance [m]
xd chloride penetration depth indicated by AgNO3 [m]
z ion valence -

α laboratory constant for the RCM test -
δ constrictivity of pore structure -
σc compressive strength [MPa]
φ total water-permeable porosity of concrete [%] or -
λ distribution coefficient of chlorides between the solid and

liquid -
ρa apparent density of concrete [g/dm3]
ρs specific density of concrete [g/dm3]
τ tortuosity of pore structure -
ζ time step in time-discretization [s]
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