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In this paper we study the electrochemical response by techniques corrosion potential, linear
polarization resistance and electrochemical impedance spectroscopy, to the mortars obtained with steel
slag activated with sodium silicate, were subjected initially exposed to the accelerated carbonation and
then immersed in NaCl solution to study the influence of carbonation on penetration of chloride ion,
mixing these two corrosive phenomena of the same material. Afterwards the entry of each of the
corrosive phenomena that occur in the steel, cathodic protection systems are used to protect steel. The
efficiency of cathodic protection was determined; and it concludes that it is a rehabilitation technique
able to stop corrosion in concrete structures carbonated alternatives and contaminated with chlorides,
with a high degree of degradation in the structure.
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1. INTRODUCTION

It is one of reinforced concrete building materials most widely used; structures that employ
them have the disadvantage of being susceptible to electrochemical degradation (corrosion). This is
because the barrier that provides concrete reinforcing steel is supported by the alkaline pH, which is
reached after hydration reactions cementitious material [1-4]. However, interaction with environmental
aggressive agents, causes the protection is diminished, and thus the structural integrity compromised
[5-6].
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The usual aggressive environments consist of air, water and contaminated soils in contact with
concrete structures where the main aggressive agents are chloride ions in offshore regions and carbon
dioxide in rural and industrial areas (carbonation) [7-8].

Carbonation of concrete results from the reaction of the hydrated cement components with
atmospheric CO; [9-10]. In consequence of this reaction, the pH of the pore solution of the concrete is
reduced 12 to 8, developed a uniform corrosion in the steel reinforcement. When the corrosion process
has begun, the oxide formed occupies a volume much larger than the reinforcing steel in a passive state
[11-13].

A report of Standards of the United States, estimated that corrosion costs are in the order of 4%
of GNP and that this influence in the anti-corrosive measures assumed [14-15]. The study establishes
the total cost of metallic corrosion at US $ 276 billion-equivalent to 3.6% of GDP, but emphasizes that
savings of up to 25-30% could be achieved using modern practices for corrosion control [16 -17].

The structures have a lifetime of service, which is expected to do no more than routine
maintenance to adequately provide the function for which they were designed, however, there are
structures that are not defined they lifetime of service [18], aim to make them resistant to static and
dynamic loads but regardless the attack that will be exposed; over time, these can exhibit premature
deterioration due to corrosion to be able to passivate the steel embedded in the concrete, resulting in
corrosion rates can pose serious damage within a few years [19-20].

When damages affect a significant part of the structure, the conventional repair method
involves removal of carbonated or chloride contaminated concrete around the steel, they clean around
its perimeter, the replacement of the concrete affected and frequently applying some protection to
avoid further repair [21-22].

The high cost of corrosion in reinforced concrete structures have aroused unusual interest in
electrochemical methods of rehabilitation: cathodic protection (CP), the electrochemical realkalisation
and electrochemical extraction of chlorides [23-24]; to be more economical and more respectful with
the environment and health of the workers than traditional repair methods [25]. The CP, the oldest of
electrochemical methods of rehabilitation, to various commercial systems have been applied in
practice, as well as the amazing diversity of criteria to assess their effectiveness [26-27].

This research presents the evaluation of the effectiveness of cathodic protection applied to the
steel embedded in using steel slag as an alternative concrete, previously exposed to reinforcement
corrosion phenomena caused by carbonation and chloride penetration.

2. EXPERIMENTAL DETAILS

For making mortar specimens was the selection of materials and working conditions, based on
the results of mechanical properties obtained in preliminary studies for the steel blast furnace slag
activated with "Sodium Silicate™ (Na,SiO3) at a concentration of 5% Na,O expressed as a percentage
by weight, to incorporate slag, with a SiO, / Na,O ratio of 2.4. The manufacture of concrete mixtures
in both cases containing a dosage of cementitious material 290 kg/m®. It was assumed that the water /
cement + activator solution and water /slag are equivalent and correspond to 0.45.
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The type, composition, aggregate size corresponded to an arena with specific surface area of
2.47 g /em®, compact unit mass of 1.67 kg/cm?®, loose unit weight of 1.58 kg /cm®, absorption of 2.9%.
Mortar samples were cured under ambient humidity conditions (~ 65%) at room temperature (~ 25 ° C)
during the first 24 h. Subsequently, the cylinders were demolded and cured in a moist chamber at a
relative humidity (RH)> 90% and a temperature of 27 =2 ° C.

For electrochemical measurements one galvanostat potentiostat was used the experimental
setup is comprised of a cell containing a counter stainless steel (AISI 304 SS), a reference electrode
Cu/CuSQ, and as working electrode was used structural steel AISI 1020, the same setup was used to
apply a cathodic protection where the impressed current applied to the counter electrode (AISI 304 SS)
in each case was 55 * 10° A cm™.

The measurement of open circuit potential it was held at a time of 1200 seconds until it reached
the stabilization. The measures for mortar activated slag were performed in a period of 7 days, after
subjecting the samples to a process of accelerated carbonation 100%, and other exposed to carbonation
in laboratory conditions. Measures open circuit potential were made considering the ASTM C876
standard, this standard corrosion indicates the probability function of corrosion potential for the
purpose of diagnosing the probability found. The technique of linear polarization resistance is a
potential sweep from -25mV to + 25mV with respect to open circuit potential at a rate of 0.1mV/s. The
resulting current, the product variation of the potential is linearly plotted against the potential; the
value found by this technique is the polarization resistance. The interpretation is basically empirical,
and there is a relation to possible corrosion rates generated. The technique of electrochemical
impedance spectroscopy was used to apply a sinusoidal signal of 10mV; a scanning at different
frequencies between 10 kHz to 0.1MHz. The equivalent circuits modelling was performed using the
program Echem analyst.

To study the effect of carbonation in mortars, then the curing process, the specimens free of
moisture and water between the pores were introduced in a chamber at controlled conditions. The
selected samples to simulate aggressive environments were carbonated in a chamber with 65% relative
humidity and 20 ° C, in contact with a stream of CO2 to 3% by volume. Other series of test pieces
were exposed to ambient conditions, for the purpose of comparing the effect of carbonation.

Other purpose of the study was to analyze the effect of chloride ions on the corrosion of
reinforcing steel, then the carbonation process. About specimens, overexposure to chlorides was made.
The specimens were placed in immersion in a saturated with 3.5% of sodium analytical chloride
(Panreac PA131655.1211 NaCl-99.0%), was subsequently applied cathodic protection.

3. RESULTS

3.1 Half-Cell Potential

This measure was made based on the criterion of ASTM C876-91 standard for testing. Since
the start of the race, it was assumed that the conditions under which the steel was different, likewise
for various values are presented circuit potential is presented [28]. In Figure 1, we see that both the
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mortars subjected to accelerated carbonation (AASC) without carbonation (AASA), both the solution
subjected to the presence of chloride ion, resulting in low corrosion potential values indicating that all
systems are analysed in a greater chance of corrosion, AASC trend mortar subjected to a bleach
solution; exhibits reduced corrosion potential in each of the levels evaluated, the decline is gradual, a
similar behaviour is presented by the AASA chlorine, because its trend is going to decline in each of
the levels evaluated, however within 28 days of this behaviour changes, which may be due to clogging
of pores prevents the entry of aggressive ions, After 28 days a further decrease in this parameter is
observed, returning to the original trend, these values are very close so that a difference is observed
between these two systems [29-30]. The cause of this behaviour is due to the AAS only based mortars
have an increased susceptibility to carbonation, because alkali activation proceeds via formation of
secondary phases such as Na,0O-CaO-SiO,-H,0 heterogeneous reaction that contribute to lowering the
pH. As for the cathodic protection exhibited potentials were observed up to 42 days evaluation, due the
trend was to decrease the potential, protection voltage applied to corresponding protection -850 mV
relative to the reference electrode Cu/CuSO, saturated, and such value is taken as a criterion for
protection. Monitoring the potential of the structure was performed weekly periods. In each of the
evaluations, it was determined that the value used as a criterion, generate adequate protection, because
the potential in both structures and AASA AASC indicate an increased potential, achieving values with
a tendency toward passive region [31].
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Figure 1. Potential corrosion, for mortars with and without exposure to chloride and subsequent
application of cathodic protection.

3.2. Linear Polarization Resistance

The results of polarization resistance for each set of systems allow active or passive behaviour
of the system and the speed with which they occur. It is possible to analyze the corrosion behaviour of
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each system, based solely on the criterion of polarization resistance. This can relate, by Ohm's
equation, found in an electrical circuit. Thus, if the corrosion potential remains constant, we can infer
that low resistances allow passage of larger amounts of current and in a manner contrary. If we relate
this with the loss of metal species, we can infer that low polarization resistance (Rp) they correspond
to high values of corrosion rate [32].

The concentration of chloride and carbonation depth can be measured; however, it is difficult to
predict the onset of corrosion. The corrosion rate measurement is performed using linearly polarized
instruments and empirical estimates (B). So in this case, the corrosion current is calculated, for
reinforcing steel mortar we have:

iy =B =5

AE R,

In the case of the mortar-steel interface is taken B = 52mV in active condition, using the
method indicated in the corrosion potential measurement. Depending on the value of the corrosion
current it determined the condition the steel using the following criteria: when the value of Icorr <0.1
nA/cm? indicates this is in a passive condition for Icorr 0.1 to 0.5 pA/cm?, is low-moderate corrosion;
for Icorr 0.5 to 1 pA/cm? moderately high corrosion and Icorr> 1 pA/cm? high corrosion rates [33].

In Figure 2 the mortar compared to different test environments it can be seen that the
electrochemical conditions vary considerably. This would support the assumption that each system has
its own protective characteristics or activity-passivity also be performed a first approximate
explanation of the phenomenon in each case.

For systems in which the contact environment consisted environment without carbonation, they
are lower than those with pre-treatment of carbonation and in contact with chlorides. Thus, it appears
that the polarization resistance of steel, which is in the AASA system, is the highest of all, therefore
offers improved passivity. It also indicated that slopes with large values correspond to the polarization
resistance (Rp) and higher protective conditions overall better metal protective conditions [34].

However this analysis applies only to a specific point of each system which is not
representative of the phenomenon, because the systems are always in condition of high corrosion rates,
and corrosion processes that are characterized by unstable states and metastable, which they are due to
the reactions occurring in the substrate layer, generated by mortar reactions [35]. The steel embedded
in concrete is in a thermodynamic disequilibrium that is, there are always changes in the passive layer,
charge transport, mass and ionic movements as mortar reactions, continue to be generated. Therefore,
it is appropriate to use cathodic protection for the two cases studied, the response shown by steel
embedded AASA is far superior to that observed in the type AASC nonetheless provide adequate
protection both to allow the generated layer passive steel. This condition is most favoured in mortars
without exposure to carbon dioxide, since the hydration products generated between the steel slag and
the alkaline activator generate high pH, in particular interface steel, which in turn provide good
stability characteristics the passive layer, Otherwise the behaviour of mortar AASC as the supporting
properties which has a pH shift the reinforcements to impose the conditions of a point such as
moderately high corrosion something generally recognized in the case of carbonation and corrosion
effect of the chlorides, which begins locally extends significant fractions of the area.
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Figure 2. Response of corrosion resistance of concrete AASA and AASC, played by the values of the
corrosion current.

3.3. Electrochemical Impedance Spectroscopy

In figures 3 (a, b, ¢) Nyquist curves, where the study three interfaces are presented, they can be
determined with both the behaviour of systems components (resistors and constant phase elements) of
each of them, and system values or whole cell (Rp, equivalent circuit). Thus, the assay can be analysed
from various points of view, providing complementary information system studied, in this specific
case the mortar-steel reinforcement system [36].

Observing in detail Nyquist diagrams, it can be inferred that the electrochemical behaviour of
the system changes for each type of environment subject (Fig. 3a and 3c). The frequency curve with
phase angle has a much wider in the area AASA capacitive system, a phase change also occurs at low
frequencies undetected in, AASC system. The above could is an indication which the corrosive
phenomenon is different in each system.
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Figure 3. Nyquist diagrams of AAS systems subjected to processes with and without the presence of
carbonation, then exposed to chloride penetration. a) AASC subjected to chloride, b) AASC
with cathodic protection, c) AASA exposed to chloride, d) AASA cathodic protection applied.

To make an adjustment of each of the Nyquist diagrams; during the entire study could be
observed that the mechanism of corrosion is similar with and without application of impressed current
because it was not modified equivalent circuit used for mathematical adjustments, both of the same
elements within the model used (Figure 4) are presented, but they changed their magnitudes,
depending on the electrochemical condition (activity-passivity) to which (Table 1) it was, it was
possible to observe how the data derived from equivalent circuit modelling had a very similar
behaviour to those obtained experimentally for the specimens, as an indication that the model
explained with good approximation the corrosive phenomenon in the system. The atmosphere in
contact also had influence only in the magnitude of the elements, they formed the equivalent circuit
and not a new circuit is generated in each situation. Thus, in the analysis a unique electrochemical
model for each specific to different aggressive conditions was applied [37].
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Figure 4. Equivalent circuit for fitting the mortar AAS analysed with and without cathodic protection
systems.

To this end electrochemical analysis, they were selected the same systems previously assessed.
The results of the two electrochemical tests on steel embedded in alternative mortar, have great
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variability at baseline under conditions no cathodic protection they have no similarity values as shown
in Figures 3 and is confirmed in Table 1. After the end of carbonation, the data of polarization
resistance obtained are very low, indicating an elevated corrosion rate, further it shows that during the
test the magnitude of resistance polarization have magnitudes that are located in nearby ranges,
however at no time is the same value of polarization resistance [38].

The values of the electrochemical components after applying cathodic protection determines
passivity for systems that were not exposed to accelerated carbonation (Fig. 3d), the values of
polarization resistance of the steel obtained by using different techniques showed similarity in their
magnitude and trend over time. The performance of the mortars previously exposed to accelerated
carbonation and chloride ions, and subsequently shown cathodic protection, an active corrosion (Fig.
3d) again giving the indication that these systems are less stable than those not exposed.

Table 1. Values corresponding electrochemical parameters of the AAS mortars exposed to conditions
of carbonation and chloride ion, later the application of cathodic protection.

Time Ra Yp1 o R1 Yp2 o R Yps3 o3 Rs
Days Qecm® Fem?s® Qcm? Fcem?2s®e) kQ | Fem?s® kQ
(11) sz az) sz
AASA
7 20042  1.63x10°® = 0.69 8278 1.94x10* 074 2827 829x10* 053 425
42 15010  1.08x10° 0.52 2673 1.45x107° | 097 0465 455x10* 0.68 25.2
84 8284 9.1x10°% 071 2164 = 944x10° @ 099 0.185 583x10* 032 164
42 22513 4.04x10®  0.65 8296  4.66x10 073 1563 2.65x10°* 0.82 532
+CP
AASC
7 7020  512x107  0.76 5316 @ 2.49x10*  0.83 0316 536x10° 0.74 12.45
42 5462 = 297x10° 074 1733  546x10%  0.61 0529 468x102 072 7.21
84 1760  1.06x10° 095 161 1.96x107°  0.88 0.337 | 1.26x10* 079 6.7
42 9078  1.14x10° 0.8 9.3 0.8x10°° 0.9 0.366 4.24x10* 0.13 15.18
+CP

3.4. Efficiency of Cathodic Protection

In figure 5, system efficiency after applying cathodic protection shown, is determined to apply

the protective potential is possible to obtain a corresponding protection in both systems [39]. For
carbonated and then subjected to chlorides is the system further deterioration system is obtained that
the system is only effective after 35 days, in short periods of time the protective effect is not perceived,
because after carbonation releasing some ions occurs ion-exchangers are produced by chemically
bonding. After the inclusion of chloride ion saturation, the amount of free chloride in the pores is
increased by increasing the rate of corrosion by applying cathodic protection, the admitted ions are
maintained in the mortar; the effect of the additional potential is to mitigate the degradation effect this
Is achieved after 35 days [40].
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Figure 5. Calculation of the efficiency of the cathodic protection of concrete AASC and AASA.

4. CONCLUSIONS

AAS concrete subjected to the most aggressive conditions of the study (accelerated
carbonation) did not have the ability to form passive layers to delay the phenomenon of degradation of
the metal. This is because the granulated blast furnace slag is chemically reactive and hydration
products generated slag mortar porosity accelerating the passage of carbon dioxide and chloride ions
aggressive agents from permeate the system and come to destabilize the passive layer of steel.
However in specific that were exposed to carbonation and then chloride ions protection is reduced due
to the passivation of steel therefore evaluation times to short current protection they are minimal,

The efficiency of cathodic protection it is generated because in the tested structures contain an
appreciable amount of chloride ion. However in specific that were exposed to carbonation and then
chloride ions protection is reduced due to the passivation of steel therefore evaluation times to short
current protection they are minimal, the risk of corrosion is practically high due to action of chloride
penetration and carbonation accelerates
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