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as been used during the last decades as an accelerated and useful method for
determining the resistance of concrete to chloride ingress. Furthermore it allows to determine transport
parameters of chloride ions through porous materials. The application of electric fields seems to introduce
variations in the microstructure of concrete. In this work these variations have been studied using the
impedance spectroscopy technique in the high frequency region (1 kHz–1 MHz). The results show that the
dielectric response of concrete is also strongly modified during the migration experiments. The variations of
the dielectric parameters during the migration tests can be explained in terms of modifications of the
microstructure of concrete. The observed modifications are in good agreement with the results of mercury
porosimetry analysis.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride ions are responsible of many of the corrosion problems of
steel embedded in reinforced or prestressed concrete [1,2]. These
corrosion phenomena lead frequently to early deterioration and
eventually to risky situations for the stability of structures. In any case,
the economic costs inherent to reparation works are considerable.

The presence of chloride ions (Cl−) in concrete is due to two main
causes: they can be added in the mix components, or they can ingress
into concrete from the environment. The addition of Cl− at the time of
mixing is normally due to theuse of chloride contaminated components.
Some years ago chloride salts were purposefully admixed as hardening
accelerators, although this practice has nowadays disappeared. Cast-in
chlorides cause variations of the microstructure of cement mortar and
concrete, as compared with non-contaminated reference materials. In
general terms the pore size distributions aremodified and the tortuosity
of the porous network is increased when Cl− are admixed [3,4].

Themost frequent situation is the ingress of Cl− fromtheenvironment
through the pore paths of concrete. Several ingress mechanisms may
operate, depending on the environmental conditions, although the
mechanism that has attractedmore interest is diffusion,which started to
be studied about 30 years ago [5–8]. Big efforts have beenmade to design
test methods of chloride ingress into concrete [9–18]. Some of these
methods are aimed only to rank concrete mixes according to their
l rights reserved.
resistance to chloride ingress, which can be very useful when choosing
the materials at the design phase of structures. Other methods also
intend to determine Cl− transport parameters, mainly the diffusion
coefficient. These parameters can be used, in conjunctionwith transport
models, for service life estimations of new or existing structures [19].

Pure diffusion tests, normally performed with diffusion cells or
with Cl− solution ponding setups, are time consuming and involve big
experimental effort for chemical analysis of Cl− content of many
samples. This led quickly to the proposal of forced migration tests,
based on the application of electric fields, to speed up the transport of
ions through concrete specimens [9]. The experimental conditions in
migration tests are somehow similar to those prevailing in electro-
chemical chloride removal trials. Both steady-state and non steady-
state ionic diffusion coefficients can be derived from migration
experiments [17]. Even the technique of impedance spectroscopy in
the very low frequency range (0.1–11.31 Hz) has been used to
determine the Cl− diffusion coefficient on the basis of the diffusion
tail appearing in the impedance spectra [20]. Recently, it has been
proposed a new method for determining chloride diffusion coeffi-
cients based on impedance measurements of some dielectric para-
meters in the 100 Hz–40MHz frequency range [21]. In this last work it
has been also studied the modifications of the dielectric response of
cement mortar samples during chloride migration trials.

Several researches have shown, mainly by mercury porosimetry
(MIP) and scanning electron microscopy (SEM) analyses, that ionic
migration through concrete causes changes in its pore size distribu-
tion. The main effect being a refinement of the pore structure, i.e. a
decrease in the number of large pores and an increase in the number
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Fig. 1. Photography of the cell used for the migration experiments and the impedance
on-line measurements. The driving electrodes are placed at 25 cm distance, and the
holes at 19 cm distance are used for the impedance measurements.
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of small pores [22–24]. Nevertheless, some differences have been
found in the microstructure of the concrete regions near the cathode
and near the anode after finishing the migration experiments [22,24].
The technique used in the present work to determine modification in
concrete microstructure has been impedance spectroscopy (IS).

In recent years it has been shown that impedance spectroscopy is a
powerful technique to study the microstructure and mechanic
properties of cement paste, mortar and concrete. It is due to the
possibility of correlating dielectric and mechanic properties of
cementitious materials [25–27].

For the concrete-steel system a complete impedance spectra has
been described in a previous work [28]. As stated in that work the
dielectric properties appear in the high frequency range (~MHz). The
key point in the interpretation of the impedance spectra is the
determination of the time constants present in this high frequency
range. Initialworks in thisfield considered thepresence of only one time
constant in the dielectric response range [29–32]. This interpretation led
to very high dielectric constant values (εN103) very far from the typical
values found for ceramic materials. The high values obtained were
justified introducing a dielectric amplification factor (DAF). A different
model, with two time constants in the high frequency loop, was
proposed, and the values obtained for the dielectric constant weremore
reasonable [33,34]. The authors of these latter works also proposed
different experimental setups to avoid the physical contact between
electrodes and sample, thus eliminating the influence of the sample-
electrode interface. Later it has been established, using a numerical
technique such as differential impedance analysis, introduced by
Stoynov et al. [35], that in the high frequency loop two time constants
coexist, one of them associated to the solid phase of the material, while
the other corresponds to the electrolyte filling the pores [36]. It has been
shown that this technique allows to follow changes inmicrostructure of
cement paste, using quite simple representations. The simplicity of
impedance measurements, and the possibility of measuring in situ,
whenever it is considered necessary, suggests that this technique is
useful to study the modifications produced in concrete microstructure
by forced ionic migration.

A recently publishedwork [37], shows the influence ofmigration on
the impedance spectra. However, this study does not intend to study
microstructural changes, but proposes a new theoretical study on the
influence of the AC electric field on the ionic transfer. The equivalent
circuit used for the interpretation of the spectra obtained returns to the
concept of DAF, which includes only one time constant [30,31]. The
high values obtained for the dielectric parameters may be due to the
induction resulting from the leads at the high frequency of the electric
signal, aspect mentioned as one of the main problems, but also from
the equivalent circuit used to interpret the impedance spectra [37].

Themain interest of the present paper is to establish the possibility
of using impedance spectroscopy to measure the modifications of
microstructure in real time and without perturbing the migration
experimental conditions.

2. Experimental setup

Concrete samples were prepared using a Portland cement with
limestone filler, CEM II A-L 42.5 R. The water/cement ratio used was 0.5.
Table 1
Composition of concrete

Component Mass/vol. (kg/m3)

Cement II A-L 42.5 R 350
Coarse aggregate 6–12 mm Ø 714
Coarse aggregate 4–6 mm Ø 489.5
Sand 662.75
H2O 175
Plasticizer 1.40
The dosage used for concrete preparation is shown in Table 1. The
mixturewascast in cylindricalmoulds10 cmindiameter, and10cmhigh.
Samples were kept at 100% RH during the hardening time, until starting
the experiment. The samples were cut into slices of 1 cm thick. These
slices were placed in the cells designed for the forced migration tests.

2.1. Forced migration tests

The forced migration experiments have been performed following
essentially an experimental procedure [17], based on monitoring the
anolyte conductivity, as this parameter has been shown to be
proportional to the chloride content of the anolyte.

The concrete samples were pre-conditioned prior to the migration
tests, following a standardized water saturation procedure [38]. A
typical cell is shown in Fig. 1. Each electrolyte container has 500 ml of
capacity and the concrete sample is placed in between with two
silicone rings, leaving exposed circular faces of 6.5 cm diameter for the
migration test. The stainless steel electrodes for establishing the
driving electric field are placed in the outer apertures of the cell, the
distance between them being 25 cm. The inner apertures are used for
the electrodes of the impedance measurements.

After checking the absence of liquid leaks between both electrolyte
chambers, the catholyte and anolyte chambers are filled with a 1 M
NaCl solution and with distilled water, respectively, and the migration
experiment begins. The applied driving voltage is 12 V, although the
effective potential drop between both sides of the concrete disc is
measured periodically by means of two saturated calomel reference
electrodes. The conductivity measurements of the anolyte solution
were performed each 6 h at the beginning of the experiment, and after
the first 60 h the frequency of measurements is set to each 12 h. These
measurements were performed with a Crison GLP31 conductimeter
(Barcelona, Spain), with automatic compensation of the readings to
25 °C standard temperature. Temperature data of the electrolytes
were also recorded.

2.2. Impedance spectroscopy measurements

The impedance spectra of the system solutions-concrete disk were
obtained using an AUTOLAB potentiostat/galvanostat with PGSTAT30
impedance analyser with input capacitance b8 pF, and the possibility
of obtaining the impedance spectra from 10 μHz to 1 MHz. A two-
electrode configuration was employed to perform the measurements.
Two stainless steel rods (Ø=4 mm) were placed in the inner apertures
of the cells, thus having 19 cm distance between them (see Fig. 1).
These electrodes were removed after each impedance measurement.



Fig. 3. A. Evolution of the anolyte conductivity with time during the forced migration
experiments. B. Evolution of the catholyte conductivity with time during the forced
migration experiments (solid triangle) and the temperature of the solutions (open
circle).
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The frequency range of the IS measurements was from 10 Hz to
1 MHz, because this is the range were dielectric properties appear
[28]. Even though the input capacity of the measuring equipment is
high, the spectra modifications can be adequately recorded, because
the value of the input capacity is the same for all the measurements.
The obtained impedance spectra were validated using the Kramers–
Kronig (K–K) relations, to ensure causality, linearity and stability of
the measurements made [39], with satisfactory results.

Measured data were fitted to an equivalent circuit to obtain the
parameters of interest in the system. The circuit used in this work,
shown in Fig. 2 is based on a previous circuit originally proposed for
cement paste [36], but it has been shown to be effective to fit the
impedance spectra obtained for cement mortar, just including the
aggregates into the solid phase [27], and a modification for samples
immersed in solutions has been made recently [21]. The fitting of the
measured data to the model proposed is made using a simplex
optimization method which is described elsewhere [33,40].

2.3. Mercury intrusion porosimetry

In order to validate the interpretations of the impedance spectro-
scopy measurements, in terms of microstructural modifications, a
classic technique, such as mercury intrusion porosimetry was used for
determining the pore structure of selected samples, taken at different
spatial locations and times elapsed since the beginning of the
migration tests. Even though there are many facts that suggest that
this technique is not optimal for the measurement of the pore sizes
[41,42], it is widely used to determine pore sizes and distributions.

There has been recently some discussion on the effect that
different types of drying have on the MIP measurements [43,44]. In
this work samples were vacuum dried for 48 h and then kept in oven
at 50 °C. This procedure assures that no structural water is evaporated.
With this preparation, the chosen value for the contact anglewas 130°.
To ensure that samples used for this measurements were representa-
tive they were cut off with irregular and random shapes.

The porosimeter employed was an AUTOPORE IV 9500 from
Michromeritics. This porosimeter allows pore diameter determination
in the range from 5 nm to 0.9 mm. It has to be considered, that as
reported by Diamond [41,42], only the dimensions of the pore
superficial structure can be detected by MIP, and the irregularities in
pore shape cannot be determined. Nevertheless, information on the
possible tortuosity of pore network can be obtained from the mercury
retained in the sample after the end of the experiment.

After a MIP test, the analysis of the curve plotting the logarithmic
differential intrusion volume vs. pore size, shows the size ranges
where pores appear. Usually the pores of concrete are classified into
the following categories: gel pores (diameters lower than 10 nm);
capillary pores (diameters between 10 nm and 1 μm); and pores with
diameters larger than 1 μm. This classification is significant from the
point of view of concrete durability, since most mass transfer through
concrete takes place through the capillary porosity, while gel pores
Fig. 2. Equivalent circuit used for the interpretation of the impedance spectroscopy
measurements in the high frequency region.
practically do not contribute to transport. Pores larger than 1 μm are
associated to air voids, and considered as coarse porosity [45,46].

3. Results

3.1. Forced migration results

After the beginning of the migration experiments the values of
conductivity and temperature on both cathodic and anodic sides, and
the potential drop between both sides of the sample were measured.
Results are depicted in Fig. 3 for conductivity and temperature, and in
Fig. 4 for the potential drop. As shown in Fig. 3A, the conductivity of
the anolyte is low, (below 1 mS/cm), during the first 100 h of the
migration test. After the time-lag the anolyte conductivity increases at
an approximately linear rate, indicating that the chloride migration
has reached the steady-state, i.e. constant Cl− flux, and finally the
conductivity reaches a constant value of about 25 mS/cm.

Fig. 3B shows that the temperature of the electrolytes remains in the
23 °C to 27 °C range during themigration tests, indicating the absence of
an intenseheat evolutiondue to Joule effect [11]. This allows to disregard
the possibility of damages of the microstructure due to this side effect.
The increase of conductivity of the catholyte, which shows a similar
shape pattern as that of the anolyte, is due to the migration of cations
from concrete, and to the products of cathodic electrode reactions,
where OH− ions are produced [11]. These ions have a much greater
mobility than Cl−, making the catholyte more conductive.
Fig. 4. Changes of the potential drop between the sides of the concrete sample during
the forced migration experiment. This potential is measured placing two reference
electrodes close to concrete sample.



Fig. 6. Deposits formed on the anodic side of the concrete sample. The deposition of
these materials occurs mainly on the cement paste zones, and not over the aggregates.
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The values for the non stationary and stationary diffusion
coefficients are obtained using Eqs. (1) and (2) [17]:

DNS ¼ 2x2

sm2
m coth

m
2
� 2

h i
; m ¼ zFD/

RT
ð1Þ

DS ¼ JRTx
zFC0gD/

ð2Þ

where x corresponds to sample thickness, τ is the time-lag, calculated as
the time elapsed from the beginning of the test until the conductivity
starts to increase in the anodic compartment. ΔΦ is the mean value of
the potential difference between both sides of the sample. J is the fluxof
Cl− ions in steady-state, and it is derived from the slope of the linear part
of the conductivity versus time plot. C0 is the Cl− initial concentration of
the catholyte (1 M). γ corresponds to the Cl− activity coefficient [47] of
the catholyte solution (0.603), and finally T is the average temperature
recorded during the experiment. The mean values obtained were
DNS=1.9·10−12 m2/s and DS=4.3·10−12 m2/s.

The driving electrodes corroded significantly during the migration
trials, especially the anode. Every time the conductivity was
measured, the state of the electrodes was also checked. The possible
oxides formed were removed, and the resistivity of the electrode was
measured to be sure there was no ohmic drop due to oxide layers.
When the electrodes were damaged they were replaced by new ones.
The state of a damaged electrode is shown in Fig. 5, where it can be
appreciated that the electrode is especially corroded at the bottom.

Finally it has to be pointed out that at the end of the migration
experiments the concrete samples appeared covered with a layer of
material with the colour of Fe oxides at the anolyte side. This material
appeared especially in the cement areas, and not on the aggregate, as
can be seen in Fig. 6. MIP and SEM studies, including elementary
analysis, were made on samples of these deposits, taken from the
concrete surface in contact with the anolyte, after finishing the
migration tests. The elemental compositions of these deposits,
determined by SEM analysis, are shown in Table 2.

3.2. Impedance spectroscopy results

Impedance spectra of the concrete specimens subjected to
migration were measured every 12 or 24 h. These impedance spectra
contain both the response of the solutions used in the experiment and
the concrete sample. Changes with time in the impedance of the
system are due to modifications of the anolyte and the catholyte, as
well as changes in the microstructure of the concrete sample. The
analysis of the evolution of the impedance spectra may allow
understanding the modifications of the concrete microstructure
caused by migration. Fig. 7 shows three impedance spectra obtained
at different testing times: the initial situation (24 h after the beginning
of the experiment), the period where the anolyte conductivity
Fig. 5. Driving electrode corroded after some hours of the forced migration experiment.
As it can be seen the corrosion phenomena is especially important at the bottom of the
electrode.
increases linearly (290 h), and the last spectrum shown (600 h),
corresponds to the final part of the experiment, where the anolyte
conductivity remains approximately constant, see Fig. 3. It is evident
from Fig. 7 that important changes occur, being not only a
consequence of the variation in the resistance of the electrolytes. It
is interesting to note that the low frequency resistance decreases
while the anolyte conductivity is increasing, see Figs. 3 and 7, but after
some hours of testing the value of this resistance increases.

The impedance spectra measured were successfully fitted to the
circuit depicted in Fig. 2 using the procedure explained in Section 2.2.
Fig. 8 shows an experimental impedance spectrum and the result of
the fitting. Best fitting parameters are also given in the figure caption.

The equation used for the fitting of measured spectra is the
following:

Z xð Þ ¼ R0 þ Z1 � Z2
Z1 þ Z2

þ R3

1þ jxR3C3ð Þa3 ð3Þ

where Z1 ¼ R1

1þ jxR1 � C1ð Þa1 and Z2 ¼ R2 � 1þ jxR2 � C2ð Þ�a2ð Þ
� �

ð4Þ

The parameters obtained from the fitting are R0, R1, C1, R2, C2, R3,
C3, α1, α2 and α3. The physical meaning of these parameters has been
discussed elsewhere [21,27,36]. R0 corresponds to the electrolytes at
both sides of the concrete sample, between the IS measuring
electrodes and the sample. R1 has been associated to the pores that
connect both faces of the concrete sample (percolating pores), while
R2 is related to the pores that do not connect the two sides of the
Table 2
Elemental compositions, determined by SEM analysis, of the deposits formed over the
face of concrete sample at the anodic compartment after 410 and 820 h of migration

Element % Element %

O 39.43 O 25.84
Fe 35.78 Fe 58.54
Cr 17.19 Cr 6.41
Cl 4.57 Cl 0.13
Si 0.25 Si 0.25
Ni 1.42 Ni 6.74
Mn 1.37 Mn 1.75

Ca 0.30
Al 0.04



Fig. 7. Evolution of impedance spectra of concrete during the forced migration
experiment. Part A depicts the spectra obtained after 24 (circle), 290 (triangle), and
600 h (square) of migration. Part B shows a zoom of the selected area in panel A.
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sample (occluded pores). C1 is a dielectric capacitance, and is related
to the solid fraction in the sample, including cement paste and
aggregates. C2 is the capacitance associated to the ionic double layer
present at the pore walls-inner concrete electrolyte interface. α1 and
α2 correspond to Cole–Cole type time constant dispersion factors. R3,
C3 and α3 have been associated to the interfaces of the system external
electrolytes-concrete [21]. R3 corresponds to the transfer resistance of
these interfaces, and C3 to the double layer capacitance of both
interfaces. α3 is the dispersion factor associated to this third time
constant.
Fig. 8. Measured impedance spectra (circle) and fitted data (triangle) using the
equivalent circuit shown in Fig. 2. The best fitting parameters are the following:
R0=649.78 Ω, R1=6299.1 Ω, C1=30.60 pF, α1=0.87, R2=245.67 Ω, C2=34.8 pF,
α2=0.86, R3=728.52 Ω, C3=0.12 μF, α3=0.77.
The variations of all these parameters, as a function of ionic
migration time are depicted in Figs. 9 and 10. The evolutions of R1 and
R2 during the migration experiment, (Fig. 9A and B), show clearly
decreasing trends during the first 100 h, but afterwards their values
tend to increase slightly, and at approximately 400–450 h both
resistances show an increase of the slope of the growing lines.

Fig. 9C shows the evolutions of C1 and C2, which are very similar
for both capacitances. Their value remains approximately constant
during the first 200 h of the migration experiment. After this initial
stage there is a growing tendency on the value of both capacitances.
The value of C2 increases faster than the value obtained for the
capacitance associated to the solid phase (C1), especially after 500 h.

The evolutions of parameters associated with the external
interfaces and electrolytes are depicted in Fig. 10. The resistances R0
Fig. 9. Evolution of the dielectric parameters corresponding to concrete microstructure,
during the migration experiment. See text for details. A) R1; B) R2; C) C1 and C2.



Fig. 11. Pore size distributions for some of the studied samples. Reference concrete and
samples exposed to 820 h of migration test, both at the anodic and cathodic sides.

Fig. 10. Evolution of the parameters corresponding to external electrolytes and
interfaces concrete-electrolytes, during the migration experiment. See text for details.
A) R0 and R3; B) C3.
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and R3 decrease steeply during the first 150 h approximately, and after
that period they remain essentially constant. The value of C3 is low
and constant during the first 120 migration hours. At this time the
value of the capacitance experiments a step-up to a value of about
20 μF, which is kept approximately constant up to the end of the
experiment, although the values of this parameter show a consider-
able scatter.

The values of the dispersion factors are not shown, becausemost of
them do not have a clear physical meaning.

3.3. Mercury intrusion porosimetry results

MIP measurements have been done on five different samples of
concrete. One of them corresponds to the reference concrete, not
subjected to migration. The other four samples are obtained from
concrete that has been subjected to migration experiments during
410 h and 820 h. For each migration time one sample was taken from
the face in contact with the catholyte, and another from the face in
Table 3
Total porosity of different concrete samples, determined using mercury intrusion
porosimetry

Material Total porosity, %

Reference concrete 7.99
410 h, anodic side 7.68
410 h, cathodic side 7.57
820 h, anodic side 8.58
820 h, cathodic side 7.03
contact with the anolyte, previously freed of the deposits mentioned
in Section 3.1. It seemed interesting to see if there was any variation of
microstructure at both sides of the concrete samples, as previous
works showed differences between the anodic and the cathodic sides
[22]. The values for the total porosities measured are shown in Table 3.

Fig. 11 shows the plots of the logarithmic differential intrusion
volume vs pore size, for the reference concrete, and for the samples of
the anodic and cathodic sides after 820 h of migration test. For pore
diameters lower than 200 nm chloride migration produces displace-
ments of the differential intrusion curves towards the lower pore
sizes. This observation points to a refinement of the capillary porosity
of concrete, with a decrease of the number of large pores and an
increase of the number of small pores, in agreement with previous
results [22–24]. The differences, induced by migration, between the
concrete microstructure at the anodic and cathodic sides, are
appreciated in Fig. 11 at pore diameters higher than 200 nm. While
the differential intrusion curves are rather similar for the reference
concrete and the cathodic side, (only a pore family of about 0.7 μm is
present in the reference curve and not appreciable in the cathodic side
curve), the concrete sample at the anodic side shows higher
contributions of porosity at the whole range (N200 nm), and a new
pore family at about 3 μm. All these qualitative observations can be
adequately quantified in Fig. 12, which shows the measured pore
Fig. 12. Measured pore volumes at four pore diameter ranges, see text for details. The
data correspond to a reference concrete sample (0), not subjected to migration, and to
samples obtained after 410 and 820 h of migration for both anodic and cathodic sides.



Fig. 13. Percentageofmercury retained for thefive samples during theMIPmeasurements.
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volumes for the concrete samples, corresponding to the following
pore diameter ranges: diameters lower than 50 nm (this range
includes the gel pores and the finer capillary pores); diameters
between 50 and 200 nm (corresponds to the mid-range capillary
porosity); diameters between 0.2 and 1 μm (larger capillary pores);
and diameters higher than 1 μm (coarse porosity).

Asmentioned in Section 3.1, MIPmeasurementswere alsomade on
the materials deposited on the anodic side of the concrete samples, in
order to study the possible influence they can have on themigration of
chlorides through concrete. The total porosity of these materials is
greater than 22%, which is much bigger than the porosity of concrete
(maximum 8.58%).

4. Discussion

4.1. Modifications of the concrete microstructure during migration

The dielectric parameters representative of the microstructure of
the porous material are: R1 and R2 (electric resistances of the
percolating and occluded pores, respectively), C1 (capacitance asso-
ciated to the solid phases of the porous material), and C2 (capacitance
of the pore walls ionic double layer).

Fig. 9A shows that at the beginning of the experiment R1 has a high
value of about 6000 Ω, and during the first 100 h the value of the
resistance decreases to its minimumvalue (180Ω). This time coincides
with the time necessary for the anolyte conductivity to start
increasing (see Fig. 3A), i.e. the so-called time-lag, which has been
defined before as a transient period during which porosity is filled
with diffusing species [8]. The concrete samples are pre-conditioned
before the migration experiment by saturation with distilled water
[38]. This is the reason why at the beginning of the experiment R1 has
such a high value. While chlorides penetrate into the concrete the
value of the resistance decreases, reaching a minimumvaluewhen the
sample is completely saturated with chloride ions. The value of this
time-lag is used to determine a very important transport property,
such as the non steady-state diffusion coefficient [17]. As appreciable
by comparing Figs. 3A and 9A the time-lag value can be also
determined by measurements of R1 during the migration experi-
ments, with a precision similar to that obtained through measure-
ments of the anolyte conductivity.

During these first 100 h, the value of R2, associated to the non-
percolating pores also decreases, from a high value, of about 1000 Ω,
to some Ω, as can be seen in Fig. 9B. At the beginning of the migration
experiment these pores were also saturated with distilled water, thus
explaining the initial high value of R2. As Cl− ions saturate
progressively the concrete sample, they also penetrate in the non-
percolating pores, and decrease the resistivity of the electrolyte that
fills these pores, parameter that is directly related to the measured
resistance R2 [45].

Fig. 9C shows the evolutions of the capacitances C1 and C2 through
the migration experiments. During the time-lag (first 100 h) both
capacitances remain at low and approximately constant values. This
indicates that no appreciable changes occur in the solid fraction of
concrete and at the pore walls; i.e. there is no formation of new solid
phase by precipitation reactions, nor dissolution processes. This result
also gives support to the idea that during the time-lag period only the
inner electrolyte changes, while the solid phases remain mostly
unchanged.

After finishing the time-lag period the four dielectric parameters
under study in this section show growing trends, see Fig. 9. R1 starts
increasing just after finishing the time-lag, with a value of about 180Ω
at 100 h, and reaches a value of approximately 1200Ω at the end of the
experiment. R2 starts its growing at 250 h, from a value of about 30 Ω
at this time, up to a value of approximately 700 Ω, and the
capacitances start their increases between 150 and 200 h, showing
values of about 20 pF, and reaching final values between 100 and
250 pF. For the four parameters there is an increase of the slope of the
growing lines at about 400 h.

The increases of R1 and R2 can be interpreted as due to a narrowing
down process of the pore system during themigration experiment, i.e.
a tendency to decrease the diameters of the pores, especially after the
time-lag. The increase of C1 points to the formation of new solid
phases during migration. The increase of C2 indicates that these new
solid phases appear especially at the pore walls, which is also
compatible with the above mentioned narrowing of the pores.

In this work MIP has been used as an auxiliary technique to
confirm the results obtained using impedance spectroscopy, and
their interpretation. The modifications of the differential intrusion
curves, induced by 820 h of migration, point to a refinement of the
capillary porosity of concrete, for pore diameters lower than
200 nm, see Fig. 11. This effect is quantified in Fig. 12. The pore
volumes associated with the diameter range between 50 and
200 nm, which are about 14 μL/g for the reference concrete, are
lowered to values of approximately 11 μL/g by the chloride migration
treatment, except for the sample taken at the anodic side after 820 h,
whose case will be discussed later. On the other hand the pore
volumes corresponding to diameters lower than 50 nm, which are
about 10.5 μL/g for the reference concrete, are increased to values
between 11.5 and 13 μL/g by the chloride migration treatment. This
result can be interpreted as a decrease of the number of mid-range
capillary pores and an increase of the number of gel pores and small
capillary pores, which is compatible with the results obtained by IS
measurements and their interpretation, and is also in agreement
with previous results [22–24].

The percentages of mercury retained after the MIP measurements,
for the reference and the concrete samples taken at selected migration
times, are shown in Fig.13. The analysis of these latter data indicate that
the tortuosity of the concrete pore network increases during the
migration experiment, especially at the anodic side. This experimental
fact gives more support to the idea of formation of new solid phases at
the porewalls, as themost probable explanation for the increases of the
capacitances C1 and C2 during themigration experiment. At this point it
is interesting to look at the total porosities of the samples under study,
(Table 3). The total porosity of concrete seems to decrease slightly at the
cathodic side during the migration experiment, while the evolution of
the porosity at the anodic side is not so clear. It is worth noting the
increase of the total porosity at the anodic side after 820 migration
hours, which will be discussed later. The slight porosity decrease at the
cathodic side is also compatible with the refinement of the capillary
porosity and formation of new solids at the porewalls duringmigration.

The microstructural modifications of concrete during migration,
suggested by the IS analysis and confirmed by the MIP data, can be
explained in terms of physical processes taking place during the
passage of current. Some experimental evidence has been given that



Fig. 14. Relationship between the electrolyte resistance, R0, determined by fitting the IS
spectra, and the anolyte resistivity (ρ). The best linear fit for the experimental data
corresponds to the expression: R0=15.14·ρ+154.98 (correlation coefficient r=0.93).
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ionic migration through concrete causes partial and local decomposi-
tions of some cement hydration products: C–S–H, calcium aluminum
monosulphate (AFm) [23]. Several ions can be released into the pore
solution as a result of these decompositions: Ca2+, OH−, SO4

2−,
aluminum and silicon species. Afterwards these species, together
with the migrating Cl− ions, can participate in precipitation reactions
whose products might block larger pores [23]. The formation of
Friedel's salt has been observed after chloride migration experiments
[21,22]. A microstructural study, [23], has shown that electrochemical
Cl− extraction treatments induced the appearance of silicon deficient
reticulated C–S–H structures, formation of calcium hydroxide and
calcium-aluminum-rich structures at the steel-mortar interface; and
finally it was suggested that released sulphate ions migrating towards
the external anode might react to produce calcium aluminum
trisulphate (AFt) or gypsum. All these processes would contribute to
the porosity refinement suggested by the IS measurements and
observed by different techniques after chloride migration [23].

The MIP results show some differences of the pore size distribu-
tions after migration for the anodic and cathodic sides, see Fig. 11,
mainly at the pore diameter ranges between 0.2 and 1 μm (larger
capillary pores); and diameters higher than 1 μm (coarse porosity).
This effect is quantified at Fig. 12. The pore volumes associated
with the diameter range between 0.2 and 1 μm, show values of about
2.8 μL/g for the reference concrete and for the cathodic side samples
after migration, while the anodic side samples show higher values of
approximately 4.2 μL/g after migration. This means that the large
capillary and coarse pores are almost not affected by the migration
experiment, except at the anodic side, where the large capillary
porosity seems to be increased. This fact is additionally confirmed by
the increase of total porosity observed at the anodic side after 820
migration hours, see Table 3. In a previous study [22], it was also
observed a small increase of the porosity for the anodic side, and was
associated to the disturbance of the chemical equilibria or a change in
the pH, because of the generation of H+ at the anode [22]. This may
cause the increase of the pore volume corresponding to the large
capillary pores, and in consequence the increase of the total porosity
at the anodic side. Nevertheless, in this work no apparent damage of
the anodic concrete surfacewas observed after finishing themigration
experiments.

The obtained IS results can be compared with those reported by
Diaz et al. [21], during migration tests through cement mortar
samples. In this latter work [21], the evolution and measured values
of R1 are in fairly good agreement with those observed here. On the
other hand, the evolutions of R2, C1 and C2 are a little bit different:
after the initial decrease step, R2 remains approximately constant, and
the capacitances do not vary much during the migration test through
mortar [21], although the measured values of these three dielectric
parameters are comparable to those obtained in the present work. It is
possible that the different behaviours of the dielectric parameters be
due to the different nature of the porous networks of mortar and
concrete. It must be taken into account that the presence of coarse
aggregates in concrete gives raise to especial features, such as the
interfacial transition zones between cement paste and coarse
aggregates. These zones are known to have different microstructural
and transport properties, as compared to bulk cement paste.

Even though the model used for the fitting of the data is quite
different, some coincidences are observedwith the results obtained by
Loche et al. [37]. These authors also observed a decrease of the total
resistance (R1) at the initial stage of the experiment, and afterwards it
remained in a value much lower than the initial one. These authors
have also found an increasing tendency in the high frequency
capacitance (C1), associated to an increase in the solid phase fraction.
They have also described the appearance of a low frequency loop,
which has been associated to the interaction of chlorides when added
to the catholyte solution [37]. This loop has not been observed in the
impedance spectra corresponding to the present work, due to the
different test conditions. According to the equivalent electric circuit
used in the present work, the evolution of the parameters R2 and C2
denotes increases of the tortuosity of the pore network.

Taking into account the above considerations it is possible to
conclude that the IS technique provides a means to follow sensitively
the changes of the concrete microstructure during migration. From
the evolutions of the dielectric parameters it is appreciable that during
the initial period of the experiment the sample becomes saturated
with chlorides, which can be considered a confirmation of the
definition given for the time-lag period [8]. Furthermore, the changes
of concrete microstructure suggested by the IS observations, i.e. a
refinement of the capillary porosity of concrete due to the formation
of new solid phases at the pore walls during migration, have been
experimentally confirmed by MIP measurements, and are in agree-
ment with results of previous works [22–24].

4.2. Modifications of the external electrolytes and the concrete-external
electrolytes interfaces during migration

The passage of current during the chloride migration trials induces
not only changes in the concrete microstructure, but also important
modifications of the external electrolytes and of the concrete-external
electrolytes interfaces. All these changes are reflected in the measured
impedance spectra. The dielectric parameters representing the
electrolytes and the external interfaces are: R0 (resistance of the
external electrolytes), R3 (transfer resistance of the external inter-
faces), and C3 (capacitance of the external interfaces).

Fig. 10A shows that the value of R0 is high, close to 900 Ω, when
starting the migration trials, and decreases rather quickly reaching a
value of about 5 Ω at 150 h of migration. Afterwards the value of R0
remains practically constant. It is appreciable from Fig. 3 that the
conductivity of the catholyte is always greater than the conductivity of
the anolyte. This means that the main contribution to R0 is the electric
resistance of the anolyte, especially at the beginning of the migration
experiments (first 100 h). The variation of the anolyte conductivity
during the first 100 h of migration is not appreciable due to the scale
used in Fig. 3A, but it increases from an initial value of approximately
50 μS/cm, (typical value of distilled water), to a value close to 1 mS/cm,
at the end of the time-lag period (100 h in this case), and reaches a
value of 10 mS/cm at 150 h. This increase is due to the leaching and
migration of ions, mainly OH− and Cl−, from the concrete sample to the
anolyte, and also to the ionic products of the incipient anodic reactions
[11]. Fig. 14 shows the almost linear relationship found, (correlation
coefficient r=0.93), between the calculated value of the electrolyte
resistance, R0, obtained by fitting the impedance spectra to the
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equivalent circuit, and the electric resistivity of the anolyte, calculated
as the inverse of the measured conductivity.

The evolution of R3 and C3 also has interest, and should reflect the
changes at the concrete-external electrolytes interfaces. These
dielectric parameters were firstly introduced in a recent paper [21].
It must be recalled that, during the migration experiments, deposits
were formed on the cement paste surface at the anodic side of
concrete, see Section 3.1. Fig. 10A shows that the initial value of R3 is
high (about 2400 Ω), and decreases rather quickly during the first
100 h of migration (the time-lag period), showing afterwards a
practically constant value of about 20 Ω. The high initial value of the
transfer resistance at the external interfaces can be due to the high
resistance of the concrete sample, because it was saturated with
distilled water prior to the migration experiment, and to the initial
absence of ions at the anolyte (distilled water). The progressive
saturation of the concrete sample with chlorides and the progressive
increase of the anolyte conductivity makes easier the ionic transfer
between sample and anolyte, and as a consequence, the resistance of
the interfacewill decrease. It is worth noting that the value of R3 never
increases during the migration trial, as can be seen in Fig. 10A, even
though solid deposits were formed at the anodic side of the concrete
sample. This suggests that these deposits do not hinder the ionic
transfer through the concrete-external electrolyte interface.

To check if there was some kind of reaction between corrosion
products of the electrodes, solutions, and concrete, SEM was used to
obtain elementary compositions of the deposits formed at the anodic
side of the concrete samples after 410 and 820 h of migration test, see
Table 2. The most abundant elements in these deposits are oxygen,
and the metals constituting the stainless steel electrodes (Fe, Cr and
Ni), while Ca and Al appear only after 820 h of migration and in a
quantity lower than 0.5%. This implies there are no products of
reaction with cement paste in these solids. Taking into account the
compositions of the deposited layers on the concrete surface in
contact with the anolyte, and the spatial distribution of the deposits,
(they appear over the exposed cement paste and not over the
aggregates), it is possible to state that these layers are formed by
interaction of the metallic cations (Fe3+, Cr3+, Ni2+) coming from the
electrochemical dissolution of the anode, and hydroxide ions migrat-
ing from the cement paste. It is interesting to recall that the anodic
electrochemical reactions lead to a decrease of the pH [11,22], and the
acid character of the anolyte may hinder the precipitation of these
hydroxides or oxides in the bulk anolyte solution, but they can easily
be formed at the OH− ions source, which is clearly identified here at
the cement paste surface. The total porosity of these deposits was
measured giving a minimum porosity of 22%, much higher than the
porosity of concrete.

The only parameter which seems to be affected by the deposition
of oxides at the anodic side of the concrete sample is the capacitance
C3, as can be appreciated in Fig. 10B. The value of this capacitance is
very low and approximately constant until 120 h of migration. At this
time, which represents approximately the duration of the time-lag,
the value of C3 experiments an increase to a value of about 20 μF.
Afterwards the value of C3 shows an important scatter, but its mean
value is kept approximately equal to 20 μF. It is likely that the
formation of the oxide deposits at the anodic side of concrete takes
place mainly after finishing the time-lag period, due to an increase of
the ionic transfer across the concrete-anolyte interface, which in turn
is due to the increase of the current intensity passing through the
concrete sample, as suggested by the evolution of the potential drop
across the concrete sample during the migration trial, see Fig. 4. The
appearance of the deposits at the concrete anodic face would increase
the active surface of the interface, and consequently the value of the
capacitance C3.

The evolutions of R0, R3 and C3 found in this work are quite
different to those reported by Diaz et al. [21] during migration
experiments performed with cement mortar samples. These authors
observed a practically constant value of R0, an increasing trend for R3
(steeper at the beginning), and a steady increasing trend for C3, during
their migration trials. Nevertheless these differences can be ade-
quately explained by considering the different conditions and
experimental setups used, as compared with those used in this
work. In the abovementioned work [21] the initial anolyte was a
0.01 M NaOH solution and graphite sheets were used for applying the
driving electric field. The high initial conductivity of the 0.01 M NaOH
solution explains the constancy of R0 duringmigration in Ref. [21]. The
nature of the driving electrodes used by Diaz et al. (graphite) explain
why they did not observe the formation of deposits with the colour of
Fe oxides at the anodic surface of their mortar samples. Instead, they
reported the appearance of a precipitate of powdery nature on mortar
at the anolyte interface [21], which seems to have hindered
considerably the ionic transfer through the concrete-anolyte interface,
since R3 increased from an initial value of 102 Ω to a value of about
103 Ω when finishing the migration. The capacitance C3 also shows a
very important increase from an initial value of about 1 μF to a final
value higher than 103 μF at the end of the migration experiments
throughmortar [21], a much higher value than that found for C3 in this
work (about 20 μF). Furthermore, the precipitate formed on the anodic
face of mortar is related to the damage of the mortar's skin due to the
acidity produced by the electrochemical anodic reactions [21], i.e. it is
most likely produced by reaction of the acid anolyte with the cement
paste at the mortar surface; while the deposits observed in this work
are not due to reaction with concrete. It must be taken into account
that when using a graphite anode for the migration experiment a
higher acidity is produced, as compared with the case of a steel anode.
In the case of a steel electrode part of the electric charge exchanged is
carried by electrochemical dissolution of the anode with releasing of
metallic ions and production of a lower quantity of H+ ions. The
acidification of the anolyte is also likely to be higher in the case of
mortar samples, in comparison with concrete samples, because the
higher porosity of mortar allows the passage of higher current
densities for the same feeding voltage (12 V).

All these facts indicate that the IS technique and the equivalent
circuit used to model the dielectric response of the system, are able to
follow the main changes of the external electrolytes and of the
concrete-external electrolytes interfaces during a migration experi-
ment. Furthermore, the dielectric response seems to be also sensitive
to variations of the experimental conditions.

The IS technique presents some specific features which make it
very attractive for studies of the modifications of concrete micro-
structure during migration, as compared with other microstructural
techniques, such as PIM, SEM or X-ray diffraction (XRD). IS measure-
ments are non-destructive, which allows to follow the changes at
different times during the experiment with no perturbation or
damage of the sample. The second important advantage of impedance
spectroscopy is that the measurement is global, i.e. it reflects the
contribution of the whole sample, while for the other techniques the
measurements are local, and thus strongly dependent on the part of
the concrete studied, and on the representativity of the samples. Local
techniques, such as PIM or SEM are useful for detecting differences
induced by migration, for instance between anodic and cathodic sides
of the sample. But it is difficult with these results to get an idea on how
these local changes affect the transport properties of the whole
sample. Such a global idea can be better obtained through IS
measurements, that reflect the mean behaviour of the whole sample.
For instance in this work it is made clear that the local increases of the
large capillary porosity at the anodic side of concrete duringmigration
do not affect significantly the transport properties, since the growing
trend of R1 during the second part of the experiment is never reduced,
and the value of the resistance R3 is also approximately constant
during this last part of the migration test. This suggests that the
damage of the concrete at the anodic side, due to increasing acidity of
the anolyte, is localized at the surface, and most probably it does not
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induce an increase of the chloride permeability of concrete, at least in
the experimental conditions of this work.

5. Conclusions

All the previous results can be summarized in the following
conclusions:

a) The technique of impedance spectroscopy, and the equivalent
circuit used tomodel the dielectric response of the system, allow to
follow sensitively the changes of the concrete microstructure, and
those taking place at the external electrolytes and interfaces,
during an ionic migration experiment.

b) The evolutions of the dielectric parameters suggest that during the
initial part of the migration test, and with the experimental
conditions of this work, the concrete sample becomes saturated
with chlorides, which represents a confirmation of the definition of
the time-lag period.

c) The variations of the dielectric parameters during the migration
test can be interpreted in the following terms: the pore network
experiments a narrowing down process, i.e. there is a tendency to
decrease the diameters of the pores, and this is due to the
formation of new solid phases at the pore walls. These interpreta-
tions are confirmed experimentally by mercury intrusion porosi-
metry results.

d) The dielectric response of the whole migration cell is sensitive to
variations of the experimental conditions, i.e. use of different
electrodes for establishing the electric field, or changes of the
composition of the initial external electrolytes. When using
stainless steel driving electrodes oxide and hydroxide deposits
are formed at the anodic side of the concrete sample, which do not
modify the transport properties of concrete.
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