Chapter 5
Electrochemical Tests in Reinforced Mortar
Undergoing Stray Current-Induced Corrosion

Zhipei Chen, Dessi A. Koleva, and Klaas van Breugel

Abstract Stray current, arising from direct current electrified traction systems, fur-
ther circulating in nearby reinforced concrete structures may initiate corrosion or
accelerate existing corrosion processes on the steel reinforcement. In some extreme
conditions, corrosion of the embedded steel will occur at very early stage. One of
the significant consequences is loss of bond strength and premature failure of the
steel-matrix interface. This plays an important role for the integrity of a structure
during its designed service life.

In this work, the level of stray current was set at 0.3 mA/cm?, applied as an exter-
nal DC electrical field. This level of stray current was chosen based on preliminary
calculations on expected corrosion damage, i.e., in view of material loss at the level
of 10% weight loss of the steel rebar (analytically calculated via Faraday’s law).
The investigated reinforced mortar specimens were cured for 24 h only and then
conditioned in chloride-free and chloride-containing environment. The evolution of
steel electrochemical response in rest (no stray current) and under current condi-
tions was monitored for approx. 240 days via OCP (Open Circuit Potential), LPR
(Linear Polarization Resistance), EIS (Electrochemical Impedance Spectroscopy)
and PDP (Potentio-dynamic Polarization).

The results show that the effect of stray current on concrete bulk matrix proper-
ties, together with steel corrosion response, is significantly determined by the exter-
nal environment, as well as by the level of maturity of the cement-based bulk matrix.

For chloride-free environment the effect of the chosen stray current level
was not significant, although lower corrosion resistance of the steel rebars was
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recorded after longer exposure of ~240 days, compared to control conditions.
In fact, even positive effects of the stray current were observed in the early stages,
i.e., until 28 days of age: stray current flow through a fresh (non-mature) cement
matrix led to enhanced water and ion transport due to migration. The result was
enhanced cement hydration, consequently environment, assisting a more rapid
stabilization of pore solution and steel/cement paste interface. In chloride-contain-
ing external medium, steel corrosion was a synergetic effect of both de-passivation
due to chloride ions in the medium and stray current effects. Corrosion accelera-
tion solely due to the stray current flow in chloride-containing medium cannot be
claimed for the chosen current density levels and the duration and conditions of
the experiment.

What can be concluded is that the effect of stray current for both chloride-free
and chloride-containing conditions is predominantly positive in the initial stages
of this test. The expected negative influence towards corrosion acceleration was
observed after a prolonged treatment, when a stable maturity level of the cement-
based matrix was at hand. This also means that the properties of the cementitious
material in reinforced cement-based system are of significant importance and
largely determine the electrochemical state of the steel reinforcement.

Keywords Stray current ¢ Steel corrosion ® Mortar ¢ Electrochemical tests

5.1 Introduction

In electrical current powered traction systems, such as electrical trains, tram sys-
tems or underground trains, the current drawn by the vehicles returns to the traction
power substation through the running rails. This concept, besides forming part of
the signaling circuit for controlling the train movements, is used as the current
return circuit path, together with return conductors [1-5]. However, owing to the
longitudinal resistance of the rails and their imperfect insulation to the ground, part
of the return current leaks out from the running rails, i.e., stray current forms. The
leaking-out stray current returns to the traction power substation through the ground
and underground metallic structures (such as steel rebars in concrete, pipelines), as
schematically shown in Fig. 5.1 [6, 7]. Stray direct currents (DC) are known to be
more dangerous than stray alternating currents (AC) [3, 8, 9]. Such situation can be
potentially very harmful for underground reinforced concrete structures for exam-
ple, where despite the high concrete resistivity the steel reinforcement provides a
good conductive path. The circulation or flow of stray current through reinforced
concrete structures may initiate corrosion or significantly accelerate already exist-
ing corrosion processes on the steel reinforcement [1].

For a reinforced concrete structure, buried near a rail track, a DC stray current
leakage will initiate or enhance steel corrosion as follows: at the point where the
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Fig. 5.1 Example of stray current from a railway line picked up by pipeline [10]

stray current “enters’ the reinforcement, a cathodic reaction occurs (predominantly
oxygen reduction for this environment):

%02+H20+2e’ — 20H" 5.1

The point where the stray current flows out from the reinforcement into the exter-
nal environment (e.g., concrete, soil), anodic reaction occurs which is the process of
metal dissolution:

Fe— Fe™* +2e” (5.2)

In some extreme conditions (for instance, newly built reinforced concrete struc-
tures nearby seaside and/or railways), stray current-induced corrosion of the steel
reinforcement could occur at early age and can be significant. This is because of the
lower level of maturity of the cement-based matrix in young concrete, which would
in turn facilitate the stray current-induced corrosion on the steel surface. Lower
electrical resistivity, higher porosity, permeability, diffusivity, etc. of the concrete
matrix would lead to enhanced aggressive ions penetration in addition to elevated
ion and water migration due to the stray current flow. On the one hand, for a non-
matured cement-based matrix and at early stages of cement hydration, elevated ion
and water migration can have a positive effect in view of enhanced cement hydra-
tion and chloride-binding capacity of the bulk material [11, 12]. However, at later
stages and for an already developed bulk matrix microstructure, stray current flow
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can affect the pore space and hydration products’ network due to leaching-out of
calcium baring phases, coarsening of the pore structure, etc. [13]. These will in turn
enhance the purely electrochemical reactions, related to the corrosion process on the
steel reinforcement. One of the significant consequences is the premature failure of
the steel-matrix interface, i.e., significantly reduced bond strength, which plays
important role for the integrity of a structure during the subsequent service life.
These phenomena lead frequently to early deterioration and eventually to situations
of high risk in view of durability and serviceability of reinforced concrete struc-
tures. By all means, the above concerns are also linked to high cost for maintenance
and repair, targeting safe operation of such structures.

This work aimed to simulate stray current-induced corrosion for reinforced con-
crete and investigate the electrochemical response of the steel reinforcement in
comparison to control (stray current-free) conditions. In order to account for the
significant effect of environmental conditions, mainly the presence of chloride ions
as a corrosion accelerator, the stray current conditions were simulated in both
chloride-free and chloride-containing medium. The level of stray current was set at
0.3 mA/cm? (through the application of external DC electrical field). This level of
current density was chosen in a way to account for a hypothetic 10% weight loss of
the steel rebar.

The overall aim of the research project on stray-current corrosion, this work
being an initial part of it, is to correlate the electrochemical response of steel (cor-
rosion state) with bond strength at the steel/cement paste interface and bulk matrix
properties. This chapter focuses only on the initial results from electrochemical
monitoring of reinforced mortar specimens in the time frame of the test of 243 days.
Several types of general and more sophisticated electrochemical tests are presented
and discussed in view of the effect of stray current on the corrosion state of steel
reinforcement. Additionally, the development and alterations in the properties of the
bulk matrix were indirectly evaluated, owing to the possibility of one of the electro-
chemical non-destructive techniques (i.e., electrochemical impedance spectros-
copy) to provide qualitative and quantitative information for both steel- and
cement-based material properties.

5.2 [Experimental

5.2.1 Materials and Specimen Preparation

Reinforced mortar prisms of 40 mm x 40 mm x 160 mm were cast from Ordinary
Portland cement CEM 1 42.5 N and normed sand. The water-to-cement (w/c) ratio
was 0.5; the cement-to-sand ratio was 1:3. Construction steel (rebar) FeBSOOHKN
(d = 6 mm) with exposed length of 40 mm was centrally embedded in the mortar
prisms (Fig. 5.2). Prior to casting, the steel rebars were cleaned electrochemically
(cathodic treatment with 100 A/m? current density, using stainless steel as anode) in
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Fig. 5.2 Experimental setup and position of electrodes for stray current supply

a solution of 75 g NaOH, 25 g Na,S0O,, 75 g Na,COs;, reagent water to 1000 mL,
according to ASTM G-1 [14, 15]. The schematic presentation of the specimens’
geometry is depicted in Fig. 5.2: the two ends of the rebars were covered by heat-
shrinkable tube, in order to restrict the exposed surface area.

The experimental setup and electrodes’ configuration for supplying stray current
(with the level of 0.3 mA/cm?) are as presented in Fig. 5.2: two Ti electrodes (MMO
Ti mesh, 40 mm x 160 mm) cast-in within samples preparation served as terminals
for stray current application. When the stray current supply was interrupted (min
24 h before electrochemical tests), the Ti electrodes served as counter electrode in a
general 3-electrode setup, where the rebar was the working electrode and an exter-
nal SCE (Saturated Calomel Electrode) served as a reference electrode.

5.2.2 Curing Conditions

After casting and prior to demoulding and conditioning, all specimens were cured
in a fog room (98% RH, 20 °C) for 24 h. The specimens were lab conditioned after
demoulding. All specimens were immersed with two-third of height in water or 5%
NaCl solution. Table 5.1 summarizes the relevant conditions and specimens’
designation.
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Table 5.1 Details of Group | External environment | Current supply
conditioning regimes R Water (2/3) _
C 5% NaCl (2/3) -
S Water (2/3) Stray current
CS 5% NaCl (2/3) Stray current

5.2.3 Level of Stray Current Regime: Considerations

Besides present work, a series of side-by-side tests have also been performed to
compare the effects of stray current and direct anodic polarization on the corrosion
behavior of steel embedded in mortar specimens, due to the fact that some current
state-of-the-art generally reports on simulating stray current corrosion through
anodic polarization.

For a hypothetic 10% weight loss of the steel rebar reduced by anodic polariza-
tion, the applied current density (i.e., level of anodic polarization) can be expressed
as a function of duration of the corrosion process and predefined corrosion degree
as follows, based on Faraday’s law:

. ZFrpn,
I=—

53
24t 63

where ¢ is time of corrosion (for the feasibility of calculation, the duration of 28 days
has been chosen preliminarily, 28 days =2,419,200 s), Z is the valence of the metal
ions taking part in the anodic reaction, which is 2 in this case (iron), F'is Faraday’s
constant (F = 96,500 As), r is the radius of corroded bar (0.3 cm), pis the density of
iron (p= 7.87 g/cm?), n,s the mass loss ratio (10%), A is the atomic mass of iron
(A =56 g) and i is the impressed current density (A/cm?).

Based on the calculation, the level of anodic polarization corresponding to 10%
mass loss is 0.1744 mA/cm?. Considering the fact that the supplied anodic current
may not all take part in the oxidation of iron in mortar matrix, part of it may be
involved in other reactions. So for this consideration, the final chosen current level
was increased and set at 0.3 mA/cm?.

For the convenience of comparison between stray current and anodic polariza-
tion, levels of stray current and anodic polarization are both set at 0.3 mA/cm?.

5.2.4 Testing Methods

The electrochemical measurements were performed at open circuit potential
(OCP) for all specimens, using SCE as reference electrode (as above specified, the
counter electrode was the initially embedded MMO Ti). The used equipment was
Metrohm Autolab (Potentiostat PGSTAT302N), combined with a FRA2 module.
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Electrochemical impedance spectroscopy (EIS) was employed in the frequency
range of 50 kHz — 10 mHz, by superimposing an AC voltage of 10 mV (rms).
Linear polarization resistance (LPR) was performed in the range of +20 mV vs
OCEP, at a scan rate of 0.1 mV/s. Both EIS and LPR tests were performed after 3, 7,
14, 28, 56, 141, 215 and 243 days of conditioning. Prior to each EIS and LPR test, a
24 h depolarization (potential decay) was recorded to assure stable OCP after stray
current interruption. During the depolarization process and within electrochemi-
cal tests, the specimens were immersed fully in the relevant medium. The control
samples (Group R) were also monitored according to the above test procedure. At
the end of conditioning (at the age of 243 days), PDP (potentio-dynamic polariza-
tion) was performed in the range of —0.15 V to +0.90 V vs OCP at a scan rate of
0.5 mV/s, in order to additionally collect information for the electrochemical state
of the steel reinforcement.

5.3 Results and Discussion

The outcomes from electrochemical tests are presented and discussed starting from
non-destructive tests — e.g., OCP records and EIS measurements throughout the
experiment, followed by results from polarizations tests (PDP) at the end of the test.
A relatively larger portion of the below discussion is on OCP records in view of
considerations for the expected and unexpected electrochemical response of the
embedded steel in this work. EIS results are mainly discussed as a qualitative assess-
ment in view of bulk matrix properties and steel surface active/passive state, how-
ever, also including a global quantitative assessment of corrosion state over time.
Finally, the PDP tests support the results and discussion in the preceding OCP and
EIS sections.

5.3.1 Open Circuit Potentials and Polarization Resistance
5.3.1.1 General Considerations OCP Readings and R, Values

The general meaning of OCP values and their evolution in time accounts for the
global corrosion state of the steel reinforcement — active or passive. Figure 5.3a also
indicates the threshold for passive to active state for steel in cement-based materials,
as defined by accepted standards and criteria [10]. The OCP values are used for a
qualitative assessment only of corrosion state. In contrast, R, values are used for a
quantitative assessment, through calculating corrosion current by employing the
Stern-Geary equation, i.e., iy = B/R, [16]. The R, value is experimentally derived,
whereas the constant B can be either experimentally derived or reported values for
passive (B = 52 mV/dec) or active (B = 26 mV/dec) state can be employed [16].
Since R, is inversely proportional to the corrosion current, quantification of
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Fig. 5.3 (a) OCP evolution with time (1 —243 days) for specimen groups: R Reference, C corrod-
ing (NaCl medium), S Stray Current, CS Corroding (NaCl) + Stray Current — all after 24 h curing
and subsequently conditioned until 243 days; (b) evolution of R, values and correlation to OCP
values over time for specimen groups R, C, S and CS. For comparative purposes, Fig. 5.3a also
depicts the OCP evolution for R, C, S and CS specimens from parallel groups, cured for 28 days
with designation R28, C28, S28 and CS28

corrosion resistance can be performed by a comparative analysis of R, values only,
as used and discussed in this work.

Figure 5.3a depicts the evolution of open circuit potentials (OCP), Fig. 5.3b pres-
ents the evolution of polarization resistance (R,) values as recorded via LPR mea-
surements, together with the OCP records. Figure 5.3a depicts the OCP evolution
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for the discussed in this paper series of specimens, cured for 24 h only (‘“24-hour”
groups R, C, S and CS).

The OCP values, recorded for identical, but cured for 28 days specimen groups
(“28-day” groups R28, C28, S28 and CS28) are also presented for comparative
purposes. The 28-day cured specimens are not subject to this work. However, in
order to elucidate the initial electrochemical state in terms of OCP records, and
mainly to clarify discrepancies between observed and generally expected response,
the 28-day series is briefly discussed with this regard. To be noted is that the OCP
values for the 28-day series were recorded also during curing of 1-28 days, when no
further conditioning or external factors applied. The OCP values for groups S and
CS (stray current involved), in both 24-h and 28-day cured groups, were recorded
after current interruption and 24 h decay respectively.

5.3.1.2 OCP Values and Curing Age

In this study, except the conditioning regimes and relevant environment, factors as
steel pre-treatment, mortar curing and the additional variable “stray current” are
determining the electrochemical response and OCP development, respectively. As
can be observed in Fig. 5.3a, the majority of OCP values for the 24-h cured speci-
mens R, C, S and CS until the 28 days of age and beyond fall in the cathodic region
and were more negative than the threshold of passivity, i.e., more cathodic than the
generally accepted —200 + 70 mV vs SCE for reinforced mortar (concrete) systems
[15]. These OCP values account for active state of the steel reinforcement in all
conditions, including the control R group, for at least until 28 days of age. Except
the conditioning regimes and external influences (as stray current) there are three
main reasons/factors for the observed behavior:

(i) The steel surface properties prior to casting
(i) The maturity of the cement-based matrix, which determines the pH of the pore
solution
(iii) The porosity/permeability of the mortar bulk determining chloride ions pene-
tration in corroding conditions, as well as water penetration and oxygen levels
in all conditions

The first factor (steel surface properties) will affect both 24-h and 28-days cured
groups. This aspect is of importance in the sense that clean steel surface would be
relatively more active compared to oxide layer-covered (“‘as received”) steel, until a
stable passive layer is formed in the high pH environment of the mortar pore net-
work. The pH of the pore solution is initially >13.5 in the first hours of cement
hydration and stabilizes further to approx. pH of 12.9. In a medium of pH > 13.5
steel is active, following fundamental electrochemical thermodynamics.

The second and third factors, related to cement-based material properties, would
predominantly affect the response in the 24-h cured group, whereas different behav-
ior would be expected in the 28-days cured group. This is denoted to a “fresh” state
in the former case (only 24 h curing) and higher maturity level in the latter case (the
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generally employed in cement-based material science 28-day curing). On the other
hand, this means that for the period of 1d to 28 days of monitoring, both 24-h and
28-days cured specimen groups should exhibit similar OCP records. However, vari-
ation in OCP for the 24-h cured groups will be additionally present as a result from
the conditioning regimes in that period. In contrast, the OCP records for the 28-day
cured specimens in the same time interval will represent the steel response within
cement hydration only.

To this end, Fig. 5.3a can be considered as presenting three main regions of OCP
evolution: initial response — region I and day 1, followed by 3-28 days of condition-
ing — region 2, and beyond 28 days to final response at the end of the test for the
24-h cured group — region 3 (the tests for the 28-day cured series of specimens is
ongoing).

5.3.1.3 OCP Evolution Until 28 Days of Age

For all specimens and irrelevant of the curing period (i.e., both 24-h and 28-day
cured groups), the initial readings in region I, Fig. 5.3a depict cathodic OCP values
in the range of —550 mV to —420 mV, which are far beyond the passivity threshold.
This is as expected due to the surface condition of the embedded steel (clean sur-
face), the fresh mortar matrix and related phenomena within cement hydration and
pH of the pore solution, as previously discussed. In other words, the electrochemical
cleaning of the embedded steel, performed prior to casting, results in a “bare” steel
surface, which will be active in alkaline environment of pH > 13.5 until a passive
layer is formed and the pH of the environment stabilizes around 12.9.

In region 2, Fig. 5.3a, i.e., 3 days until 28 days period for the 24-h cured groups
(within conditioning) and the 28-day cured groups (curing only), the OCP records
reflect the steel electrochemical response within pore network and steel/cement
pate interface development. These are in terms of pore solution chemistry altera-
tions as well as passive layer stabilization (for control cases) or corrosion initiation
(for corroding cases). The development of the passive layer and further stabilization
is illustrated by the initial fluctuations of OCP values for the control groups R and
R28 and stabilization further on, towards more anodic values. For the 28 day-cured
control specimens (R28 in Fig. 5.3a), OCP values in the passive domain only were
recorded after 28 days of age. In contrast, stabilization of the passive layer for spec-
imens R in the 24-h cured group takes significantly longer period — after 141 days
of conditioning, OCPs start tending towards more anodic values. In the former case
(28-days group), this development is as expected and already discussed. For the
latter case, 24 h curing leads to an open microstructure, non-mature matrix and
consequently altered balance of pore water and alkali ions concentration in the pore
network. This results in impeding the passive layer formation and development for
the control group R, although OCP values are more anodic than these for the cor-
roding groups C and CS between 3 and 28 days of conditioning. For the C and CS
groups, active steel surface is expected due to chloride-induced corrosion initiation
in both cases and additional stray current contribution in the case of CS specimens.
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A pronounced effect of the stray current in group CS towards enhanced corrosion
was, however, not observed through OCP records: as shown in Fig. 5.3a, the OCP
evolution for specimens C and CS follows similar development over time.

What should be noted is that the stray current in control conditions — group S,
was expected to have a negative effect on steel corrosion resistance. This, however,
was not observed. On the contrary, the recorded OCP values in region 2 for speci-
mens S are more anodic than those for specimens R and maintain stability also
within region 3. This observation is, however, only relevant for group S which are
specimens cured for 24 h only, but is not relevant for groups S28, cured for 28 days.
The related phenomena are as follows: for group S, stray current flow through a
fresh (non-mature) cement matrix will lead to enhanced water and ion transport due
to migration. As a result, cement hydration will be enhanced, leading to a faster
development of the pore network and consequently environment, assisting a more
rapid stabilization of pore solution and steel/cement paste interface. Previously
reported and known are the early stage beneficial effects of stray current on cement-
based matrix properties [13].

To this end and with relevance to region 2 in Fig. 5.3a, the specimens S end up
with a superior corrosion resistance, compared to the control specimens R, when
24 h curing only is relevant. In contrast, the stray current applied to group S28 was
only after 28 days of curing. Consequently, within region 2 (3 days until 28 days)
the OCP evolution for both R28 and S28 groups is similar, since all specimens in
the 28-days cured group can be considered as control, i.e., there are no external fac-
tors involved, but only cement hydration is taking place. Therefore, the OCP records
for groups R28, C28, CS28 and S28 present similar, although fluctuating, OCP
records in region 2, which are in the range of these recorded for control specimens
R and the specimens S (stray current flow in water environment) from the 24-h
cured groups.

5.3.1.4 OCP Records from 28 Days of Age Until the End of the Test
(243 days) and R, Evolution for the 24-h Cured Specimens

A more pronounced differentiation between the 24-h and 28-day cured specimens
in electrochemical response, due to environmental effects, stray current and varia-
tion of bulk matrix properties, can be already observed in region 3, Fig. 5.3a, i.e.,
from 28 to 243 days. It should be noted that for specimens R28, C28, S28 and CS28,
the 28 days’ time interval actually corresponds to 28 days of age but 1 day of con-
ditioning only, whereas for specimens R, C, S and CS, the 28 days’ time interval
corresponds to 28 days of age and 28 days of conditioning. Relevant to region 3,
time interval of 56 days, it can be observed that for the corroding groups, where
NaCl is present in the environment (C, CS, C28 and CS28), all OCP values fall
within similar range of values, more cathodic than —550 mV, reflecting active state.
Similar to region 2, a pronounced effect of the stray current (groups CS) was not
distinguished through OCP records, if these are compared to values for specimens
C. For the control groups — R and R28, passive layer stabilization and transition
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from “active” to “passive” domain was observed, especially for group R towards the
end of the test. Similarly, the R28 group presents OCP values in the region of pas-
sivity, i.e., in the range of —250 mV to —150 mV.

For the 28-day cured groups under stray current, the S28 specimens depict OCPs
similar to those for group R28. Apparently, a negative effect of stray current on the
corrosion resistance of the embedded steel, especially when applied after 28 days of
curing (as is the case for group S28) is not to be observed via OCP records for the
relevant time span of this test.

In contrast, for group S, where the stray current application was initiated after
24-h curing only, the initially stable and more anodic values in region 2 tend to shift
to values which are already more cathodic than these for specimens R in the same
24-h cured groups. The OCP development for group S exhibits a stabilization trend
below the threshold for active/passive state and remains in the active region. In other
words, further records (after 243 days) would possibly reflect already the expected
negative effect of stray current on steel corrosion resistance. This hypothesis is sup-
ported by the derived R, values, where a trend towards lower R,, i.e., lower corro-
sion resistance, was observed for specimens S, compared to specimens R after
prolonged conditioning (Fig. 5.3b). After initially highest R, values, the corrosion
resistance for specimens S was reduced, which is in contrast with the trend of R,
increase for specimens R towards the end of the test.

The R, values for the corroding, NaCl conditioned, groups C and CS maintain
low R, values throughout the reported period. Lower R, values were recorded for
specimens C if compared to those for specimens CS. However, towards the end of
the test the corrosion activity for C and CS is almost equally high. This observation
reflects the previously discussed hypothesis for the expected negative effect of stray
current in specimens CS only with prolonged conditioning. Obviously, competitive
mechanisms act in specimens CS, where on the one hand the stray current has posi-
tive effects on bulk matrix properties, similar to specimen S, at early stages. On the
other hand, stray current influences chloride ions migration, leading to chloride-
induced corrosion and active state, similarly to specimens C. Here again, a conclu-
sive statement on the effect of stray current on corrosion resistance in both S and CS
groups cannot be made, if considerations are based only on OCP and R, evolution
during the reported time interval of this experiment.

5.3.2 EIS and PDP Response

EIS is a non-destructive electrochemical technique, which when applied to a rein-
forced concrete system provides qualitative and quantitative information for both
the electrochemical state of the steel reinforcement and the properties of the bulk
matrix. EIS was employed in a manner, similar to previously reported such for an
otherwise in-depth characterization of steel-concrete systems [17-19]. The results
and discussion in this work refer to time intervals within the period of 243 days of
conditioning for all studied specimen groups. Both qualification, by simply
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evaluating and comparing EIS response, and quantification of general corrosion
state (deriving R, values) were performed. Absolute values are not claimed but
rather a comparison between equally handled specimens is relevant and discussed.

The EIS response was recorded in the frequency range of 50 kHz to 10 mHz.
This frequency range provides information for the contribution of the bulk matrix
(high frequency (HF) range > 1 kHz) to the electrochemical response of the embed-
ded steel (middle to low frequency ranges, i.e., < 1 kHz and mainly 1 Hz to 10
mHz). Absolute values for concrete bulk properties can be derived at high frequency
range, above the 1 MHz region, e.g., starting at 10 MHz [20]. Therefore, the quali-
fication and quantification of the bulk matrix in this work refers to contribution only
of the mortar bulk matrix, in terms of: solid phase, connected and disconnected pore
network, together with external medium (solution) contribution, which is negligible
if compared to that of the bulk matrix.

5.3.2.1 General Considerations Towards EIS Data Interpretation

If a prompt evaluation of the corrosion state of steel embedded in a cement-based
material is aimed at, together with a simplified assessment of the electrical proper-
ties of the bulk matrix itself, qualification of the EIS response is a very useful
approach. This is especially the case if specimens, conditioned in different environ-
ment and hence, expected to present significant variation in properties and response,
are subject to investigation. For instance, a reinforced mortar specimen conditioned
in NaCl will logically perform different in time, if compared to a control specimen
conditioned in water. This is due to the expected chloride-induced steel corrosion in
the former case and stabilization of the passive state of the steel reinforcement in the
latter case.

Additionally, alterations in the electrical properties of the bulk cement-based
matrix, e.g., increased electrical resistivity over time, would be expected in all con-
ditions, due to the process of cement hydration and subsequent matrix densification.
Similarly, factors as chemical composition of the external environment, ions and
water penetration into the bulk matrix, variation in bulk matrix diffusivity, pore
interconnectivity, etc. will determine changes in the electrical properties of the bulk
matrix over time. These again will be reflected by the EIS response and will vary not
only as a result of the corrosion state of the embedded steel but also as a result of
conditioning and treatment. All these features in an experimental EIS response are
well visible and can be compared qualitatively for systems as in this work — corrod-
ing and control reinforced mortar specimens. Additionally, specimens as the hereby
discussed “under current regimes” can be indirectly evaluated by a comparison with
the corroding and control specimens.

To this end, the EIS response for the hereby studied R, C, S and CS groups of
specimens was qualitatively evaluated first. This approach is mainly relevant to the
high frequency domain and bulk matrix response, respectively. Next, quantification
of the experimental EIS data was performed and the four specimen groups in this
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Fig. 5.4 EIS response for Group R as an overlay of 3-243 days

work were compared in view of global corrosion resistance of the embedded steel
reinforcement.

The experimental impedance responses, in a Nyquist plot format, for all groups
of specimens are presented in Figs. 5.4, 5.5, 5.6 and 5.7 as an overlay from 3 to
243 days per specimens group.

With regard to Group R and S, the shape of the experimental curves in Figs. 5.4
and 5.5 reflects the typical response of steel in a chlorides-free cement-based envi-
ronment (alkaline medium). The response depicts curves inclined to the imaginary
y-axis, reflecting a capacitive-like behavior, or passive state, of the steel reinforce-
ment. This behavior is relevant for group R throughout the test and is more signifi-
cantly pronounced after 56 days of conditioning, denoted to stabilization of the
passive layer over time. The observation is in line with the OCP ennoblement for
group R towards the end of the test (Fig. 5.3). For specimens S, although similar to
specimens R behavior is relevant at initial time intervals — 3 to 28 days, the magni-
tude of impedance tends to lower values towards the end of the test, reflected by an
inclination of the EIS response towards the real, x-axis. This is also in line with the
more cathodic OCP values, recorded for group S towards the end of the test
(Fig. 5.3).

In contrast to R and S groups, the EIS responses for groups C and CS, Figs. 5.6
and 5.7, show a clear evidence of active corrosion on the steel surface. Starting at
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Fig. 5.5 EIS response for Group S as an overlay of 3-243 days

very early stage (3 days) the response is already inclined to the real axis semicircle
with a decreasing magnitude of impedance |ZI towards the 243 days. The shape of
this EIS response was also largely reported to be due to the presence of chloride ions
on the steel surface and increasingly active corrosion state [21].

The Nyquist plots in Figs. 5.4, 5.5, 5.6 and 5.7 also reflect the changes of EIS
response in view of bulk matrix characteristics — this is the response in the high
frequency domain (inlets in Figs. 5.4, 5.5, 5.6, and 5.7). Additionally and for a more
clear comparison in the HF domain, Figs. 5.8 and 5.9 (marked regions) present the
EIS response as an overly of magnitude of IZI in Bode plots format. As previously
mentioned, the HF response in this work is with regard contribution only of the bulk
matrix, since the measurements were performed, starting from 50 kHz. Therefore a
qualitative evaluation and comparison was only made in this frequency domain and
is presented in what follows.

5.3.2.2 High Frequency Response and Bulk Matrix Properties
The inlets in Figs. 5.4, 5.5, 5.6 and 5.7 present a more detailed view of the HF

response. In other words, the bulk matrix contribution is reflected by the initial,
semicircular portion of the EIS experimental curves as depicted in the Nyquist plots.
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Fig. 5.6 EIS response for Group C as an overlay of 3-243 days

As seen from the plots, an increase in bulk matrix resistance (increase of real IZI
values in the HF domain over time) is relevant for all specimen groups within treat-
ment, irrespective of the external environment. The experimental curves in Figs. 5.4,
5.5,5.6 and 5.7 are also depicted in a Bode format, Figs. 5.8 and 5.9, presenting log
of impedance IZI vs log frequency. This presentation gives a clearer overview of the
changes in the HF domain over time (marked regions in Figs. 5.8 and 5.9), where a
trend towards increase of bulk matrix resistance can be observed for all groups.
The HF EIS response, Fig. 5.8, accounts for initially similar properties of the
bulk matrix for specimens R and S. Later on and towards the end of the test, bulk
matrix densification and/or reduced permeability of the pore network would be rel-
evant for specimens S, evident from increased magnitude of IZI in the HF domain.
The increase of bulk matrix resistance was as expected and due to cement hydration.
The result is filling-up of “empty” (pore) space with hydration products, which
leads to microstructural development and therefore reduced porosity and permeabil-
ity. Since cement hydration is affected by water and ions transport/interaction within
the pore network, it is also logic that these processes will be enhanced in conditions
of current flow, if compared to control conditions. In other words, in addition to dif-
fusion from concentration gradients, ion and water migration take place in specimens
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Fig. 5.7 EIS response for Group CS as an overlay of 3-243 days

S, which in turn enhances the related cement hydration mechanisms. The result will
be higher bulk matrix resistance as actually recorded by the EIS response, Fig. 5.8.

Different behavior was observed for groups C and CS, additionally related to the
chloride ions in the external environment on the one hand (specimens C and CS)
and the effect of chloride ions and current flow on the other hand (specimens CS
only). Well known is the effect of NaCl on cement hydration. This is in view of
acceleration of the hydration process, resulting in matrix densification [22]. This
process would be expected to be more pronounced within the additional effect of
ions and water migration when current flow is involved, as in CS specimens. The
EIS response reflects these changes — Fig. 5.9. The initial HF response for speci-
mens CS showed higher HF impedance values (starting at 3, 7 and 14 days of treat-
ment), compared to that for specimens C at the same time intervals. Later on and
towards the end of the test, e.g., 141-243 days, the HF impedance reflecting bulk
matrix contribution for both C and CS specimens shows a similar trend and range,
Fig. 5.9.

What can be concluded from evaluation and qualitative interpretation of the HF
response is that stray current affects the bulk matrix properties. The effect is positive
in view of increased bulk matrix resistance and is more pronounced at later stages
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Fig. 5.8 Overlay response from 3 to 243 days for specimens R (a, b) and S (¢, d) in Bode plot
format — overlay magnitude 1Z| in HF-MF domain (50 kHz — 150 Hz)

(after 56 days) for specimens, treated in water (group S compared to group R,
Fig. 5.8) and at earlier stages — 3 to 28 days for specimens, conditioned in NaCl
(specimens C and CS, Fig. 5.9).

5.3.2.3 Quantification of EIS Response and Global Corrosion State,
Including PDP Test

Quantitative information from the EIS response is normally obtained by fitting the
experimental data, using the relevant electrochemical software, with an equivalent
electrical circuit. The electrical circuit is a sequence of electrical parameters, in
series with the electrolyte (external medium) resistance. Each parameter, or a com-
bination thereof, represents a physical meaning, relevant to the EIS response of the
system under study. The theory and practice behind EIS response electrochemical
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Fig. 5.9 Overlay response from 3 to 243 days for specimens C (a, b) and CS (¢, d) in Bode plot
format — overlay magnitude |Z| in HF-MF domain (50 kHz — 150 Hz)

fit and simulation, in general or for a reinforced cement-based system, are not sub-
ject to this work and can be found in related state of the art [23-25].

An example for experimental response and fit for the studied specimens in this
work is presented in Fig. 5.10 in both Nyquist and Bode plots format. The response
is not normalized in the examples of Fig. 5.10, since equal geometry of the speci-
mens and steel surface area were relevant for all cases. Figure 5.10a depicts the
initial EIS response, after 3 days of treatment, and fit for specimen S. Figure 5.10b
depicts the EIS response and fit for a specimen from group CS after 215 days of
treatment. Two types of equivalent electrical circuits were used (inlets in Nyquist
plots in Fig. 5.10): for the cases of specimens R and S (chloride-free environment)
the EIS data were fitted by a circuit with two hierarchical time constants in series
with the electrolyte resistance. For the specimens in groups C and CS (chloride-
containing external medium), the circuit was composed of three time constant.

For both circuits, Ry is the electrolyte resistance, together with the contribution
of the mortar bulk. In the two-time constant circuit, the first time constant (R, and
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Fig. 5.10 Experimental EIS response and fit for: (a) S-3d and (b) CS-215d

Q)) is attributed to the pore network of the mortar matrix, where R; and Q, are the
resistance and pseudo-capacitance of the bulk matrix (the replacement of pure
capacitance C with constant phase element Q is a general approach when higher
level of heterogeneity is relevant to the system under study [18]). The second time
constant for the two-time constant circuit (R, and Q,) deals with the electrochemical
reaction (charge transfer process and mass transport process) on the steel surface.
The resistance R, in this case represents the polarization resistance R,. In the three-
time constant circuit, R; and Qs correspond to the electrochemical reaction on the
steel surface. The first two time constants are attributed to the bulk matrix + electro-
Iyte resistance, including disconnected pore space (R, and Q,), while R, and Q,
represent the resistance and pseudo-capacitance of the connected pore space. A
separation between connected and disconnected pore space in specimens C and CS
(i.e., additional time constant for the HF domain) is more pronounced and relevant
as a result from the influence of the chloride-containing medium on the bulk matrix
properties and subsequent alterations in cement hydration and chloride binding
mechanisms [22].

The best fit parameters after electrochemical fit and simulation of the relevant
system are also included in Fig. 5.10 — inlet in the Bode plots. Detailed presentation
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the best fit paramaters from fitting the EIS response, i.e., determined from the evolution of recorded
resistance for the last time constant of the employed equivalen circuits

and discussion of all derived parameters is not subject to this work, since the pur-
pose of EIS presentation and discussion was to mainly illustrate the application of
EIS to the system under study and correlate results to those from DC electrochemi-
cal techniques and derived parameters (Fig. 5.3). Therefore, Fig. 5.11 presents the
evolution of global corrosion resistance for all tested specimen groups with time of
conditioning (from 3 to 243 days), in terms of polarization resistance values (R,) as
derived from EIS tests.

As can be observed in Fig. 5.11, the R, values for the control specimens R (non-
corroding, water environment) and the specimens S (under stray current in water
environment) show a generally increasing trend from 3 to 28 days of treatment. This
is in accordance with the expected stabilization of the passive film in the former
case (specimens R), although fluctuations in R, values were recorded through
EIS. For the latter case (specimens S), the influence of stray current was expected to
potentially exert negative effect on the passive layer formation and stabilization.

However, this was not as observed. On the contrary, the R, values for specimens
S gradually increase in the period of 3-28 days and maintain the highest values
among all tested conditions. The reason for this performance for specimens R and
S is the already discussed synergetic effect of electrochemically cleaned, i.e., ini-
tially active surface and the effects of fresh (non-mature) cement matrix, together
with concentration gradients of external environment — cement-based material and
steel/cement paste interface. For specimens R all these result in a delay in pas-
sive layer formation and stabilization, whereas for specimens S, the current flow
induces a positive effect of enhanced cement hydration and consequently favorable
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environment for the steel reinforcement. While for specimens S the trend of R,
evolution as derived from EIS is very well in line with the R, values derived from
LPR (Fig. 5.3), i.e., increasing corrosion resistance between 3 and 28 days, this is
not entirely the case for specimens R, where R, values from EIS and LPR signifi-
cantly differ. This observation supports the hypothesis for the initially more rapid
formation and stabilization of the product layer on the steel surface of specimens S,
if compared to specimens R for that time period of the test. This results in a higher
R, due to the contribution of a product layer with higher resistance in specimen S, if
compared to specimens R, where the derived R, (from both LPR and EIS) is mainly
related to charge transfer resistance.

It should be noted that the absolute values of R, as derived from both methods are
not entirely comparable due to the fact that LRP is a DC and EIS — an AC measure-
ment. Although LPR induces a small DC polarization, EIS applies a 10 mV AC
perturbation only. In the case of not yet stable passive (or product) layer on the steel
surface, and in view of the range of recorded OCP values (Fig. 5.3), the LPR mea-
surement can result in under- or overestimation of R,. Therefore, a comparison of
trends is always relevant, rather than discussion of absolute values. Additionally, the
EIS tests exert minimum or none effect on the forming passive layer on the steel
surface and include the resistance of the undisturbed product layer at the time of
measurement, in addition to the charge transfer resistance. This gives the global R,
values within EIS tests, which can end up higher if compared to R,, derived from
LPR measurement in these relevant conditions.

From 28 days onwards and until the end of the test of 243 days of conditioning,
the already stabilized steel surface and the increased maturity level of the cement-
based matrix result in an increasing trend only for the R, values for specimens R,
derived from both EIS (Fig. 5.11) and LPR (Fig. 5.3). In fact, at the end of the test,
the R, values and corrosion resistance, respectively, for specimens R are the highest
from all tested cases (as expected). In contrast, the decreasing trend of R, for speci-
mens S after 28 days and until 243 days already proves the negative effect of stray
current on steel passivity, although the corrosion state of specimens S is still supe-
rior if compared to the corroding specimens C and CS. In other words, stray current,
even in conditions of chloride-free environment, would potentially result in signifi-
cantly reduced corrosion resistance in the long term.

The R, values derived from EIS for specimens C and CS (chloride-containing
environment) are significantly lower, compared to these for groups R and S, which
was as expected. Both corroding groups present more significant fluctuations in R,
values between 3 and 28 days, due to reasons already discussed for groups R and
S. Additionally, the combined action of chloride ions and stray current in group CS
results in initially higher R, compared to group C, with a decreasing trend towards
the end of the test. The evolution of R, derived from EIS is in line with that derived
from LPR and the responsible phenomena are as already discussed with respect to
Fig. 5.3. Additionally, the reason behind similar EIS and LPR response for the cor-
roding groups at all time intervals (which is in contrast to that for the groups S and
R for the initial period) is because of the predominance of corrosion initiation and
propagation in these two cases, rather than processes related to product layer
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Fig. 5.12 Potentio-dynamic curves for all specimens at 243 days of age

stabilization. Therefore, both techniques result in determination of similarly active
state for specimens C and CS.

If the significance of stray current within corrosion initiation and propagation in
chloride-containing environment is to be evaluated (specimens C and CS), both EIS
and LPR show that a clear evidence for a substantial stray current effect is not pres-
ent. The corrosion resistance for both C and CS groups was similar at the end of the
test. This is most likely denoted to the fact that within the period of 3-28 days, the
stray current induced positive effects in view of ion and water migration and
enhanced cement hydration — also evident from the response for both C and CS in
the high frequency domain of EIS measurements (Fig. 5.9). Therefore, in specimens
CS, competing mechanisms were initially involved, and the predominance of
chloride-induced corrosion acceleration due to stray current is only relevant on later
stages of cement hydration and treatment. These considerations are actually sup-
ported by the results from potentio-dynamic polarization, performed at the end of
the test — Fig. 5.12.

Figure 5.12 presents the polarization curves for all investigated specimens at
243 days of age. The measurements were performed after 24 h depolarization for
the under current regimes (CS and S), i.e., after awaiting for the establishment of a
stable OCP of the steel reinforcement. What can be observed is that the most noble
potential (approx. -220 mV) and lowest corrosion current were recorded for speci-
men R — as expected and in line with all other tests. The corrosion potential for
specimens S is more cathodic (approx. -380 mV) and the corrosion current is
approximately one order higher than that for specimens R. Additionally, larger
anodic current within polarization was recorded for specimen S. Here again, stray
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current induces corrosion in reinforced cement-based materials and reduces the cor-
rosion resistance, despite the chloride-free environment for specimens S.

The cathodic shift of corrosion potential is more evident for the specimens C and
CS, both already more cathodic than —500 mV, Fig. 5.12. Additionally, the corro-
sion current densities for both C and CS are already significantly higher. These are
in line with the, as recorded from all other tests, active state of specimens C and
CS. If a comparison is made between specimens C and CS, what can be observed is
that, although specimens CS present a more cathodic corrosion potential, the corro-
sion current is in the same order as that for specimens C. This means that both
groups are relatively similar in corrosion activity, as also derived from EIS and LPR
in view of similar R, values at the end of the test. However, the initially higher cor-
rosion resistance in specimens CS (Figs. 5.3 and 5.7) and the potentially positive
effect of the stray current in view of ion transport and enhanced cement hydration,
hence favorable environment at the steel surface, are well reflected by the behavior
of CS with external polarization. As can be observed in Fig. 5.12, the lower anodic
currents with external polarization and increase only after the region of around 0 V
are denoted to impeded dissolution, i.e., to a more resistive or larger in surface area
product layer on the steel surface in CS, if compared to specimen C. This results in
initially higher R, values for specimen CS (as recorded and already discussed),
despite the otherwise similarly to C active state.

What can be concluded is that the effect of stray current for both chloride-free
(specimens S) and chloride-containing (specimens CS) conditions is predominantly
positive in the initial stages of this test and exerts the expected negative influence
towards corrosion acceleration after a prolonged treatment and within already a
more stable maturity level of the cement-based matrix. This also means that the
effect of the cement-based material in reinforced cement-based system is of signifi-
cant importance and largely determines the electrochemical state of the steel
reinforcement.

5.4 Conclusions

In this work, a comparative study was proposed for investigating the different effects
of stray current on bulk matrix and the corrosion behavior of embedded steel. Based
on the experimental and analytical results, the following conclusions can be drawn:

1. The effect of stray current on concrete bulk matrix properties, together with steel
corrosion response, is significantly determined by the external environment, as
well as by the level of maturity of the cement-based bulk matrix. Stray current is
predominantly positive in the initial stages of this test, but the expected negative
influence towards corrosion acceleration was observed after a prolonged treat-
ment, when a stable maturity level of the cement-based matrix was at hand.

2. For chloride-free environment, the effect of the chosen stray current level was
not significant, although lower corrosion resistance of the steel rebar was
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recorded after longer exposure of 240 days. Positive effects of the stray current
were observed in the early stages of the experiment (until 28 days), which were
related to enhanced ion and water migration and consequently increased cement
hydration and passive film development in the highly alkaline environment of the
mortar bulk matrix.

. In terms of the chloride-contained environment (C and CS groups), active steel

surface was detected as expected, due to chloride-induced corrosion initiation in
both cases and additional stray current contribution in the case of CS specimens.
However, the pronounced effect of the stray current in group CS towards
enhanced corrosion was not observed. Based on this, a competitive mechanisms
acting in specimens CS can be proposed: on the one hand the stray current has
positive effects on bulk matrix properties, similar to specimen S, at early stages.
On the other hand, stray current influences chloride ions migration, leading to
chloride-induced corrosion and active state, similarly to specimens C.
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