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ABSTRACT

This paper proposes to compare several experimental ways of obtaining the chloride diffusion coefficient
through saturated porous materials. The first method is based on the application of the Nernst-Einstein
equation for which the conductivity of the saturated sample is measured by impedance spectroscopy for
two kinds of materials: inert samples of TiO,, and concretes based on type I and type V cements. The sec-
ond method is a migration test in which the flux of chloride measured upstream allows calculating the
diffusion coefficient by means of the Nernst-Planck equation. In the third case, the diffusion coefficient
is calculated by current measurements in an equivalent configuration as the second method. It is shown
that the formation factor does not vary neither with the ionic strength of the saturation solution, nor with
the change in the pore solution constituents when the material is without mineral additions. The CEM-V
concrete exhibits a specific behavior with a strong influence of the addition of chloride in its pore solution
on the formation factor. The diffusion coefficients calculated with the three methods are in good agree-
ment provided the metrology of the experiments is carefully controlled.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Diffusive properties of cement-based materials are of great
importance as far as durability is concerned. Chloride diffusion is
itself a research topic because of the implication of chloride on
the corrosion of steel bars used as reinforcement in the concrete
structures. After developing experimental tests based on diffusion,
the interest of researchers turned to the development of acceler-
ated tests in order to shorten the duration of the experiments. Such
accelerated tests, also known as electrokinetic tests or migration
tests [1-4] are based on the application of a DC current. Today,
impedance spectroscopy methods are widely used in order to char-
acterize the transfers through cementitious materials [5-8]. To our
knowledge, very few attempts were made to compare diffusion
coefficients obtained with impedance spectroscopy [9,10] to diffu-
sion coefficients from electrokinetic experiments. Note also the
works of Loche et al. [11] on the effect of chloride migration on
the EIS results. Although most practical situations involve rein-
forced concretes which are partially saturated, the indicator of
durability used by the civil engineering community is a chloride
diffusion coefficient through saturated materials. It is the case in
this study.
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This paper documents a study of ionic transfer through several
kinds of materials: CEM-I and CEM-V concretes, and a TiO, ceramic
which is used as a model material. Impedance spectroscopy mea-
surements allowed us to study the relationship between the for-
mation factor and the ionic strength of the pore solution. Next, a
comparison is made between the diffusion coefficient calculated
from EIS experiments and the diffusion coefficient obtained from
a modified version of the migration test developed in our lab
[12,13], together from a direct current measurement.

2. Materials and pore network characteristics

Two different kinds of materials were tested: concrete samples
as reactive porous systems and TiO, samples as non-reactive por-
ous material. The concrete samples were based on CEM-I and
CEM-V cement with water-to-cement ratio of 0.4 and 0.43 respec-
tively. They were cast into cylindrical molds of 11 cm in diameter
and 22 cm in height. The samples were kept in humid chamber at
controlled temperature of 20 °C before being demolded after 24 h.
Then they were kept in the same chamber for several months. The
cure lasted at least 6 months for each type of concrete. At the end
of the curing period, the cylinders were sawed into three centime-
ters thick samples. The characteristics of the two concretes are pre-
sented in Table 1.

Cylinders of TiO, (11 cm in diameter) were also used for the
experimental campaign. This type of ceramics was chosen for
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Table 1
Concrete composition.
Component CEM-I1 CEM-V
concrete concrete
CEM-I 52,5 PM ES CP2 (Lafarge - Val 400 kg/m> -
d’Azergues)
CEM-V/A (S-V) 42,5 PM ES CP1 - 430 kg/m3
(Calcia-Airvault)
Sand 0/4 mm 858 kg/m> 800 kg/m?
Fine gravel 5/12.5 mm 945 kg/m? 984 kg/m?
Effective water 171 kg/m? 176.5 kg/m>
Superplasticizer (Glenium 27) 10L/m? 10.35 L/m3
(~2.5% mass of cement)
W/C (water/cement) 0.43 0.41

being inert vis-a-vis chloride and alkali ions, unlike concrete. The
materials microstructure was characterized through apparent den-
sity and water porosity measurements following the AFPC-AFREM
protocol [14]. Table 2 gives the results obtained as an average of
three measurements.

To complete the characterization of the materials studied in this
work, mercury intrusion porosimetry tests were also performed.
Note that in order to prevent from microstructure damages during
the sample preparation, the technique of freeze-drying was re-
tained before the MIP tests, as recommended by Gallé [15]. The
pore size distribution of the three materials is presented in Fig. 1.
The pore size distribution is completely different for the three
kinds of materials even though their water porosity is almost iden-
tical. The TiO, samples have one main pore mode which is centered

Table 2
Microstructure characteristics.

Material Apparent density (kg/m?) Water porosity
CEM-I concrete 2330 0.13
CEM-V concrete 2285 0.14
TiO, 3571 0.14

around 5 pm, while CEM-I and CEM-V concretes exhibit the typical
behavior of these types of concrete.

We also performed pore solution extractions for the two types
of concrete. The pore pressing experimental set-up allows applying
a load of 1 GPa [16]. A few mL were extracted each time and ana-
lyzed. The pH of the pore solution was measured immediately after
the test, leading to the hydroxyl concentrations. The solutions were
then analyzed by atomic absorption spectroscopy. The results are
presented in Table 3 in terms of ionic composition.

Comparing in both cases the ionic concentrations to each
others, we decided to neglect the presence of sulfate and calcium
ions in the pore solutions. They represent indeed only a minor
contribution to the overall ionic strength of the pore solution.
Artificial solutions were prepared from sodium, potassium, and
hydroxide. The ionic strength was calculated from Eq. (1).

1 2
I:jzi:zici (1)

where i is the ionic species, z is the charge number, and c is the
concentration.

The artificial solution resulting from the pore solution pressing
of the CEM-I concrete had an ionic strength I of 0.154 mol/L, while
I=0.245 mol/L in the case of an artificial solution corresponding to
the pore solution extraction of CEM-V concrete. In order to check
whether the ionic strength has impact or not on the results, an
additional artificial solution (solution 3) was prepared, which ionic
strength is I = 0.638 mol/L. Table 4 summarizes the ionic composi-
tion of the three artificial solutions.

Presented also in Table 4 are the electrical conductivities of each
solution measured with a CDM210 Radiometer Analytical. The val-
ues of conductivities reported in Table 4 are an average of two
measurements which depend on the apparatus calibration. The last
column of Table 4 shows the calculated values of the conductivity,
0l following the works of Snyder et al. [17].

Ocae = Zzici;~i (2)

where 1 is the equivalent conductivity, given by Eq. (3).
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Fig. 1. Pore size distribution of the materials.
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Table 3
Ionic composition of the pore solutions (mol/m?3).
Material Na* K Ca®* 02 OH~
CEM-I concrete 315 122.8 33 1.7 157.5
CEM-V concrete 70.6 173.9 1.0 8.0 2304
Table 4
Artificial solutions characteristics (mol/m?).
Solution Na* K* OH™ Tisol Ocale
(mol/m3)  (mol/m?®) (mol/m®) (S/m) (S/m)
Solution 1, from 31.5 122.8 154.3 3.8 35
CEM-I concrete
Solution 2, from 70.6 173.9 244.6 5.7 54
CEM-V concrete
Solution 3 127.6 510.6 638.3 123 129
20
b= —T 3)
14 GI'?

where /° is the equivalent conductivity at infinite dilution, and G
are empirical coefficients depending on the ionic species provided
in Table 1 of Ref. [17]. Note the very small difference between the
measurements and the calculated values even though the method
in [17] was proposed for cement pastes. We will rely later on the
calculated values to obtain the formation factor.

3. Experiments
3.1. Electrochemical impedance spectroscopy (EIS)

Impedance measurements were performed with an impedance
analyzer (HP 4294A). The amplitude of the sinusoidal voltage was
200 mV, and the frequency range was 40-110 x 10° Hz. The values
of the impedance were plotted on Nyquist plots. We designed our
own electrodes made of copper and a thin mattress of stainless
steel (see Fig. 2). Each electrode was protected by a PVC envelope.
Its shape and dimensions corresponded exactly to the sample
being tested. The mattress of stainless steel was thick and flexible
enough to ensure a very good contact with the sample when a light
compression was applied between the two PVC containers. Note
that the stainless steel may develop itself a resistive layer with
contribution in the frequency domain of interest [18]. Moreover,
as stated in Ref. [19], the ratio between the cross section of the
material and the cross section of the electrodes has impact on

To Impedance Analyzer

Copper

PVC support

Sample

< Steel

To Impedance Analyzer

Fig. 2. Configuration of the samples for the EIS measurements.

the resistivity measurements. This ratio was 1 in this study. The
test lasted less than five minutes per sample. The results are pre-
sented in terms of average of 3-4 tests, each test led in a day of
interval, in a room at constant temperature.

The diffusion coefficient was obtained from the measurement of
the saturated material resistance. Indeed the ratio of the pore solu-
tion conductivity opere to the conductivity of the material saturated
with the same pore solution o, is the same as the ratio of an ion
diffusion coefficient in the pore solution Dy to the diffusion coef-
ficient of the same ion though the saturated material, D. This ratio
is known as the formation factor .. For more details on the appli-
cation of the Nernst-Einstein relation and its applicability to
cementitious materials, see for example Snyder’s papers [20,21].
The formation factor is understood here as a global factor charac-
terizing the pore structure of the material. This approach which
would be questionable for other materials was proven to be valid
for cement-based materials by Refs. [20,21].

g D
F — pore _ Mpore (4)
Omat D

Dpore can be obtained in books and handbooks of chemistry,
such as for example Atkins [22]. The material conductivity is calcu-
lated from

L
O'mat :m (5)

where L is the sample thickness (m), A is the sample cross-section
(m?), and Ry, is the saturated material resistance (Q). The latter
is measured from the EIS experiments. The equivalent electrical cir-
cuit used in this work is presented in Fig. 3.

Fig. 3 exhibits a simple equivalent circuit made of the associa-
tion of the electrode (E) electrical properties together with the
material (mat) electrical properties. This circuit is made of the
association in parallel of resistors and capacitors, each association
being linked in series. The impedance of the equivalent circuit is gi-
ven by:

Z(0) = Zrea(0) + iZim(w) (6)
where
Zeen (@) = 2Rg 4 Rumat _ (7)
1+ ((URECE) 1+ (U)Rmatcmat)
and
2 2
Zim() = 2 ORCE _y  ORnaCoa ®

"1+ (WReCe)* 1+ (WRmatConat)?

Theoretically, the Nyquist plot corresponding to Egs. (6)-(8) is
made of two loops. The system becomes entirely resistive when
 — 0, w — oo, and for an intermediary value of the angular fre-
quency wmae for which Zi, (wmat) = 0. In this case, the equivalent
circuit impedance is

RE Rmal RE

CE Cmat CE

Fig. 3. Electrical equivalent circuit.
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1

O mat

Z(wmat) = Rmat = (9)

Experimentally, the system does not have the ideal behavior de-
scribed above, and the imaginary part of the impedance is not null
when the real part of the impedance corresponds to Eq. (9). In
practice, Ry Will be approached by the minimum value of Z;,
[23]. Note that more sophisticated models, such as [7], provide
more complete descriptions of the material.

3.2. Electrokinetic test

The principles of electrokinetic tests are well known and used in
practice, in particular for the measurement of the chloride diffu-
sion coefficient [1,2]. The experimental set-up used in this part of
the work was developed more than a decade ago in our laboratory
(LMDC Test). A more accurate version of this test is proposed in
this paper and, therefore for the sake of clarity, a brief description
is given here together with the initial conditions and boundary
condition chosen in this study.

A cylindrical sample of material is placed between two com-
partments containing any of the artificial solution completed with
20 g/L of NaCl (Fig. 4). The cathodic side is filled with 500 mL of
solution. The concrete samples were initially vacuum saturated
with the same solution of NaOH, KOH and NaCl. This means that
no concentration gradient existed between the material and the
electrolyte solutions. A constant electrical potential difference is
applied between the two faces of the material in a way to create
a 400 V/m electrical field. The geometry of the electrodes (made
of stainless steel) insures a uniform distribution of the electrical
field, at least at the macroscopic level, through the sample. The
originality of the test lies in the measurement of the amount of
chloride remaining in the cathodic compartment in time. The
cathodic solution is regularly renewed in order to maintain con-
stant boundary conditions. The test lasts less than two days and
starts immediately after saturation, which should prevent from
the changes in microstructure that can be noticed in time when
classic migration tests are used [24]. The difference in the initial
amount of chloride and the amount of chloride still in the cathodic
compartment is the amount of chloride entering the material. The
chloride concentration is measured by potentiometric titration.
From these data, the flux of chloride can be calculated.

The Nernst-Planck equation gives the relationship between the
flux of ionic species and the driving forces at the origin of the flux
(Eq. (10)).

Cathodic
compartment

Anodic
compartment

Fig. 4. Electrokinetic test.

F
Ji=-D; (Vci +z,-ﬁc,-V(p> (10)

where J is the flux of the ionic species i, D is its diffusion coefficient,
c is the concentration in solution, z is the charge number, F is the
Faraday’s constant, R is the ideal gas constant, T is the absolute tem-
perature and ¢ is the electrical potential.

In Eq. (10), the electrical potential ¢ is due both to the electrical
interactions created between the ionic species in solution in order
to fulfill the electroneutrality requirement, namely the membrane
potential, and the external electrical potential applied in the case
of an electrokinetic test [25]. Therefore,

RT ZiZiDiVCi & (11)
F >.z2Djc; L
where AU is the external electrical potential difference measured
between the two faces of the sample during the electrokinetic test,
and L is the thickness of the tested sample. The first term on the
right hand side of Eq. (11) is the membrane potential gradient.
Because the initial state is such that the pore solution composi-
tion and its ionic species concentration are identical to what is
found in the two compartments, all the concentration gradients
vanish in Egs. (10) and (11), which reduce to

.]i = —Dizi%ciV(p (12)
and
AU

Note that, under these conditions, diffusion is not a driving
force anymore: the transport of ionic species is due to the external
electrical potential difference only.

Since the cathodic compartment contains a renewed volume of
solution, it behaves as an infinite reservoir, and the chloride con-
centration at the surface of the sample on the cathodic side is
therefore a constant corresponding to the chloride concentration
in the compartment, cy-. In this case, we write from Egs. (12)
and (13)

F AU
.]cl’ = Dcl’ Ze- ﬁ Ca- T (14)

We present in Fig. 5 an example of result in terms of amount of
chloride entering the sample, in other words leaving the cathodic
compartment. The evolution of the chloride mole number is linear
in time after a few hours, which means that steady state is almost
immediately obtained thanks to the way the sample was saturated.
The results presented in Fig. 5 allow calculating the flux of chloride,
and the chloride diffusion coefficient is obtained from Eq. (14).

In its previous form, the saturation consisted in using a solution
of NaOH and KOH which composition was chosen a priori and did
not correspond to the pore solution composition. The same NaOH-
KOH solution was also used as anodic solution and cathodic solu-
tion. NaCl was added only to the latter. Under these conditions
the flux of chloride entering the sample was following Eq. (10),
meaning that in the initial phase of the migration test the transfer
was dominated by the concentration difference between the catho-
dic compartment and the sample: diffusion was first the main driv-
ing force. Then in time the chloride concentration gradient, on the
surface in contact with the cathodic compartment, vanished, and
the external electrical potential difference became the driving
force. More details on this can be found in [26,27]. The diffusion-
dominant phase is almost eliminated here, allowing the test to last
less than 48 h.
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Fig. 5. Evolution of chloride entering the sample in time (the best linear fit has a correlation coefficient of 0.94).

We saw that the pre-conditioning of the samples allows
controlling the initial conditions of the test. The current law is
given by

j:FZZili

where j is the current density calculated as the ratio between the
measured current (A) and the transversal cross section of the mate-
rial (m?). Eq. (15) becomes in our case

(15)

F* AU
=R L ZZ,D Gi (16)
Next, in view of Eq. (4), we write

. F2 AU

] RT L Zzl POI‘EICI (17)

Again, Eq. (17) is valid provided the concentration gradients are
null, i.e. the Nernst-Planck equation can be written with Eq. (12),
and the electrical potential (Eq. (11)) is reduced to Eq. (13). The

current is measured during the electrokinetic test, together with
AU. All the other terms of Eq. (17) being known, the formation fac-
tor # can be calculated. And

o Dpore,lcl’

Dcl’ 7

(18)

4. Results
4.1. Formation factor and ionic strength

Impedance spectroscopy tests were performed on the two kinds
of materials: non reactive (TiO;) and reactive (the two concretes).
Three samples of TiO, disks of thickness 15 mm were vacuum sat-
urated (following the AFPC-AFREM protocol [14]) with each of the
three artificial solutions. Fig. 6 presents an example of result corre-
sponding to the EIS test of TiO, sample saturated with the artificial
solution 1. Note that the minimum of the imaginary part is
obtained for a frequency of 61,593 Hz, leading to an overall mate-
rial resistance of 126 Q. The capacitive branch measured in the
lower frequencies highlight the effect of the interface between
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Fig. 6. Example of EIS results on TiO, sample.
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the electrodes and the material. The capacitive loop obtained
above mn, is typical of the material itself [28]. Note that for the
frequencies above 40 MHz the real part of the impedance is
slightly negative. This may be attributed to parasitic inductive
contributions.

The samples saturated with the first two solutions were dried
after the tests and vacuum saturated again with the same solution
to which 20 g/L of NaCl was added. The combination of solution 3
with 20 g/L of NaCl would lead to an ionic strength of 980 mol/m>
which is out of the range of our experiments. Therefore this case is
not studied in this work. We gathered in Table 5 the formation
factor / calculated from Eqgs. (4) and (5), together with the corre-
sponding standard deviation. The variation in the formation factor
/ is small and in the range of discrepancy of the experiments. The
results obtained from impedance spectroscopy show that the for-
mation factor of this non-reactive material is not affected by a
change in ionic strength, at least in the range of ionic strengths
tested. Extending this result to the value of the diffusion coefficient
of an ionic species thanks to Eq. (4), means that the ionic diffusion
coefficient will not vary when the ionic strength of the pore solu-
tion changes, thus will not vary when the pore solution concentra-
tion of the various ions in presence change. Such results are in
agreement with previous works of our group (see for example
[25,29]). Again, this conclusion is valid for the range of ionic
strength tested which corresponds to the pore solution in ce-
ment-based materials.

Concrete cylinders of 30 mm in thickness were saturated in the
same manner as TiO, samples with their corresponding artificial
solution: solution 1 with I=0.154 mol/L for the CEM-I concrete,
and solution 2 with I=0.245 mol/L for the CEM-V concrete. EIS
tests were performed and the saturated concretes conductivities
were recorded leading to the calculation of the corresponding for-
mation factors. Next, the samples were dried until constant mass
before being vacuum saturated again with the same artificial solu-
tions to which 20 g/L of NaCl were added. Again, EIS tests were car-
ried on. Some tests were done immediately after saturation, while
another set of samples was kept for one year in saturation with
NacCl before EIS tests. The results are presented in Table 6.

For the sake of clarity, all the results are gathered in Fig. 7.
When the CEM-I concrete is saturated with the solution of ionic
strength I = 0.145 mol/L, the formation factor is in the same range
as the value obtained with the TiO, ceramic in the same conditions.
When the TiO, ceramic and the CEM-V concrete are saturated with
the same solution (I = 245 mol/L), the formation factor measured
with the sample of CEM-V concrete is about 3 times bigger than
the # measured with the TiO, sample.

Table 5
EIS results on the TiO, samples.

73
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Fig. 7. Formation factors as a function of the ionic strength.

The results presented in Table 5 led us to the conclusion that .7
does not depend on the ionic strength of the pore solution, at least
in the range of tested ionic strength which corresponds to real con-
ditions for concrete, when examining the formation factor corre-
sponding to solution 1 and solution 2 which differ only in the
concentration of their constituents. The difference in results de-
scribed in the previous paragraph is therefore to be found in the
different microstructure of the tested materials (Fig. 1) since they
all have the same water porosity, i.e. the same pore volume avail-
able to water intrusion. Type V concretes possess a larger amount
of very small pores, the pores of the gel, than CEM-I concrete. A
smaller network of connected pores induces a much more tortuous
pore network, which is highlighted by a much higher formation
factor. The pore size distribution is rather different in the case of
CEM-I concrete. Indeed, Fig. 1 shows that the volume of pores
accessible to mercury intrusion in the range 0.07 to 1 um repre-
sents a significant portion of the overall porosity: it is 17% of the
pore volume accessible to mercury. In the case of CEM V concrete,
the porosity in the range 0.07 to 1 um represents only 9.5% of the
Hg accessible pore volume.

This particular distribution of the pore size induces the exis-
tence of preferred paths for the transport of the electrical current
leading to a formation factor # smaller for CEM-I concrete than
for CEM-V concrete, see in Fig. 7, Zm_v = 3% cem — 1. In terms
of electrical charges transport, the pore distribution of the CEM-I
concrete makes this type of concrete relatively close to the TiO,
ceramic with a one-mode micrometer pore distribution.

TiO, +sol. 1 TiO, +sol. 1 + NaCl TiO, + sol. 2 TiO, + sol. 2 + NaCl TiO, +sol. 3
(I'=0.154 mol/L) (I'=0.496 mol/L) (I'=0.245 mol/L) (I'=0.586 mol/L) (I'=0.638 mol/L)
F 436 428 463 553 406
Standard 50 66 51 45 52
deviation
Table 6
EIS results on the concrete samples.
CEM-I CEM-I CEM-1 CEM-V CEM-V CEM-V

concrete + solution concrete + solution concrete + so

1(I=0.154 mol/L) 1+ NaCl (I = 0.496 mol/

lution

1+ Nadl for 1 year

concrete + solution
2+ Nadl for 1 year

concrete + solution concrete + solution
2 (I=0.245 mol/L) 2 +NaCl (I=0.586 mol/

L) (I=0.496 mol/L) L) (I=0.586 mol/L)
7 506 666 718 1384 2054 2816
Standard 73 5 73 56 69 125

deviation
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Table 7
Chloride diffusion coefficients.

Diffusion Coefficient From EIS

From the current
measurement

From electrokinetic test

(m?[s)

Saturation Artificial pore Artificial pore

Artificial pore solution + NaCl for

Artificial pore Artificial pore

solution solution + NaCl 1 year solution + NaCl solution + NaCl
CEM-I concrete 4.1 %102 3.0x 1012 29x 1012 2.8 x 10712 49 x 10712
CEM-V concrete 1.5x 10712 1.0 x 10712 0.7 x 10712 0.8 x 10712 1.3x10°12

In the case of the TiO, ceramic, the ionic composition of the
pore solutions was also varied, the ionic strength varying through
the ion concentrations and the type of ions: another species was
added (chloride) in association with sodium as counter-ion. We
see in Table 5 and Fig. 7 that the formation factor seems to be
insensitive to the change in ionic composition. The same comment
occurs in the case of the CEM-I concrete (Table 6): the formation
factor remained relatively constant even when the material was
saturated with the solution 1 and NaCl, and kept in this solution
for one year. The fact that the formation factor remains constant
indicates that, not only .# does not vary with the ionic strength,
but also does not vary with a change in the pore solution constit-
uents. Such results highlight the character of geometric parameter
of the formation factor, a macroscopic geometric parameter which
accounts for the pore network tortuosity, and constrictivity.

The case of the CEM-V concrete is rather different. The forma-
tion factor increased immediately after the saturation with solu-
tion 2 and NaCl. # is even higher when measured after one year
of conservation in the saturation solution. This result is in agree-
ment with the works published by Sanchez et al. [24] who also
used a concrete with mineral additions in their study. The pore
network is such that the transfer of chloride creates modifications
in the concrete microstructure and narrows the pore dimensions
leading to an increase of the formation factor. Because the contri-
bution of the smallest pores to the overall porosity in CEM-I
concrete is much smaller, the effect of chloride on the pore geom-
etry was not detected.

4.2. Diffusion coefficients

Combining the results obtained in the previous section with Eq.
(4), we can calculate the diffusion coefficient of any ionic species,
such as chloride. The electrokinetic tests provided also a value of
the chloride diffusion coefficient together with the current mea-
surements. We show in Table 7 the results obtained with the three
different methods. The diffusion coefficients measured with the
three techniques are in good agreement in the case of CEM-I con-
crete. Note that the value obtained with the currents measure-
ments is slightly higher for CEM-I concrete. In the three different
kinds of experiments the metrology was carefully controlled:
interface between the electrodes and the samples in EIS experi-
ments, constant boundary conditions in the case of the electroki-
netic tests for example.

When the chloride diffusion coefficient is calculated from the
Nernst-Planck equation (Egs. (10) and (14)), chloride ions need
to be added both to the electrolyte solution that is used in the
cathodic and anodic compartments and as saturation solution. This
condition ensures an null concentration gradients that allow the
use of Eq. (12). If the pre-saturation condition with NaCl is not ful-
filled, the test is nevertheless valid [12] although it lasts longer due
to the time needed to cancel the concentration gradients as previ-
ously explained in Bégué and Lorente [26]. The fact that the chlo-
ride flux is obtained from the amount of chloride entering the
sample rather than the amount of chloride leaving the material
should prevent from the effect of chloride interactions with the
solid phase of the material to have impact on the results. This is

true provided the pore network is not affected by the chloride
interactions. Said another way if chloride binding leads to the for-
mation of products (such as Friedel’s salt for example) that modify
the pore space, the diffusion coefficient calculated from the ionic
flux may be lower than expected. This is what was obtained in this
work in the case of CEM-V concrete.

Because the method is based on the flux of chloride calculations,
the amount of chloride transferred through the sample needs to be
monitored which requires, obviously, to work with chloride. On
another hand, the formation factor measurements through the
AC tests proved to be independent of the ionic strength and of
the ionic composition of the solution (in the limit of the tested io-
nic strength range). Therefore the technique may be used to calcu-
late the diffusion coefficient of an ionic species even though the
very ion is present neither in the electrolyte compartments, nor
in the pore solution.

If the pore network geometry has impact on the electrical
charges transport as seen in the previous section, its impact is also
obviously present here in the values of the diffusion coefficient
measured by Impedance Spectroscopy. We notice that the diffu-
sion coefficient of CEM-I concrete is 3.5 times higher than the
one of CEM-V concrete. It is worth highlighting that the technique
developed to improve the migration test (specific control of the
boundary and initial conditions) leads to a similar ratio between
the two diffusion coefficients. This result proves again, but this
time in a non direct way, that the geometry of the pore network
is the leading factor in the value of the macroscopic parameter
which is a diffusion coefficient.

5. Conclusion

We presented in this paper a comparison on three different
ways to measure the diffusion coefficient of chloride through sat-
urated samples of different porous systems: concretes and TiO,
ceramics. Artificial solutions were prepared based on the pore
solutions compositions of the two concretes. The samples of TiO,
ceramics, a nonreactive material, were used to measure the forma-
tion factor for different pore solutions based on NaOH and KOH. It
was shown that the ionic strength of the pore solution has no im-
pact on the value of the formation factor. Next, we showed that
this result remains true in the case of the two different reactive
materials, CEM-I concrete and CEM-V concrete. The addition of
chloride to the pore solution of the materials does not seem to have
a detectable impact on the results neither in the case of the TiO,
ceramic, nor in the case of the CEM-I concrete. The CEM-V concrete
is relatively sensitive to the chloride transfer with a strong increase
of its formation factor in time. The particular structure of the CEM-
V concrete pore network combined with the products of the inter-
actions of chloride with the cement matrix lead to narrower pore
paths which may explains this result.

Finally the comparison between the diffusion coefficients ob-
tained from EIS tests and electrokinetic experiments indicated a
good agreement between the results. Future works will include a
search for equivalent electrical models which allow describing
the microstructure of the materials.
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