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a  b  s  t  r  a  c  t

This work  aims  at studying  the  response  of unsupported  concrete  media  by Electrochemical  Impedance
Spectroscopy  (EIS)  and  its influence  in  the  results  obtained  for steel  corrosion  in reinforced  concrete
samples.  Measurements  carried  out in full immersed  samples  correspond  to a typical  electrolyte  media,
presenting  essentially  a resistive  behavior.  Thus,  rebar  corrosion,  which  appears  commonly  at  interme-
diate  frequency  region,  can be  assessed  and  easily  interpreted.

For  samples  in  partial  dry  conditions  the  spectra  show  several  time-constants  distributed  across  the
eywords:
oncrete
IS
nsuported media
ermeability

entire  frequency  range.  In the  high  frequency  region,  the  time  constant  is ascribed  to  dielectric  proper-
ties of the system.  At  low  frequencies  the time  constant  corresponds  to the ionic  depletion,  while  the
time  constant  at  intermediate  frequencies  result  from  charge  separation  inside  the  material  bulk,  typ-
ically  of  unsupported  media.  Interpretation  of  the  results  obtained  by  EIS  for concrete  reinforced  steel
in partial  dry  conditions  cannot  be fully  interpreted  without  considering  the  dielectric  behavior  of  the
system.
. Introduction

One of the most important problems in concrete durability is
elated to fluids uptake. Water, fog and air from the environment
re the most important carriers of harmful elements. The char-
cteristics of the pore system play a decisive role in engineering
roperties of concrete [1]. Moreover, concrete mechanical proper-
ies such as strength, durability and permeability are function of
he material porosity [2]. High permeability causes a faster pene-
ration of solutions, resulting in rapid concrete deterioration [3,4].
rom this point of view, the interaction between harmful ions (like
hlorides and sulfates) and the steel reinforcement could lead to
evere corrosion threatening the whole structure.

By this reason, in the last decades, several authors have
tudied the reinforcement corrosion activity in concrete by Elec-
rochemical Impedance Spectroscopy, EIS [5–10]. One of the
ost common environmental conditions that promote corrosion
nvolves dry or partial dry-conditions especially, dry-wet cycles,

hich play a crucial role in what concerns corrosion activity. In
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such conditions concrete becomes an unsupported media and the
obtained results are an expression of steel corrosion and concrete
impedance response. Theoretical studies presented by Macdonald
et al. [11,12] interpreted the phenomenon of EIS in unsupported
media by taking into consideration that the complexity of the
response must be related with charge separation inside the film
bulk.

For measurements carried out in partial dry conditions, particu-
larly associated with dry-wet cycles, the results are affected by ions,
water and gases transport. This can occur by three mechanisms:
permeability, diffusion and absorption [13]. These mechanisms
are governed by the pore structure, which is characterized by the
porosity, connectivity between pores and pore size [14], which
is the main factor influencing the porosity is water-cement ratio
(w/c) [15]. However, other factors, like cement type, can also affect
the porosity [16]. Nevertheless, the tests to assess the perme-
ability coefficients are long and relatively complicated [17]. EIS
technique is a very suitable technique to determine concrete prop-
erties, such as permeability. Several authors have already used this
non-destructive technique to reveal the microstructure of concrete

[18,19].

It is well known that Fickian diffusion process is an analogue
problem to Fourier heat conduction and 2nd Fick law describes the
diffusion process in a transient-state. For a short diffusion times,
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the samples dryness imposes difficulties for EIS measurements and
spectra stabilization occurred.

The EIS measurements were conducted using a Zanher Zennium
Electrochemical Workstation. The frequency range used at the
A.S. Castela et al. / Electro

hat is, for the beginning of diffusion in a membrane with parallel
urfaces, the profile of any specie diffusing inside the membrane is
iven by the following equation [20,21]:

c0 − c

c0 − cs
= erf

(
x

2
√
Dt

)
(1)

n which D is the diffusion coefficient, t is the time, x is the dis-
ance inside the membrane bulk to the surface and c, cs, and c0
re the specie concentration at distance x for time t, saturation (s)
nd dry condition (0), respectively. To derive this equation several
ther conditions were considered, such as: the thickness of the dif-
usion layer must be much smaller than the membrane thickness,
, if diffusion occurs only at one surface side, or half the membrane
hickness, if the diffusion occurs at both surfaces, and Fourier num-
er is given by Fo = Dt/d2 < 0.05; For the beginning of diffusion, t = 0,
he concentration is residual, c = c0; The concentration is maximum,

 = cs, at membrane surface, x = 0, while for x→d the concentra-
ion is residual, c = c0 [22,23]. This equation was used in concrete
amples by several authors [24–26]. In such conditions integra-
ion of equation 1 throughout all the membrane dimensions allows
o obtain another equation that permits to determine the average
iffusion coefficient for the early stages of diffusion [20,27–30]:

�0 − �

�0 − �s
= 4

√
D

d
√
�

√
t (2)

n which �, �s, and �0 are the specie uptake for time t, saturation
s) and dry condition (0), respectively. To apply this equation to a

embrane (coating, polymer, concrete, etc.) it is necessary to esti-
ate the �, �s, and �0 values using several experimental results

uch as impedance, gravimetric measurements, etc.
This work aims at studying the response of unsupported con-

rete media by EIS and its influence in the results obtained for
einforcing steel corrosion in concrete samples.

. Experimental

Six different concrete mixtures were designed with the aim of
overing a range of water-cement ratio (w/c) typically encountered
n reinforced concrete and considering the type of cements most
ommonly used. Limestone coarse aggregates and natural silica
and were used. Characteristics of the concrete mixes are summa-
ized in Table 1. The mixing time was about 5 minutes. More details
bout the concrete mixes and mixing procedures can be found else-
here [32]. The tests were performed in small cylinders (150 mm
iameter and 50 mm tall) sawn from larger ones (150 mm diame-
er and 300 mm tall). The original specimens were removed from

olds at 24 hours and kept in tepid (20 ◦C) water for 7 days.
The 300 mm tall cylinders were sawn in slices of 50 mm which

ere coated with a double layer of adhesive aluminum in their
olded (curved) surface. In the conditioning period, between the

nd of curing and permeability testing, which occurred after 28
ays, all specimens were kept in a laboratory chamber at 20 ◦C and
0% RH. The specimens were kept in the conditions of the condi-
ioning period between the end of the permeability tests and EIS
ests.

Air permeability was assessed, using a test method developed
y Torrent [33], which presents a good correlation with oxygen
ermeability assessed by Cembureau method [34], the latter of
hich is recommended by RILEM TC 116-PCD [35] and considered

s “reference test” by RILEM TC 189-NEC [36] to characterize gas
ermeability. Compared to Cembureau, the Torrent method has
he advantage of being faster, since gas permeability is assessed

n a non-steady state. The principle of the test is to create a certain
egree of vacuum in the test chamber using a vacuum pump and
hen cut the connection between the vacuum pump and the test
hamber and measure the rate at which pressure increases in the
Fig. 1. Picture of a four electrodes arrangement cell used for the saturation tests.

latter. This makes it possible to calculate air permeability coefficient
kT associated with this method [37].

The saturation tests were performed using a 1% sodium chloride
(NaCl) solution in the two-compartment cell and using a four-
electrode arrangement. The concrete sample was held between the
compartments, with two smaller platinum electrodes working as
pseudo-reference electrodes and two  larger platinum electrodes
acting as counter electrodes (fig. 1). To avoid the short-circuiting of
the current by the surrounding environment rubber washers were
used on both sides between the container and the samples. The
transversal area exposed to the electrolyte was  50.12 cm2, while
176.71 cm2 was  the total transversal area of the samples. The ratio
between the total area and the exposed one was 3.5.

For the drying tests, a two  electrode arrangement cell was used,
in which two  plates of stainless steels (316L), with 100 cm2 each
and the ratio between the total area and the exposed one was  1.77,
were compressed against the sample flat faces, operating each one
simultaneously as counter and reference electrode (fig. 2). For the
saturation tests the EIS measurements started about 30 seconds
after full-immersion and were carried out until saturation occurs,
that is, until low frequency impedance were stabilized, between
14.5 hours and 145 hours depending of samples type. The sam-
ples were kept in immersion during at least 1 week to guarantee
that full-saturation condition was achieved for all of them. After-
wards, samples were removed from solution and assembled in the
two-electrode arrangement cell. The EIS drying tests started about
2 minutes after samples were removed from solution. These tests
were performed continuously during 120 hours to 180 hours until
Fig. 2. Photograph of a two electrodes arrangement cell used for the drying tests.
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Table  1
concrete samples main characteristics.

Cement [31] Cement content (kg m3) w/c  ratio Strength Class Plasticizer

CEM I 356 0.39 C 55/67 Polycarboxylic ether
CEM  I 340 0.46 C 40/50 Polycarboxylic ether
CEM  I 310 0.53 C 35/45 Modified Lignosulfonate
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CEM  I 280 0.60
CEM  II/A 370 0.51
CEM  IV/A 310 0.53

eginning of each test (20 minutes) was between 2 kHz and 4 MHz.
or longer times, the frequency range used was between 50 mHz
nd 4 MHz. The applied amplitude was 50 mV  (rms). Numerical
tting of the impedance data was made using ZView® software.
he samples remain in a controlled environment chamber at 25 ◦C
uring the saturation and drying tests

. Results and Discussion

.1. EIS measurements

Fig. 3 depicts the EIS spectra evolution with time during satura-
ion and drying tests for a representative sample (CEM I; w/c = 0.39).
he spectra are strongly dependent on the environmental con-
itions. Measurements carried out in a 4-electrodes cell (Fig. 3a)
uring saturation tests showed that concrete behaves as a typi-
al electrolyte media, presenting only a resistive behavior, except
t very high frequencies where a dielectric time constant can be
bserved. At this frequency range, and with such high impedance
alues, the influence of cables is negligible; however, two  expla-
ations can be given for this time constant, one corresponds to the
ielectric response of the system the other considers artifacts given
y the equipment limits. This result agrees with literature, in which
he resistive behavior for mortar samples was identified as being
trongly related with the concentration solution inside de pores
nd the Friedel’s salt formation. On the other hand, the dielectric
ehavior has two contributions one related with the solid phase
nd the other refers to solution pore structure [38–40]. Neverthe-
ess the rebar corrosion, which appears commonly at intermediate
requency region, can be assessed and easily interpreted since
oncrete response in this frequency region is influenced only by
he media resistance. There are published works made by other
uthors, which already take that in consideration [6,7, 9 and 19].
s expected, the concrete resistance depends upon the solution
ontent dropping with the increase in the saturation degree with
mmersion time. The time constant observed at very high frequency
ecomes less visible for low impedance values, i.e., for higher solu-
ion content values.

During drying test (Fig. 3b) the impedance spectra obtained
re unexpectedly different, presenting several time-constants dis-
ributed across the entire frequency region. Therefore spectra
nterpretation for concrete reinforced steel obtained in such partial
ry conditions is quite challenging. As previously, the time constant
ppearing at high frequency region can be currently interpreted
ither considering the dielectric response of the system or artifacts
iven by the equipment limits. At low frequencies the time constant
an easily be understood, since the samples are not immersed, thus
he continuous ionic displacement during measurements cannot
e replaced and ionic depletion takes place. To explain this, it must
e considered that current always flows through the easiest path;

n this situation the current in saturated samples results from the
onic flow, however, for the drying test there is no external ions

eservoir, thus for very low frequencies the ionic species already
igrated and charges with the same signal starts to accumu-

ate and, consequently, charge separation occurs. The impedance
ncreased since charge accumulation becomes progressively
C 30/37 Modified Lignosulfonate
C 30/37 Commercial: Sikament 190
C 25/30 Modified Lignosulfonate

difficult as consequence of the ionic depletion. It can be stated that
the bulk cannot be considered infinite and for very low frequencies
the EIS results are progressively independent of the sample ionic
content. Moreover, impedance grows very fast with increasingly
predominance of the concrete matrix response, i.e., preponder-
ance of the imaginary part of impedance. It must be stated that
this behavior has been reported in other types of systems such as
membranes, detached coatings, etc. The time-constant most dif-
ficult to interpret is the one appearing at intermediate frequency
region. However, these results appear only in drying tests samples
and becomes progressively relevant for longer drying times. That is
an indicator that concrete low solution content is related with this
phenomenon. M.  Cabeza et al. [41] already reported that at high
frequency region (100 kHz to 40 MHz) hardened Portland cement
paste showed two time constants, relating the pore structure of
the samples and a contribution of the solution inside the sample.
C. Andrade et al. [42] reported that a time constant, relating the
hardened Portland cement paste structure, can be detected at fre-
quencies higher than 1 MHz, ascribing the 100 kHz to 1 MHz  time
constant to interfacial phenomenon.

A detailed observation of the EIS results shows a general trend,
in which the main characteristics of the different spectra seem to
be a snap-shot of a continuous evolution triggered by the envi-
ronmental changes. Thus, for full immersion conditions, and near
the sample saturation, the spectra are essentially resistive. For the
initial drying hours, when the samples still retain in their pores
a considerable amount of solution, the spectra show three time
constants (fig. 4a). There is one always present in the high frequency
region and another one in the low frequency region that is related
with depletion processes. The third one, observed in the interme-
diate frequency range, results from the continuous decreasing of
the solution content in concrete bulk, which indicates an evolution
of the concrete media from a poor ionic conductor to an insulating
material that can be described as an unsupported media. Conse-
quently, the impedance response can be caused by the mobility
differences between the cations and anions in the pore solution, i.e.,
ions charge separation occurs [11,12] that becomes progressively
visible in EIS spectra. The best interpretation for these results is
given by an equivalent circuit proposed by Macdonald et al. [11],
which must be modified by introducing a third time constant, to
account for the depletion process. That phenomenon could be orig-
inated either by low solution content or by solution with low ionic
strength. Fig. 5a shows the modified equivalent circuit in which the
capacitances must be replaced by constant phase elements (CPEs)
to account for depression in the time constants, resulting essen-
tially from the high heterogeneity of the samples, and with the
purpose of obtaining a better fitting result. It must be stated that
the equivalent circuits presented here are valid for the frequency
range tested and the resistance element that can be detected in
direct current (DC) tests is not present.

Finally, for longer drying times the spectra shows four time
constants (fig. 4b). The fourth one appears in the high frequency

range and its interpretation can only be made if charge separa-
tion is considered. As stated before, to interpret these results, it
should be considered that the drying concrete sample is an unsup-
ported media, in which the solution is constrained in small volumes
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Fig. 3. Bode diagrams showing the evolution of the impedance modulus and phase, angle with time for concrete sample with CEM I and with w/c = 0.39: (a) saturation test,
and  (b) drying test.

Fig. 4. Fitting results for EIS spectra obtained from concrete samples with CEM I, and with w/c = 0.39, during drying tests, after (a) 1 hour and (b) 180 hours of drying.



56 A.S. Castela et al. / Electrochimica Acta 124 (2014) 52–60

m, dry

(
r
o
b
o
t
(
q
c
f
r
c
t
d
i
s
t
a
s
n
t
b
h
b
u
d
s
c
s
i
d
h
t
e
t
r
q
t

v
A
i
p
o

T
F
w

Fig. 5. Equivalent circuits used for fitting the EIS spectra results obtained fro

pores) and without an external ions feed. In such situation, as
eported by Macdonald et al. [11], a time constant appears because
f charge separation. This phenomenon is frequency dependent
ecause if the applied frequency is very high then the change rate
f the electric field is so intense that even the time response for
he more mobile ions is insufficient to induce any displacement
migration) and no time constant is observed. However, as the fre-
uency decreases, the more mobile ions start to migrate, promoting
harge separation; consequently a time constant is detected. There-
ore, the frequency at which the time constant appears must be
elated with the ions mobility and for lesser mobile ions the time
onstant appears at lower frequencies. This interpretation needs
he presence of two types, or classes, of ionic species with very
ifferent and independent mobilities, i.e., that do not participate

n a common process (ex: reaction). That is the case of concrete
amples since the interstitial electrolyte has a very high concen-
ration of mobile ions such as Ca2+, OH−, Na+, Cl−, etc., but there
re also much slower mobile ions such as superplasticizers in all
amples. Furthermore the superplasticizers are much more volumi-
ous comparatively with the others very mobile smaller ions. Thus,
he mobility must be severely affected by the pores dimension and
y the adsorption phenomenon; also the solubility of this species
ave constrains. All these factors should increase the mobility gap
etween both classes of ions. Consequently, the results can now be
nderstood, assuming that at early drying stages, the time constant
eveloping at intermediate frequency ranges is given by the charge
eparation of superplasticizers ionic species, while the second time
onstant, appearing in the high frequency region, for more dried
amples, can only be ascribed to the more mobile ions. Another
nterpretation for these time-constants can be given considering
ifferent pore types, namely, pores with different radius classes,
owever, such explanation cannot describe the appearing of these
ime constants only for the drying concrete, which becomes more
vident with drying time. Moreover, to interpret the presence of
wo time constants at both high and low frequencies as processes
esulting only from different pore classes is unlikely, since the fre-
uency gap is enormous. This explanation is not consistent with
he presence of two well-defined time constants.

The EIS results obtained from samples in saturation tests are
ery simple and the apparent resistance values can be estimated.
ccording to B. Díaz et al. [43], measurements made in immersed
onic material samples, such as cementitious ones, in which only a
artial transversal area is exposed, are affected by the conducting
ccurring at the fringe of the samples, i.e., the transversal part of

able 2
itted parameters for concrete samples manufactured with CEM I cement and with diffe
hile Y0 units are S sn cm−2).

CEM I (w/c) Drying test (t = 100 h)

CPE1 R1 CPE2 

Y0 n Y0 n 

0.39 2.2E-12 1 3.4E + 04 3.6E-11 0.90 

0.46  2.2E-12 1 2.9E + 04 3.5E-11 0.90 

0.53  2.3E-12 1 1.9E + 04 6.4E-11 0.85 

0.60  2.5E-12 1 1.7E + 04 9.9E-11 0.83 
ing tests: (a) short drying time condition and (b) long drying time condition.

the samples that is not in contact with the electrolyte can originate
current dispersion inside the sample. This phenomenon influences
the resistance values of the analysed samples, causing apparent
resistivity values lower than the real ones. Therefore any param-
eter obtained from these results can be defined as an apparent
one and, considering the geometry of the samples and cells, the
resistivity values determined are half of the real ones. Neverthe-
less, since the geometry of the samples and cells and the ratios of
the total/exposed areas are identical for all the samples, in each
type of test, then all the results are affected in identical extent and
comparative conclusions can be drawn.

The study of the dried samples results is more complex and here
the fitting routines become helpful. The studies presented by B.
Díaz et al. [43] were made only in immersed samples, however, the
same kind of phenomenon must appear for dried samples, but with
less significance, especially for longer drying times. Thus, Table 2
depicts the apparent fitting parameters for EIS results obtained
after 100 hours of drying for concrete samples manufactured with
CEM I. In these conditions the adequate equivalent circuit is the one
appropriated for longer drying times, presenting 4 time constants.
At very high frequency the time constant is essentially given by
a capacitor, since the depression parameter is unitary. The values
of the capacitance are in the range of 2.2 to 2.5 pF cm−2 (220 to
250 pF), which is a small capacitance but that values are accord-
ingly with M.  Colazo [41]. Considering that the sample thickness
is 5 cm and the area of the stainless steel electrodes is 100 cm2,
then for longer drying times the estimated dielectric constant
is about 124, which is much higher than the minimum reading
limit value (� = 1). The impedance modulus at 4 MHz, obtained
from samples even after 100 hours of drying, are on the range of
104� cm2 (100 �),  which according with the accuracy map of the
device [http://www.zahner.de/pdf/b zennium.pdf; 15, July, 2013]
is a measurement that can be obtained with maximum precision,
i.e., 2% error and 3◦ deviation. It should be emphasized that all the
measurement were obtained in a Faraday cage and a preliminary
study on this problem was also made, in which several materi-
als was  tested such as wood, very high resistance concrete with
expanded clay, reference tests with cells without concrete samples
containing only electrolytes of different resistivity. Also commer-
cial resistor elements from 90 � to 5 G� were tested. The aim of
these tests was  to discard the influence of the equipment in the

measurements obtained by the device around the 4 MHz  range. The
results showed that when measurements are performed outward
the device limits, quite different outcomes are obtained with phase

rent w/c ratios, after 100 hours of drying (the units of R1, R2 and R3 are in � cm2

R2 CPE3 R3 CPE4

Y0 n Y0 n

3.5E + 05 1.2E-07 0.52 5.5E + 06 8.8E-08 0.53
4.4E + 05 8.0E-08 0.54 7.0E + 06 2.4E-08 0.80
2.4E + 05 1.5E-07 0.49 4.0E + 06 9.6E-09 0.79
1.6E + 05 2.2E-07 0.47 4.0E + 07 7.4E-08 0.76

http://www.zahner.de/pdf/b_zennium.pdf
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porosity parameters, like the porous dimension and/or their tortu-
osity. Fig. 8 depicts the results obtained from the permeability tests
that were used as reference for this study. As can be observed, the
ig. 6. Evolution of the impedance modulus at the lowest frequency (2 kHz) with, re
atio,  obtained during saturation test.

ngle lower than -100◦ at high frequency, however, if device lim-
ts are not reached then even at 4 MHz  the phase angle is higher
han -90◦, depending of the tested object. This occurs for resistors
ith resistance lower than 4.7 k�, reference tests and for the con-

rete samples in which the phase angle never were inferior to -70◦.
or resistors with resistances similar to the concrete samples, the
hase angle imposed is �→0◦ at 4 MHz. Thus, it can be concluded
hat at very high frequency the time constant corresponds to the
ielectric behavior of the system. From this response the contact
etween the electrode and the sample surface cannot be excluded
42].

Evidently, samples with higher w/c ratio correspond to a more
orous medium. Therefore, after saturation these samples must
resent higher solution content and should retain more solution
nd humidity, comparatively with the less porous ones, whenever
n the same conditions. That was observed in all the estimated
pparent resistance parameters, which presented lower resistance
alues for higher w/c ratios, however, differences are not sig-
ificant. An inverse trend could be observed for the values of
onstant phase elements. The fitting parameters obtained for the
amples made with 0.5 w/c ratio and with different cement types,
fter 100 hours of drying, are presented in table 3. The values are
oherent between the samples, presenting resistances and CPEs
arameters values in the same order of magnitude.

.2. Solution Uptake

Fig. 6 exhibits the impedance modulus obtained at the low-
st frequency (2 kHz) with resistive behavior (� = 0◦) for concrete
amples in saturation tests made with CEM I and with different
/c ratio, |Z|freq→0. The evolution of the values with immersion

ime corresponds to the expected results, with an initially sharp
rop, followed by a decreasing evolution and a final stabilization.
he more porous samples (higher w/c ratio) presented a severe
mpedance drop since the beginning of the saturation test and the
owest resistance values for longer immersion times. These results
how that the values obtained for longer immersion times can be

sed to estimate the saturation time, ts, and the apparent resis-
ance, Rs. The dried concrete apparent resistance value, R0, can
e obtained by applying an extrapolation method to t = 0, i.e., for
he beginning of the saturation test. The better linear relation is
e behavior (� = 0◦) with time for concrete samples with CEM I and for different, w/c

obtained representing admittance as function of the square root of
immersion time.

Representation of the previous parameters for concrete sam-
ples in saturation tests made with CEM I and different w/c ratios
show that the estimated dried apparent resistance, R0, present rel-
atively stable values (Fig. 7). This independency of the w/c ratio was
expectable since this parameter should not be related with water
content and ionic concentration. However, the saturation param-
eters are inversely dependent with w/c ratio, presenting higher
saturation apparent resistance and time for lower w/c ratio, which
is expected since this sample should have less porosity and solu-
tion uptake. The sample with a w/c  ratio of 0.39 takes more time
(7x) to be completely saturated comparatively to the sample with
0.6 w/c. Longer times needed for complete saturation can be due to
the smallest pores and/or more important to the tortuosity, delay-
ing the solution entrance. This trend suggests that further work
must be developed to extract information from EIS results about the
Fig. 7. Dried sample apparent resistance, extrapolated for t = 0, (R0), saturation,
apparent resistance (Rs) and saturation time (ts) correlation with w/c  ratio obtained
from, concrete samples with CEM I. These results were acquired from saturation
tests and the, apparent resistance values were estimated from impedance modulus
at the lowest, frequency (2 kHz) with resistive behavior (� = 0◦).
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Table  3
Fitted parameters for concrete samples manufactured with a 0.5 w/c ratio and with different cement type, after 100 hours of drying (the units of R1, R2 and R3 are in � cm2

while Y0 units are S sn cm−2).

w/c = 0.5 Drying test (t = 100 h)

CPE1 R1 CPE2 R2 CPE3 R3 CPE4

Y0 n Y0 n Y0 n Y0 n

CEM I 2.3E-12 1 1.9E + 04 6.4E-11 0.85 2
CEM  II/A 2.6E-12 1 5.7E + 04 8.0E-11 0.84 2
CEM  IV/A 2.3E-12 1 4.1E + 04 1.2E-10 0.82 3
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ig. 8. Permeability results obtained for concrete samples with CEM I and for, dif-
erent w/c ratio.

esults follow the same trend which shows the coherency between
oth techniques, thus highlighting the fact that EIS is a powerful
echnique that can be used to assess the permeability of concrete
amples.

Fig. 9 depicts the apparent resistivity behavior of concrete sam-
les in saturation tests made with w/c = 0.39 and with different
ement types. As stated before, the values of the apparent resisti-
ity are approximately half of the real ones, considering the samples
nd cell geometry, the samples thickness and the total/exposed
rea ratio [43]. These apparent resistivity values were obtained,
s previously, from impedance modulus at the lowest frequency
2 kHz) with resistive behavior (� = 0◦), considering an exposed area

f 50 cm3 and a sample thickness of 5 cm.  At the beginning of
he saturation test (t≈0), the resistivity values for the three types
f concrete are quite different. The sample with CEM I revealed

ig. 9. E volution of the apparent resistivity with time for concrete samples in,
aturation tests made with w/c≈0.53 (0.53 for CEM I; 0.51 for CEM II; 0.53 for,
EM IV) and with several cement type. The apparent resistivity was  obtained from,

mpedance modulus at the lowest frequency (2 kHz) with resistive behavior (� = 0◦).
n, exposed area of 50 cm3  and a sample thickness of 5 cm were considered.
.4E + 05 1.5E-07 0.49 4.0E + 06 9.6E-09 0.79

.1E + 05 2.3E-07 0.50 8.7E + 05 2.2E-07 0.57

.1E + 05 1.0E-07 0.58 2.2E + 06 7.6E-08 0.65

the lowest value, while for the one with CEM IV the apparent
resistivity is 14 times larger. The sample with CEM II has an inter-
mediate value of 30 k� cm.

After 1 hour of immersion all the apparent resistivity values have
decreased. The sample with CEM IV reveals the strongest reduction
towards values that are 4 times smaller than the initial ones; while
samples with CEM I showed a drop of approximately 1.8 times.
After 2 hours of immersion the apparent resistivity values of sam-
ples with CEM IV showed a continuous decrease that was more
marked comparatively to the other ones. At this stage the apparent
resistivity values are equivalent to those obtained from samples
with CEM II, and after 4 hours they become equal to the ones
with CEM I. After 14 hours of immersion, the samples with CEM
IV showed resistivity stabilization, revealing that full-saturation
occurred, contrary to the other two samples in which the appar-
ent resistivity values still retain a slow decrease. Finally, after 25.5
and 46.5 hours samples with CEM II and CEM I, respectively, stabi-
lized in their lowest apparent resistivity values. It is also relevant to
note that the values presented by the different samples are much
closer than the initial apparent resistivity, in which samples with
CEM I and CEM IV showed equivalent values around 3300 � cm,
while the ones with CEM II showed a value of 4800 � cm.

3.3. Diffusion Coefficients

Traditionally, the EIS results can be used to estimate the water
or solution uptake trend from several materials such as coatings.
For that purpose the material must present a measurable dielec-
tric behavior usually in the high frequency domain. However, for
concrete samples, the response of the dielectric process on all
measured system can only be slightly detected at very high fre-
quencies. Consequently, solution uptake is difficult to determine
as stated before, and it is extremely difficult to obtain the diffusion
coefficients by traditional methods. However, since full immersed
concrete samples (saturation tests) present a resistive behavior
in almost all frequency regions, then the resistance can be eas-
ily estimated by the analysis of the EIS results. It is well-known
that resistance is inversely dependent on the water content and
concentration of ions. In the saturation tests very complex cross-
processes occur with simultaneous solution and chloride ingress
and ions leaching (OH−, Ca2+, etc.). Several authors showed that
the main contributors to the ionic strength of the pore solution
are the hydroxide and alkali ions and that conductivity of the pore
solution can be estimated from these ions [44–46]. Thus, it seems
a good approximation to accept that resistance is primarily related
to solution uptake, �, and that ionic strength solution inside con-
crete is nearly constant, then it is possible to assume 1/R ∝ �.
Of course, there are other factors affecting the resistance such as
porosity, tortuosity, etc., however, since concrete is a very het-
erogeneous material, then the resistance can be assumed as an
average or statistical parameter, which correlates with pore param-

eters, presenting essentially average values. Thus, it is acceptable to
assume that these parameters are not dependent upon the solution
uptake. Assuming Fickian diffusion for transient-state and for short
immersion times, then the parameters �, �s, and �0 in equation 2
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ig. 10. Representation of the solution uptake function with the square root of the,
ime  for concrete samples with CEM I and with different w/c ratio, obtained from,
aturation tests.

an be assessed using estimated resistances for a particular time
, R, for saturation time, Rs, and for dry condition by extrapolating
he admittance to t = 0, R0, respectively. These resistances can be
btained from saturation tests as showed previously, considering
hat the real resistivity values are approximately twice the values
f the apparent ones [43]. Consequently, the following relation is

 good approximation for diffusion processes occurring simulta-
eously at both faces:

 =
1⁄R0 − 1⁄R
1⁄R0 − 1⁄Rs

= 4
√
D

d
√
�

√
t (3)

n which D is the diffusion coefficient, t is the time, d is the sam-
les thickness and � is the solution uptake function. It is worth
f notice that � is obtained by a ratio of estimated admittances
inverse of resistance), assuming the considerations stated pre-
iously, then � can be only considered dependent from solution
ptake.A linear relation between the solution uptake function, �,
nd the square root of time for the beginning of the saturation is
btained (fig. 10). Diffusion coefficient can be obtained by deter-
ining the slope of the curve and using the previous equation

fig. 11). The obtained diffusion coefficients values are in the range

 × 10−10 and 1 × 10−9 m2 s−1 which is the correct order of magni-
ude for this type of concrete. Despite that, an unexpected result
ccurred since the diffusion coefficient shows an inverse correla-
ion with the w/c ratio. In normal conditions, higher w/c ratio leads

ig. 12. Solution uptake function evolution with the square root of the time for, concrete
Fig. 11. Variation of diffusion coefficients (D) and curve slope with the w/c ratio,
(concrete samples with CEM I). These results were obtained from saturation tests.

to a greater amount of pores, as well an increasing in pores size. As
reported previously, this fact leads to a permeability increase that
should result in an increasing solution uptake kinetics and diffusion
coefficient.

These misleading values can be explained observing fig. 12 in
which the evolution of the solution uptake function values are
presented as function of the square root of immersion time. The
presented result is spanning from the beginning of the saturation
test until complete saturation. In general, it is possible to divide the
curves in three distinct regions:

(i) Short times, which corresponds to the part of the curve used
to calculate the diffusion coefficient;

(ii) Intermediate times, where the value increases drastically;
(iii) longer times where there is a diminishing of the solution

uptake function grow rate and a final stabilization.

In stage (i) samples with higher w/c ratio present lower val-
ues for the solution uptake function, �, which apparently indicates
that the diffusion kinetic is more difficult to occur in more porous
medium. However, initially the pores are filled with air that
imposes difficulties for solution uptake. Since the tests were carried

out at atmospheric pressure and because exchanges air/solution
occurred along the same path, then for higher air content in the
samples there is lower values for solution uptake function in
that stage. Therefore, samples with higher w/c ratio must contain

 samples with CEM I and with different w/c ratio, obtained from saturation, tests.
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nitially more air and should present lower diffusion coefficients.
hus, the diffusion coefficient obtained is not given by solution
ptake, but is rather a complex parameter that initially is essen-
ially related with the air diffusion, but latterly and progressively
he solution diffusion has an increasing contribution.

The two following stages only appeared when air removal is
lmost complete and diffusion processes are essentially related
ith solution entrance. In stage (ii) the solution uptake function

ncreased as normally observed in ordinary diffusion process and
nally in phase (iii), the samples are near saturation and the process
tarted to stabilize. The final results show that the relation between
iffusion kinetics, diffusion coefficients and solution uptake are
irectly related with w/c ratio as expected.

The common methods to obtain equivalent data are based on
emoval of air from samples allowing the solution to fill the pores
nder vacuum to reach full saturation, as well as gravimetric meth-
ds for monitoring the saturation degree.

Probably the methodology used, at atmospheric pressure, is
loser to the real situation found by concrete structures, and is
ndoubtedly more precise then the gravimetric methods.

. Conclusions

The results of the EIS measurements, for immersed concrete
amples, revealed that concrete can be considered a supported
edium, except in the very high frequencies range. Thus, its con-

ribution for the interpretation of the EIS results obtained from
mmersed reinforced steel concrete samples, only needs to take
nto account the bulk resistance.

For drying tests, concrete behaves as an unsupported medium
nd the interpretation of EIS results for steel reinforcing concrete
amples must take into account the ionic charge separation. Two
ime constants appear in the EIS spectra, being related with ionic
harge separation resulting from high and low mobility ions.

The diffusion coefficients obtained from EIS technique applied to
oncrete samples, for short immersion times, are strongly affected
y the air content, i.e., by the porosity. The time necessary for air
ontent release in concrete immersed samples can be assessed by
IS.

For longer immersion times the higher solution uptake kinetics
nd lower saturation time are directly related with higher w/c  ratio
nd porosity.
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