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Microstructural changes and chloride transport in cement pastes are studied under DC current and
pulsed electric fields. Impedance spectroscopy and ultrasonic pulse velocity measurements have been
employed for quasi-real time monitoring of changes in the cement paste microstructure. The results
show that the electric resistivity and ultrasound velocity (measured at 500 kHz) are modified during
the migration experiments. At the end of test, mercury intrusion porosimetry reveals an important
increase in the fraction of gel pores. The experimental results show conduction enhanced through gel
pores. The use of pulsed current is presented as an alternative method to minimise the negative effects
produced by DC current.

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

The main factor responsible of the corrosion of steel embedded
in reinforced concrete is the presence of chlorides at the steel–con-
crete interface level. The penetration of chloride ions through ce-
ment-based materials is thus a key aspect in the service life of
reinforced concrete structures in chloride-containing environ-
ments [1].

The forced migration test is employed as an accelerated and
useful method, in order to determine the resistance of concrete
to chloride ingress [2,3]. However, microstructural changes are
caused by the application of electrics fields [4,5], which makes
those tests controversial. Therefore, the use of pulsed current is
presented in the literature as an alternative method to minimise
those problems in the particular case of cathodic protection sys-
tems [6,7]. However, no references have been found in the litera-
ture on the use of pulsed current for studying chloride transport
in chloride extraction and/or realkalinisation related problems,
were DC current is widely employed [8–10], although a number
of important unwanted side effects have been reported [11–13].

Studies based on electrochemical impedance analysis of the
dielectric characteristics of cement pastes [4,14] have evidenced
the presence of several ionic conduction phenomena concurrent
in cementitious materials. While percolating conduction occurs
above 10 kHz, the ionic exchange with the pore solution and pore
walls has characteristic frequencies at about 1 kHz. Thus, it seems
reasonable that tuning the frequency makes possible to act on the
different conduction paths either to minimise structural damage
and/or to increase the current efficiency.

In this research, the microstructural changes produced in the
cement paste are studied when pulsed current is applied in the
100 Hz to 10 kHz range. The idea behind this choice of frequency
range is to study the effect of stirring at the micro-level (pore solu-
tion to pore walls) in the macroscopic transport of chlorides. Ef-
fects of stirring at the micro-level have already been described in
microfluidics [15] and other fields [16].

2. Experimental

The cement paste samples were prepared using Portland ce-
ment type CEM I 52.5R according to the composition, specifications
and conformity criteria of EN 197-1:2000, with a water to cement
ratio of 0.5. The water–cement mix were cast in cylindrical moulds
of 9 cm diameter and 20 cm height, and cured in 100% RH chamber
for 24 h. Afterwards, the samples were demoulded and maintained
in the same chamber for a minimum of 28 days before starting the
measurements. Thus, the pore network has reached about 90% of
development [17] and no significant maturation of the paste due
to hydration is expected during the time of the experiments. The
cement paste samples were cut into 2.5 cm thick slices to be used
in the permeation experiments. Prior to testing the samples were
pre-conditioned following a standardised water saturation proce-
dure [18].
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Fig. 1. Schematic view of the experimental permeation cell employed.
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Fig. 2. Evolution of the chloride concentration in the anodic compartment during
the testing period for the different current regimes. The results at 10 kHz are
essentially the same than at 1 kHz and are omitted in the figure. The error bars
represent the average of three replicas.
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The experimental set-up consisted of a classical permeation cell
with two-solution compartments at both sides of the cement sam-
ple under test. The geometry of the cell was chosen so that the cur-
rent flow at the edges was compensated [19]. The upstream (or
cathodic) compartment was filled with 1 M sodium chloride solu-
tion, containing also sodium hydroxide and potassium hydroxide
to [OH�] = 0.5 M. The downstream (or anodic) compartment was
filled with just sodium hydroxide and potassium hydroxide solu-
tions to [OH�] = 0.5 M. The concentrations for NaOH and KOH were
chosen in order to avoid decalcification and to approach the pore
solutions of the tested concrete. Each electrolyte compartment
was a cylinder 200 cm3 in volume, 10 cm length and 20 cm2 base
defined by O-rings. The total electrode spacing is then 22.5 cm. A
schematic view of the experimental cell is given in Fig. 1.

Two graphite sheets placed at both ends of the cell were used
for applying the electric field and for recording the measured
impedance spectra.

The specimens were subjected to two regimes, direct current
and pulsed current. In both regimes the nominal current density
applied was 0.3 mA cm�2. As the pulsed current was applied as a
square wave of 50% duty cycle, the imposed current during the
‘‘on’’ time was 0.60 mA cm�2 to reach the average 0.3 mA cm�2

effective. The investigated frequencies were 0.1, 1 and 10 kHz.
Three parallel cells of each type were mounted to check
reproducibility.

During the migration experiments the samples were periodi-
cally tested for electrical and mechanical properties. The evolution
of the electrical properties was followed using high frequency
impedance measurements between the graphite sheets of the per-
meation cells. An Agilent 4294A precision impedance analyser was
employed for that purpose. The frequency range scanned was from
40 MHz down to 40 Hz although the upper practical limit was lim-
ited to 10 MHz to avoid the inductive effects inherent to the exper-
imental arrangement. Each impedance measurement was
performed 10 min after withdrawal of the corresponding sample
from the treatment rack. That waiting time was decided, in preli-
minary experiments, as the minimum necessary for ionic relaxa-
tion that allows obtaining steady impedance plots. The samples
were returned to the treatment rack short after the impedance
measurements. The total ‘‘out-of-rack’’ time for each sample was
about 15 min per impedance measurement.

The evolution of the mechanical properties was followed using
ultrasound propagation measurements. A PUNDIT� Plus model PC
1006 was employed to measure ultrasound speed. The direct trans-
mission arrangement and a transducer of 0.5 MHz were utilised.
Sound waves were emitted/collected in direction normal to the
electrical current flux. For this purpose the cylindrical shaped
samples were slightly abraded to define small flat surfaces at both
ends of a diameter normal to the current flux. These surfaces al-
lowed to easily locating the transducers, emitter and receiver, so
that ultrasound tests were performed without removing the sam-
ples from the rack.

The interpretation of the electrical and mechanical data ob-
tained during the permeation experiment requires microstructural
information that was obtained by mercury intrusion porosimetry
(MIP) performed on fresh and tested samples. The porosimeter em-
ployed was an Autopore IV 9500 from Micromeritics. This porosi-
meter allows pore diameter in the range from 5 nm to 0.9 mm to
be determined.
3. Results and discussion

3.1. Evaluation of the chloride transport

The evolution of the chloride concentration in both compart-
ments of the cells was followed during the migration experiments
by means of a chloride selective electrode. In Fig. 2 the evolution of
the chloride concentration in the downstream compartment for
the different types of test is compared. The results at 10 kHz are
omitted for simplicity because they are almost coincident with
those at 1 kHz. This fact evidences that although the chloride trans-
port is frequency sensitive, only the frequencies matching the
characteristic time constant of the ionic exchange with pore walls
will be relevant.

It is worth to notice in Fig. 2 the difference in time lag between
the DC and pulsed experiments. That time lag marks the frontier
between non-steady-state and steady-state diffusion regimes.
While the chloride concentration profile through the cement mem-
brane is fully developed at about 10 days for the DC experiment, it
takes 23 days to develop for the AC experiments.

During the migration experiment the charge passed through the
membrane is the responsible of pore occupancy by chlorides. As
the experimental set-up guarantees equal net current flowing
through the membrane, the longer time lag obtained for the pulsed
tests compared with the DC regime suggest a dissimilar distribu-
tion of the incoming chlorides in the pore network. While the DC
regime forces ionic motion straight through the percolating poros-
ity, the pulsed current regimes involve also non-percolating pores,
which requires more charge for chlorides to reach the downstream
compartment (hence more time for equal current applied). This
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result is in very good agreement with that obtained by Koleva et al.
[20].

After the time lag period the flux of chloride ions through the
specimen is roughly constant and corresponds to a so-called stea-
dy-state period. The slope (efficiency in transport) is higher for the
pulsed regimes, being 1 kHz the frequency that gives higher chlo-
ride concentrations. The reason for these differences lies in the dif-
ferent conducting paths present in the system, as discussed in the
next section.
3.2. High frequency impedance of the cementitious membrane

The high frequency impedance data were modelled according to
the approach described in the literature for similar type of samples
[21]. In Fig. 3A the evolution of the impedance spectra with the
treatment time is presented. Fig. 3B summarises one example of
impedance data together with the corresponding equivalent circuit
and a sketch of the two capacitive time constants involved. The R1

parameter accounts for the resistivity of the sample, related to the
percolating porosity. Re represents the resistance of the electrolyte
at both sides of the cementitious membrane. R2 is related to the
rate of ionic exchange between the pore walls and the electrolyte.
C1 represents the dielectric capacitance of the solid phase, and C2

that of the double layer at pores walls (occluded or non-percolating
pores). The diameter of the capacitive arc corresponds to R1 but
two time constants are involved: one in the high frequency domain
involving C1 and the parallel association of R1 and R2, and the sec-
ond one in the low frequency domain, with the remaining
-Im
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Fig. 3. (A) Evolution of the sample’s impedance spectra with treatment time for one
of the tested samples under pulsed regime (1 kHz). (B) Detail of the 37-days
measurement showing the equivalent circuit employed for modelling and a sketch
of the two time constants involved.
resistance and C2. The sketch of both contributions is depicted in
Fig. 3B.

According to Fig. 3B, the time constant associated to the ionic
exchange between the solution and pores walls lies in the kHz
range, and thus any current pulse in that frequency domain will
activate those regions that remain, as occluded areas in a DC re-
gime. Of course, each frequency will activate only the pore family
corresponding to the corresponding specific time constant [22].

The relevant parameter to focus the discussion from now on is
R1. The evolution of R1 has been followed with immersion time to
account for the chloride transport [4]. The results are represented
in Fig. 4 where it can be seen that the percolating resistance, R1,
is smaller for the 1 kHz frequency, which indicates faster chloride
transport, in accordance with the results presented in Fig. 2 where
the evolution of the chloride concentration in the downstream
compartment is presented.

The continuous increasing of the R1 values up to about 35 days
is an unexpected result because the ingress of chlorides shall pro-
duce an increases the electrolyte conductivity and thus decreasing
R1 values. The only reasonable interpretation seems to be the
blocking of the porosity by Friedel’s salt formation, which over-
compensates the conductivity increasing. Although this argument
will need of further experimental evidence for verification, some
support can be derived here either from the physical characterisa-
tion data reported later in Sections 3.3 and 3.4, where evidence of
the occurrence of structural changes is presented, and from the
analytical data reported in Fig. 2, which indicate that the transport
of chlorides is not a smooth homogeneous process because of the
slope changes noticed.

The shape of the curves in Fig. 4 gives also indirect evidence of
the dynamic behaviour of the pore structure. From 12 to 20 days
the slope is less than that in the first 10 days, which indicates a
kind of ionic concentration increasing that compensates the above
mentioned precipitation. This period roughly matches with the ex-
cess time lag observed in Fig. 2 for the pulsed current treatments
with respect to the DC one. Further, when chlorides start to arrive
in the downstream compartment according to Fig. 2, the R1 param-
eter sharply increases (20–30 days in Fig. 4), which can be inter-
preted as due to concentration relaxation of the above
mentioned pore solution. Summarising, the transport of chlorides
seems to involve a dynamic process of pore blocking and unblock-
ing that comprises a larger fraction of the porosity for the pulsed
current treatment.

After 35 days the increasing volume of the Friedel’s salt precip-
itate can induce mechanical stress with the formation of new ionic
paths that justify the observed R1 decreasing [23].
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migration.
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3.3. Speed of sound

The speed of ultrasonic pulses is currently employed as a non-
destructive method to inspect the presence of internal defects in
structures. Low-frequency ultrasound (50 kHz) is usually used to
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Fig. 6. Mercury intrusion porosimetry results split in four sets: reference (prior testing), a
DC treatment (A), and 10 kHz treatment (B). The corresponding relative contribution to
total porosity was 15% ± 2%.
characterise large defects (in the cm range) at large depths inside
the structure [24]. However, the use of higher frequencies (0.5–
1 MHz) has been demonstrated more suitable for the detection of
small size changes or concrete cover degradation [25]. For this rea-
son we have chosen the 0.5 MHz frequency to follow the expected
structural transformations, at the micrometre level, occurring dur-
ing the migration processes.

It is well documented in the literature that the speed of sound
increases with density of concrete [26,27] and water saturation
of the sample [28,29]. Thus, in the present case, with water-satu-
rated samples, it seems reasonable to attribute changes in the
speed of sound through the samples to changes occurring in the
microstructure due to lixiviation or precipitation of compounds
containing chloride.

Fig. 5 summarises the normalised pulse transmission time (in-
verse of the normalised speed of sound) for two sets of experi-
ments, DC and AC 10 kHz. Although all initial speeds were about
103 m s�1, the normalisation with respect to the initial propagation
time in each sample was chosen to facilitate the comparison be-
tween sets of experiments.

The data presented in Fig. 5 clearly show the increase of sound
speed with the treatment time, which can be related to the precip-
itation of the Friedel’s salt and the corresponding filling of porosity,
which is higher for the DC treatment.

Although the scatter of data does not allow to extract detailed
information on the precipitation process, the general trend is con-
sistent with the electrochemical data above discussed. The AC
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node (sample, anode side), cathode (sample, cathode side), bulk (sample, centre) for
total porosity of the various pore families is represented in figures (C) and (D). The
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treatment seems to be able of mobilising the solution at the pore
wall level [30] which hinders the reaction of chlorides to form
the Friedel’s salt and thus favours the transport.

3.4. Mercury intrusion porosimetry

Fig. 6 summarises the MIP results obtained for the different
conditions tested. The data presented in Fig. 6A and C correspond
to a single sample. The same applies to Fig. 6B and C; i.e., the label
‘‘Reference’’ refers to the same sample prior to the migration test.
After the migration tests, MIP analysis were performed on fractions
of each sample taken from the anodic side, cathodic side and the
bulk. The results are plotted and identified the same way in
Fig. 6A–D. A visual comparison of Fig. 6A and B allows to say that
the pulsed current treatment (Fig. 6B) induces less microstructural
changes than the DC one (Fig. 6A).

A quantitative analysis of the porosity is presented in Fig. 6C
and D. As can be easily seem, a refinement of the structure occurs
with both treatments, which is consistent with the hypothesis of
Friedel’s salt precipitation. The pulsed current treatment promotes
the development of pores in the 10 nm range while the DC treat-
ment affects mainly the 10–100 nm range. This means that higher
density of ionic paths is developed during in the AC treatment,
which is in agreement with the higher ionic fluxes recorded
(Fig. 2).

4. Conclusions

This study proves that pulsed current enhances chlorides trans-
port rate with respect to traditional DC treatments. In both cases
the ingress of chlorides induces microstructural changes involving
microstructure refinement.

The results obtained from the impedance spectroscopy and
mercury intrusion porosimetry indicate that the fraction of perco-
lating pores is reduced when using pulsed current in comparison
with direct current method. Moreover, the use of pulsed current in-
creases the efficiency of ionic transport.

The application of pulsed current is expected to minimise the
negative effects in microstructure during DC current treatments
as realkalinisation or chloride extraction.
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