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Abstract

The corrosion process of steel embedded in concrete with various amounts of ¯y ash (up to 50% of the total binder) was tested

under complete and partial immersion, in sodium chloride solution. The corrosion process was followed by monitoring of open

circuit potential (OCP) and electrochemical impedance spectroscopy (EIS). Fly ash addition has led to a raise of concrete resistivity

and of the time for corrosion initiation and to a decrease of corrosion rate. Ó 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Steel embedded in concrete is protected against cor-
rosion by both a chemical and a physical mechanism.
Chemical protection is provided by the high pH (12.5±
13.5) of the concrete interstitial solution, which causes
passivation of the reinforcing steel. Concrete also pro-
vides physical protection, by hindering the access of
aggressive agents. Severe corrosion problems, however,
occur in many structures. Most frequently, corrosion is
induced by the ingress of chloride ions (Clÿ), which
leads to a local destruction of the passive ®lm [1].

Addition of ¯y ash to concrete has become common
practice in recent years. Fly ash is a ®nely divided resi-
due resulting from powdered coal combustion and acts
as a pozzolanic material [2], i.e., the particles react with
water and lime to produce cementitious products [2,3].
Reasons for ¯y ash addition include economy and en-
hancement of certain properties of fresh concrete [3]
(workability and pumpability) and of hardened concrete
[3,4]. Studies have been published concerning the e�ect
of ¯y ash on concrete porosity and resistivity [5], pore
solution chemistry [2,6], oxygen and chloride ion di�u-
sivity [5±9], carbonation rates [10,11] and passivation
[12]. Nevertheless, attention should be focused on the

role of ¯y ash in the corrosion mechanism, especially on
what concerns chloride-induced corrosion.

The corrosion process of steel in concrete can be
followed using several electrochemical techniques.
Monitoring of open circuit potential (OCP) is the most
typical procedure to the routine inspection of reinforced
concrete structures [13±15]. Its use and interpretation
are described in the ASTM Standard Test Method for
Half-Cell Potential of Reinforcing Steel in Concrete.
Potential readings, however, are not su�cient as crite-
rion, since they are a�ected by a number of factors,
which include polarisation by limited di�usion of oxy-
gen [16,17], concrete porosity [18] and the presence of
highly resistive layers [18].

Measurement of d.c. polarisation resistance with
ohmic drop compensation has been applied since the
1970s and provides information about the corrosion rate
[19±24]. In the literature some criteria relating the cor-
rosion rate obtained from d.c. polarisation measure-
ments and the probability of corrosion and/or expectable
lifetime were published [25±27]. According to Moosavi
et al. [25] the following criteria can be applied:

Corrosion rate (lm/yr) Degree of corrosion

<0.01 Insigni®cant (passive)
<1.0 Low
1±10 Moderate
10±30 High
>30 Very high
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In recent years non-d.c. techniques, namely a.c. im-
pedance [28±38] and galvanostatic pulse [16,32±35] have
been used to characterise the corrosion process of steel
in concrete. Among the advantages of a.c. impedance
are the use of very small signals that only minimally
disturb the electrode properties to be measured, and the
possibility of corrosion rate determination in low con-
ductivity media, where d.c. techniques are a�ected by a
number of errors. However, interpretation of impedance
spectra is sometimes di�cult, especially in the presence
of localized corrosion. Various approaches have been
proposed for improving the applicability of a.c. tech-
niques in the study of pitting [39±41].

In this work, laboratory tests were performed on
concrete samples with di�erent amounts of ¯y ash, ex-
posed to chloride environments. OCP and Impedance
spectroscopy were applied in order to study the corro-
sion process induced by chloride ion and the e�ect of ¯y
ash.

2. Experimental

2.1. Concrete and ¯y ash

Ordinary portland cement and type-C ¯y ash were
used in concrete preparation (Table 1). The mixing
proportions were the following: portland cement plus ¯y
ash: 350 kg; water: 200 l; sand: 1400 kg; aggregates:
360 kg. Fly ash was added in partial substitution of
portland cement in the proportions of: 50, 30 and 15
(wt%). Samples with no ¯y ash were also prepared. The
water/binder ratio was in all cases 0.57.

Two commercial steel rebars (type A-10) with a di-
ameter of 1 cm, previously polished with a 600 silicon
carbide (SiC) grit emery paper, were embedded in each
concrete block, with a concrete cover of 1 cm (Fig. 1).

With this geometry, the distance between the inner
surface of the steel rebars was 6 cm and the embedded
area of each electrode was 32.2 cm2.

Concrete blocks were cured during 1 week in a sat-
urated humidity chamber before immersion in the ag-
gressive solutions.

2.2. Exposure

Reinforced concrete blocks were either vertically im-
mersed to a depth of 6 cm (partial immersion) or fully
immersed in a 3 wt% NaCl solution in distilled water.
Under these conditions only chloride-induced corrosion
occurred, since the high content of water impeded car-
bonation of the concrete [1]. Electrochemical tests were
made during immersion, and blocks were broken at the
end of the tests, for visual inspection. A minimum of
two blocks for each condition was tested.

2.3. Electrochemical techniques

The OCP of each steel bar was measured vs. the
saturated calomel electrode (SCE). A sponge soaked
with the NaCl solution was placed between the tip of the
reference electrode and the surface of the concrete, to
provide ionic conduction. The measurements were made
at sites on the surface located as close as possible to the
rebars, using a high impedance voltmeter (10 MX). Since
the potential measurements were made across a concrete
cover thickness of only 1 cm and the concrete was per-
manently wet, no correction of the measured potentials
was made.

Electrochemical impedance spectroscopy (EIS) mea-
surements were made with a two-electrode system, be-
tween the identical steel bars of each concrete block, as
used by Dawson et al. [28]. Measurements were made
using a 1255 Solartron FRA (50 kHz down to 1 mHz)
and a 1286 Solartron Electrochemical Interface. A 10 mV
(r.m.s.) sine wave was applied. All the experiments were
performed using the same arrangement in order to

Table 1

Chemical analysis of the Portland cement and the ¯y ash used in the

concrete (wt%)

Cement Fly ash

Insoluble residue 1.10

Ignition loss 3.88 3.27

SiO2 19.23 53.62

Al2O3 6.89 28.15

CaO 60.69 1.97

MgO 3.15 1.06

SO3 1.67 0.32

Na2O 0.52 0.52

K2O 0.74 2.51

Clÿ <0.02 0.004

TiO2 ± 1.40

Fe2O3 ± 6.64

P2O5 ± 0.17

Fig. 1. Scheme of the concrete blocks. Cover thickness� 1 cm; steel

bar diameter� 1 cm.
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minimize errors induced by the geometry and thus to
allow the comparison of results. Numerical ®tting of the
impedance data was made using speci®c software.

3. Results

3.1. Complete immersion

The potential evolution for the steel embedded in
concrete of various compositions is presented in Fig. 2.
In spite of the dispersion in the readings, some trends
can be observed. Thus, during the ®rst days of immer-
sion (1±2 weeks), the readings were in the range )250 to
)150 mV, corresponding to a state of passivity, ac-
cording to the Pourbaix diagram [42]. After that period,
a slow potential decay towards more negative values was
observed. After 1 month of immersion, large ¯uctua-
tions between )800 and )400 mV were found, until after

about 5±6 months more stable potential readings were
registered. Those readings were close to )600 mV. They
seemed to be independent of the ¯y ash content and
correspond to a steady-state condition.

Fig. 3 shows typical impedance spectra obtained on
the samples with di�erent ¯y ash content after 1 week of
immersion in 3% NaCl solution. Above 100 rad/s the
electric resistivity of concrete is measured. At this stage
it was practically independent of the composition,
except for the sample with 50% of ¯y ash. At lower
frequencies a capacitive behaviour is observed, char-
acterised by a slope of )1 in the Bode magnitude plot.
Due to a large scatter in the readings the spectra could
not go to very low frequencies, particularly in the sam-
ple with 50% of ¯y ash.

The spectra can be described by an electric resistance
in series with a RC network (Fig. 4). The series resis-
tance (Rs) accounts for the ionic conduction in the
electrolyte ®lling the pores, whereas the other elements
refer to the double layer capacitance at the steel/concrete
interface (Cdl) and the charge transfer resistance (Rct).
Curve d in Fig. 3 was ®tted using this RC network. The
charge transfer resistance is very high (>106 X cm2) and
could not be measured in the range of frequencies tested.
The electric resistance and the capacitance were �103 X
cm2 and �20 lF/cm2, respectively.

After 180 days the shape of the spectra was essentially
the same, but with a signi®cant rise in the concrete re-
sistance, particularly for the higher ¯y ash contents
(Fig. 5). Concomitantly, a change in the slope of the
magnitude spectra to approximately )0.7 was observed,
revealing a deviation from the capacitive behaviour.
Finally, at the other end of the spectra, above 104 rad/s,
one other relaxation process was observed in many of

Fig. 2. OCP evolution of concrete samples immersed in a 3% NaCl

solution.

Fig. 3. Impedance spectra of concrete samples after 7 days of immersion in 3% NaCl: without ¯y ash (a) and with various ¯y ash contents: 15% (b);

30 % (c); 50% (d).
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the samples, being more evident in the concrete with
50% of ¯y ash (curve d in Fig. 5). This process was
characterised by capacitances of a few nF/cm2.

The impedance data can help the interpretation of the
potential readings. For passive steel immersed in chlo-
ride solution, a potential drop usually reveals a transi-
tion from passivity to activity, and thus of high
corrosion rates. The impedance measurements, however,
have revealed large values for charge transfer resistance
(above 106 X cm2), whereas the values for the OCP were
more negative than those expected in a situation of ac-
tive iron dissolution. This is explained by the limited
access of oxygen in the concrete, which leads to con-
centration polarisation of the cathodic reaction. Under
these conditions corrosion occurred at low rate, as
con®rmed by the existence of small pits on the rebars at
the end of the test.

The values of concrete resistance obtained from im-
pedance measurements can be converted into resistivity
values, after taking account of the concrete thickness
across which measurements were made. For the samples
fully immersed in the NaCl solution, the resistivity (q)
raised more signi®cantly during the ®rst 2±3 months of

immersion (Fig. 6), and at a slower rate after this period,
as the hydration and pozzolanic reactions approached
equilibrium. The evolution of resistivity was di�erent for
the various compositions tested. Thus, for the samples
with no ¯y ash, it increased by a factor of 4, whereas for
the samples with 50% of ¯y ash addition, the factor was
nearly 40. Thus, although at the end of the curing in the
humidity chamber the di�erent types of concrete re-
vealed an identical resistivity, those with ¯y ash reached
signi®cantly higher values of q after the completion of
the hydration processes. The evolution depicted in Fig. 6
agrees with the known fact that the presence of ¯y ash is
responsible for enhanced concrete resistivity, although
longer curing times are needed to achieve it. Therefore,
the raise in resistivity after the cure in the chamber was
more signi®cant in the samples with higher ¯y ash
content, whereas in the sample with no ¯y ash most of
the cure must have taken place inside the chamber, be-
fore exposure. The values are in the same range as some
determined by other authors [28,43] and approximately
correspond to an exponential law, as previously
reported [44,45].

In a di�erent test, concrete blocks without ¯y ash
were immersed in 3% NaCl solution, during 330 days,
then dried in air during 90 days and at last partially re-
immersed in 3% NaCl. During the ®rst immersion pe-
riod the potential readings (Fig. 7) were very similar to
those observed in Fig. 2, with stable values below
)600 mV after about 150 days. During air exposure a
rise to less negative values, in the range )400 to )500 mV
was detected, whereas after re-immersion a small decay
was observed again. Visual inspection of rebars showed
severe attack on nearly one third of the exposed area.
Fig. 8 depicts the impedance spectra obtained from these

Fig. 5. Impedance spectra of concrete samples after 180 days of immersion in 3% NaCl: without ¯y ash (a) and with various ¯y ash contents: 15% (b);

30 % (c); 50% (d).

Fig. 4. Equivalent circuit for passive steel in concrete.
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blocks, together with their numerical ®ttings. Curve a
was ®tted using the equivalent circuit depicted in Fig. 4,
whereas for curves b, c and d the equivalent circuit in
Fig. 9 was used. This circuit includes the series resistance
(Rs), above discussed, the double layer capacitance (Cdl)
and the charge transfer resistance (Rct), which accounts
for the dissolution processes at the steel/concrete inter-
face, a Warburg impedance (W) describing the transport
of charged species and ®nally a parallel circuit
(RHF, CHF) accounting for the high frequency relaxation
process. This high frequency process, observed in many
spectra, had a capacitance CHF in the range 1±100 nF/
cm2, and a resistance that increased with time and with
the amount of ¯y ash.

This equivalent circuit gives a very general descrip-
tion of the steel/concrete system, and usually only some
of the elements are observed in a spectrum. For exam-
ple, in Fig. 8, the Warburg impedance is detected only in
curve d. A similar circuit was used by Dawson et al. [28]
for chloride-induced corrosion of steel in concrete.

Large changes in the spectra have occurred both with
time and with the di�erent exposure conditions ± Fig. 8.
At the beginning of immersion, as stated above, the
capacitive behaviour of the spectra revealed steel pas-
sivity, with a slope of approximately )1 (curve a). In this
situation the charge transfer resistance was very high

(>106 X cm2). After approximately 240 days (curve b) of
full immersion, the charge transfer resistance decreased
to approximately 3 ´ 105 X cm2, whereas a slope of )0.7
in the Bode plot revealed deviation from a purely ca-
pacitive behaviour. At the same time the potential
readings were below )550 mV, revealing active corro-
sion controlled by the di�usion of oxygen. After re-
moval from the solution, the charge transfer resistance
became smaller (�1 ´ 105 X cm2), leading to a decrease
in the slope of the spectrum to values around )0.5
(curve c) and consequently to a decrease in the phase
angle. This situation, in which high corrosion rates were
expected due to the facilitated access of oxygen from the
atmosphere, was characterised by potential values in
the range )400 to )500 mV. After partial immersion of
the sample (curve d), a large decrease was observed both
in the slope (�)0.3) and in the charge transfer resistance
(�1 ´ 104 X cm2). Under these conditions, a Warburg
impedance developed at very low frequencies, revealing
a rapid corrosion process occurring under mass transfer
control. The slope of log|Z| and the charge transfer re-
sistance obtained from numerical ®tting of the data are
presented in Table 2 and Fig. 10. From that data, the
following approximate correlation was found between
the charge transfer resistance (Rct) and the slope of the
Bode plot:

The slope of the |Z| plot thus seems to re¯ect the
variations of the charge transfer resistance. This rela-
tion, however, is a�ected by a number of factors, namely
the resistance of the concrete interstitial solution. In
order to account for those e�ects some numerical
modelling was performed (Fig. 11). In those simulations,
the charge transfer resistance was kept constant, with a
value of 1 ´ 105 X cm2, a value that seems to correspond
to the edge between the situations of concentration po-
larisation and pitting corrosion. According the results
obtained in this work, the value of Rs is generally 10±20
times lower than Rct. The curves depicted in Fig. 11 were
obtained using the ratio Rct/Rs as 20, 10, 5 and 2.5. As
expected, when the Rct/Rs ratio is small, the slope de-
creases. However, for the ®rst three curves, the e�ect is
not very signi®cant. The e�ect of Rs on the slope is more
evident for lower Rct/Rs ratios, especially for the lowest
ratio (Rct � 1� 105 and Rs � 4� 104 X cm2). Results
obtained in this work always revealed Rct/Rs ratios
above 4. The smaller experimental ratios were observed
for curves c and d in Fig. 8(B), corresponding to �5 and
�4, respectively. Thus, it seems that the slopes of the
experimental Bode plots obtained in this work are not
signi®cantly a�ected by Rs. Furthermore, according the

Slope�)1 to )0.8 Rct > 106 X cm2

Slope�)0.8 to )0.6 106 < Rct < 105 X cm2

Slope < )0.6 Rct < 105 X cm2

Fig. 6. Evolution of resistivity of samples fully immersed in a 3% NaCl

solution.

Fig. 7. OCP evolution of concrete samples (without ¯y ash) submitted

to di�erent exposure conditions.
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experimental results the Rct/Rs ratio is greater than 10 in
a situation of passivity, between 5 and 10 when the steel
surface reveals weak activity and around 4 under intense
localised attack. Similar ratios were also observed in
other works [34,46,47] for concrete samples tested under
chloride containing environments.

3.2. Partial immersion

The potential evolution was comparable to what was
observed in full immersion, although after potential
decay the values were less negative then in the absence of
oxygen. The potential readings (Fig. 12) were charac-
terised by a passive (>)250 mV) and an active range,
)550 < E < )250 mV. The passive-to-active transition
occurred after about 60 days of immersion for the
samples with 0% and 15% of ¯y ash. For those with 30%
of ¯y ash this transition occurred later, after approxi-
mately 480 days. Higher ¯y ash contents were not used
in this set of tests. This behaviour is di�erent from the
full immersion, where the time for potential decay
seemed to be independent of composition. The justi®-
cation lies on the fact that, in the presence of oxygen, the
potential drop corresponds in reality to pitting initia-

Fig. 8. Impedance spectra obtained for a sample immersed during 330 days in a 3% NaCl solution, then dried at air and immersed in 3% NaCl. (a) 10

days ± immersion; (b) 240 days ± immersion; (c) 390 days ± air; (d) 426 days ± re-immersion. Fitting parameters: (a) Rs � 1:5� 103 X cm2;

RHF � 0 X cm2; CHF � 0 nF=cm2; Rct > 106 X cm2; Cdl � 45 lF=cm2; b � 5°. (b) Rs � 7� 103 X cm2; RHF � 3:7� 103 X cm2; CHF � 2:5 nF=cm2;

Rct � 3� 105 X cm2; Cdl � 75 lF=cm2; b � 17°. (c) Rs � 3� 104 X cm2; RHF � 5� 103 X cm2; CHF � 2:5 nF=cm2; Rct � 14� 105 X cm2;

Cdl � 60 lF=cm2; b � 14°. (d) Rs � 5� 103 X cm2; RHF � 3� 103 X cm2; CHF � 5 nF=cm2; Rct � 2� 105 X cm2; Cdl � 125 lF=cm2; b � 25°.

Fig. 9. Equivalent circuit for pitting corrosion of steel in concrete.
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tion, and not to other e�ects related with instability
of the oxide ®lm or oxygen di�usion polarisation, as
observed under full immersion.

After 7 days of immersion, the impedance spectra ±
Fig. 13 ± were similar to those observed on the fully
immersed samples, with the concrete resistance inde-
pendent of the composition and in series with the double
layer capacitance. After 180 days a splitting of the re-
sistive part of the spectrum was observed ± Fig. 14 ±
whereas at the low frequencies the presence of a corro-
sion process was observed in the samples with 0% and
15% of ¯y ash. Fig. 15 depicts the spectra after 540 days,

where the state of activity is con®rmed for all the sam-
ples. The charge transfer resistance and the OCP at
various immersion times are presented in Table 3. An
increase in the charge transfer resistance with the ¯y ash
content was observed, although this resistance could not
be measured in the samples with passive potentials. For
30% of ¯y ash that increase was by a factor of 4±5.

Concrete resistivity had an evolution comparable to
what was observed under full immersion, but with
higher values (Fig. 16). This may be due to a lower
content of solution in the pores, especially in the parts of
the block that were more distant from the solution.
Again a decrease in the slope of the Bode plot was ob-
served after the onset of corrosion. By plotting the
charge transfer resistance vs. that slope ± Fig. 17 ± a
trend similar to the one observed for total immersion
was obtained.

4. Discussion

For the environments studied in this work (full and
partial immersion in chloride-containing solutions) and
assuming no changes in the pH of the concrete during
chloride attack, the potential measurements re-
vealed three di�erent ranges of values. The ®rst one

Fig. 11. Theoretical simulation of impedance data: Rct � 1:105 X cm2; Cdl � 50 lF/cm2. (M) Rs � 5:103 X cm2; ��� Rs � 1:104 X cm2; (+)

Rs � 2:104 X cm2; (n) Rs � 4:104 X cm2.

Table 2

Evolution of OCP, charge transfer resistance and slope of the Bode spectra for a sample immersed in 3% NaCl, dried in air and partially

re-immerseda

Time (days) Exposure conditions E (mV) (SCE) Rct (X cm2) Slope

7 Immersion )200 >1.106 )1

240 Immersion )689 3.105 )0.7

390 Air )424 1.105 )0.5

426 Re-immersion )500 2.104 )0.3

a Values of Rct were obtained from numerical ®tting.

Fig. 10. Charge transfer resistance vs. the slope of the log|Z| Bode

plot.
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(E > )250 mV) was observed during the ®rst days of
either total or partial immersion and is characteristic of
a passive state. The state of passivity was con®rmed by a
capacitive response in the Bode plot and by a charge
transfer resistance above 106 X cm2.

The second range ()250, )550 mV) was observed in
situations of pitting corrosion. In this condition there is

su�cient water and oxygen in the pore solution, and the
passive ®lm has been destroyed by the aggressive ions.
Under these conditions, the charge transfer resistance
was below 105 X cm2. In the sample dried in air after
saturation, a Warburg impedance or a transmission line
developed at the low frequencies, probably consequence
of the high corrosion rate and thus to limited di�usion
of charged species.

The third potential range revealed values lower than
)550 mV (SCE). According to ASTM C876-87 these
values are characteristic of active corrosion. However,
this interpretation is not totally correct, as observed in
other works [13,14,16,17] and con®rmed here. In fact,
EIS has shown in that situation a very low corrosion
rate (charge transfer resistance between 106 and 105 X
cm2). This is the result of insu�cient oxygen supply,
because the oxygen di�usivity strongly decreases in
saturated concrete [5].

It is sometimes di�cult to establish a boundary be-
tween the state of real activity and the state of oxygen
concentration polarisation based only on potential
readings. In this case, the evolution of impedance
spectra can be useful in the determination of the state of

Fig. 14. Impedance spectra obtained on samples partially immersed

during 180 days. (M) 0% of ¯y ash; (+) 15% of ¯y ash; (´) 30% of ¯y

ash.

Fig. 13. Impedance spectra obtained on samples partially immersed

during 7 days. (M) 0% of ¯y ash; (+) 15% of ¯y ash; (´) 30% of ¯y ash.

Fig. 12. OCP evolution of concrete samples partially immersed in a

3% NaCl solution.

Fig. 15. Impedance spectra obtained on samples partially immersed during 540 days. (M) 0% of ¯y ash; (+) 15% of ¯y ash; (´) 30% of ¯y ash.

182 M.F. Montemor et al. / Cement & Concrete Composites 22 (2000) 175±185



the steel surface. Impedance measurements have not just
con®rmed the state of corrosion/passivation, but they
also allowed the determination of concrete resistivity
and charge transfer resistance. The slope in the capaci-

tive part of the spectrum decreased with the charge
transfer resistance. Although this slope results from a
number of factors ± Rct/Rs ratio, depression angle gen-
erated from surface heterogeneities or fractal surfaces
[48] ± the correlation was qualitatively reasonable. An-
other feature of the impedance spectra was the presence
of a high frequency time constant. The presence of high
frequency e�ects in impedance spectra has been ob-
served by other authors [37,49±52], although its nature is
a subject of some discussion. Some authors have at-
tributed it to the existence of a ®lm on the surface
[28,34]. In this work the presence of this time constant
seems to be related with phenomena occurring in bulk
concrete. In previous work [44,45] it was shown that this
time constant is also a function of the immersion time
and of the ¯y ash content. Thus, the resistance of this
time constant strongly increases with the time of im-
mersion, following an evolution similar to that observed
for the concrete resistivity. It is well de®ned under im-
mersion conditions, but not in dry conditions, which
also relates its nature with the bulk concrete humidity.
The origin of these e�ects may be related with polari-
sation phenomena occurring in the saturated concrete
pores, as suggested by other authors [52,53].

4.1. E�ect of ¯y ash

Fly ash exerts its in¯uence on reinforced concrete at
several levels. In a study by X-ray di�raction, Koulombi
et al. [54] have demonstrated that ¯y ash addition leads
to higher chloroaluminate contents, and consequently to
lower levels of free chloride, which are responsible for
localised corrosion of steel. The presence of ¯y ash also
a�ects the composition and thickness of the passive ®lm.
Films formed in paste solutions have revealed a thick-
ening and a higher degree of hydration under the
in¯uence of ¯y ash [55].

Finally, ¯y ash leads to a decrease in concrete po-
rosity, which is directly related with its resistivity. The
tests on fully immersed samples have shown that for a
50% ¯y ash substitution, concrete resistivity was in-
creased by a factor of 10. This result is in good agree-
ment with the existence of an exponential law for the
in¯uence of ¯y ash on resistivity, as determined in pre-
vious work [44,45] and can be explained by a decrease in
porosity. A lower porosity corresponds to a lower free
cross-section and to an increase in path tortuosity, af-
fecting the di�usion of solvated species. In a previous
work, a reduction of chloride di�usivity in concrete to
half its value was observed as a consequence of a 50%
replacement of cement by ¯y ash [9]. The bene®cial e�ect
of ¯y ash concerning corrosion initiation and corrosion
rate became evident in the partial immersion. In this
situation samples with 30% of ¯y ash remained passive
during about 16 months, whereas those of 0% and 15%

Table 3

Evolution of charge transfer resistance and OCP for samples with

di�erent ¯y ash contents partially immersed in 3% NaCl

Time

(days)

Fly ash content

(%)

Rct

(X cm2)

E (mV)

(SCE)

7 30 >106 )190

15 >106 )156

0 >106 )201

60 30 >106 )145

15 1.3 ´ 105 )266

0 7.6 ´ 104 )400

90 30 >106 )156

15 9.6 ´ 104 )478

0 7.5 ´ 104 )440

180 30 >106 )134

15 8.2 ´ 104 )522

0 7.4 ´ 104 )482

365 30 8.6 ´ 105 )134

15 9.0 ´ 104 )522

0 7.9 ´ 104 )482

540 30 4.2 ´ 105 )320

15 9.2 ´ 104 )500

0 7.5 ´ 104 )442

Fig. 16. Evolution of resistivity of samples partially immersed in a 3%

NaCl solution.

Fig. 17. Charge transfer resistance vs. the slope of the log|Z| Bode plot

for the samples partially immersed in a 3% NaCl solution.
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of ¯y ash became active after approximately 2 months.
Also a signi®cant reduction in corrosion rate was ob-
served for 30% of ¯y ash. After 1 year of exposure the
corrosion rate was lower by 1 order of magnitude when
compared with the other concrete compositions. These
results agree with observations from other authors,
using either ¯y ash or slag [54,56].

The role of ¯y ash is thus related with both the ini-
tiation and the progression of corrosion. Fly ash is
added as ®ne granulates and upon hydration it has the
capability of partially obstructing voids and pores. This
leads to a decrease of pore size and to a smaller e�ective
di�usivity for either chloride or other species. Given the
high resistance increase generated by ¯y ash, this e�ect is
determinant in the long-term corrosion resistance of
concrete structures.

5. Conclusions

The OCPs measured on reinforced concrete blocks
fully and partially immersed in chloride-containing so-
lution can be considered in three di�erent ranges. The
more positive range (E > )250 mV) revealed passivity,
whereas the more negative range (E < )550 mV) is
characteristic of oxygen di�usion limited reaction. An
intermediate range ()550 < E < )250 mV) was observed
under conditions of active iron dissolution. The bound-
ary between the state of active corrosion and of polari-
sation by limited di�usion of oxygen can be di�cult to
establish. With this purpose, EIS has been used, revealing
the state of steel surface; determination of charge transfer
resistance of the corrosion reaction was made.

The use of ¯y ash in partial substitution of cement has
lead to a higher concrete resistivity. This e�ect has been
quanti®ed under both complete and partial immersion.
For the most aggressive conditions, i.e., partial immer-
sion in sodium chloride solution, a 30% replacement of
cement by ¯y ash has led to a signi®cant increase of
induction time and to a reduction of corrosion rate by 1
order of magnitude.
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