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Summary

Stray current arising from direct current electrified traction systems and then circulat-
ing in reinforced concrete structures may initiate corrosion or even accelerate existing
corrosion processes on embedded reinforcement. Therefore, stray-current induced
corrosion of nearby reinforced concrete structures deserves more attention in view of
maintaining structures’ integrity. The current state-of-the-art generally reports on sim-
ulating stray current corrosion through anodic polarization, rather than stray current
effects on the corrosion behaviour of steel in reinforced concrete. This work presents
the comparison of effects of stray current (through the application of external DC
electrical field) and direct anodic polarization on the corrosion behaviour of steel,
embedded in mortar specimens. The level of stray current and anodic polarization
were set at 0.3 mA/cm? and evolution of electrochemical response over time was
monitored via OCP (Open Circuit Potential) and EIS (Electrochemical Impedance
Spectroscopy). The steel response was recorded as a result from “under polarization”
conditions in both anodic and stray current regimes and compared to “rest” (no polar-
ization) conditions.

1 Introduction

The electrical current drawn by vehicles returns to the traction power substation
through the running rails. This, besides forming part of the signalling circuit for the
control of train movements, together with return conductors, represents the current
return circuit path [1-5]. However, owing to the longitudinal resistance of the rails and
their imperfect insulation to ground, part of the return current leaks out from the run-
ning rails, i.e. stray current forms, and returns to the traction power substation
through the ground and underground metallic structures (such as steel re-bars in
concrete) [6, 7]. Stray direct currents (DC) are known to be much more dangerous
than stray alternating currents (AC), circulating of which in reinforced concrete struc-
tures may initiate corrosion or even accelerate existing corrosion processes on em-
bedded reinforcement [1]. To study the effects of stray current on corrosion behavior
of steel in concrete, various works report different aspects. Current state-of-the-art
generally reports on anodic polarization, rather than stray current effects on the cor-
rosion behaviour of steel in reinforced specimens [8-10]. Although the effect of stray
current is reflected in the generation of anodic locations on a steel surface (i.e. the
degradation itself could be linked to anodic currents), the stray current distribution
and influence would be more complex. Consequently, research on the different in



nature effects of stray current and anodic polarization on steel corrosion behaviour is
necessary and of significant importance.

This work will discuss the effects of stray current (through the application of external
DC electrical field) and direct anodic polarization on the corrosion behaviour of steel
embedded in mortar specimens. The level of stray current and anodic polarization
were set on the level of 0.3 mA/cm?. The evolution of electrochemical response over
time was monitored via OCP (Open Circuit Potential) and EIS (Electrochemical Im-
pedance Spectroscopy). A comparison of response was made as a result of “under
polarization” conditions in both anodic and stray current regimes and correlated to
“rest” (no polarization) conditions.

2 Experimental

2.1 Materials and Specimen Preparation

The specimens investigated in this work are reinforced mortar prisms of 40x40x160
mm. The specimens were cast from CEM | 42.5 N and normed sand. The Bind-
er/Sand ratio and Water/Binder ratio were 1:3 and 0.5, respectively. The embedded
steel was type FeB500HKN (d=6mm), with exposed length of 40 mm. Prior to casting
and in view of planned weight loss measurements, the steel rebars were cleaned
electrochemically (cathodic treatment with 100 A/m? current density, using stainless
steel as anode) in solution of 75 g NaOH, 25 g Na,SO,, 75 g Na,COg3, reagent water
to 1000 mL, according to ASTM G-1 [11]. The schematic presentation of the test
specimens is depicted in Fig. 1: the two ends of the rebars were covered by heat-
shrinkable tube (blue parts in Fig. 1), in order to restrict the exposed surface area.
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Figure 1: Experimental set-up and position of electrodes: (a) stray current; (b) anodic polarization

For the convenience of comparison between stray current and anodic polarization,
the applied levels for both regimes were set to 0.3 mA/cm?. The experimental set-up
and electrodes configuration are as presented in Fig.1. The two Ti electrodes (MMO



Ti mesh, 40x160 mm?) cast-in within samples preparation served as terminals for
polarization and stray current application. When both polarization regimes were inter-
rupted (min 24h before electrochemical tests), the Ti electrodes served as counter
electrode in a general 3-electrode set-up, where the re-bar was the working electrode
and an external Saturated calomel electrode (SCE) served as a reference electrode.

2.2 Curing Conditions

After casting and prior to demoulding and conditioning, all specimens were cured in
fog room (98% RH, 20 °C) for 24 hours. The specimens were conditioned after
demoulding — Table 1. All specimens were immersed with 2/3" of height in water or
5% NacCl solution.

Table 1: Details conditioning regimes

Group External environment Current supply
R Water (2/3)
C 5% NaCl (2/3) -
S Water (2/3) Stray current
A Water (2/3) Anodic polarization
CS 5% NaCl (2/3) Stray current
CA 5% NacCl (2/3) Anodic polarization

2.3 Testing Methods

The electrochemical measurements were performed at open circuit potential (OCP)
for all cells using SCE as reference electrode (as above specified, the counter elec-
trode was the initially embedded MMO Ti). The used equipment was Metrohm Au-
tolab (Potentiostat PGSTAT30), combined with FRA2 module. EIS measurements
were performed after 3d, 7d, 14d and 28d of conditioning in the frequency of 50 kHz -
10 mHz, by superimposing an AC voltage of 10mV (rms). A 24h polarization (poten-
tial) decay applied before each EIS test. Over the depolarization process and during
EIS tests, the specimens were immersed fully in water/5% NacCl solution. The control
samples (Group R) was also monitored according to above test procedure.

3 Results and discussion

This paper presents and discusses the first observations and results from a running
experiment. The evolution of open circuit potential (OCP) values is discussed as a
comparison of all studied regimes, indicating the corrosion state of the steel rein-
forcement. Electrochemical Impedance spectroscopy (EIS) was performed from the
start of the experiment and presented until 28 days of conditioning. EIS is discussed
mainly as a qualification of the observed response, whereas quantitative (preliminary)
information is presented for 28 days only. Additionally, the manner of fitting the EIS
data and relevant considerations are also discussed.

3.1 OCP evolution

Fig. 2 depicts the open circuit potentials evolution with time for all conditions i.e. cor-
roding (Group C, S, A, CS, CA) and reference (Group R) specimens (up to 28 days
of age and conditioning respectively). The first measurement was taken 48h after



immersion in the relevant environment, which was 24h conditioning and 24h decay
for the “under polarization” specimens. Due to the electrochemical cleaning, prior to
casting, and in view of the “fresh” mortar matrix (only 24h fog room curing), the initial
open circuit potentials (e.g. 1d) show active state (recorded potential values of -400
to -560 mV vs SCE). This is beyond the threshold of passivity i.e. more cathodic than
the generally accepted -200+70 mV vs SCE for reinforced mortar (concrete) systems
[12]. Later on, for the control group (R) the OCP values shift as expected to more
noble values, reaching -260 mV after two weeks. This indicates stabilisation of the
passive layer on the steel surface with time - as expected for medium of pH 12.5 —
13.5. Similar trend of OCP ennoblement was recorded for group S (specimens condi-
tioned in Cl-free environment, subjected to stray current): within 1 week of treatment,
the OCP values for group S present even more anodic values, suggesting intensified
process of passive layer formation/stabilisation. This would be the result of enhanced
water and ion transport in the bulk matrix and interfaces due to stray current flow.
Further, the OCP for group S stabilises at more cathodic values, compared to group
R, already suggesting a reversed influence of the stray current or, at the very mini-
mum, competing mechanisms of steel activation and passive layer build-up.
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Figure 2: Evolution of open circuit potential with time (R: Reference group; C: CI'; S: Stray current; A:
Anodic polarization; CS: CI' + Stray current; CA: CI' + Anodic polarization)

For the specimens in group A — immersed in water with anodic polarization applied,
the recorded OCP values present a more distinctively different trend. Initially, the ef-
fect of anodic polarisation is immediately recorded by an OCP value (after decay) of
around -400 mV, whereas all other specimens exhibited more cathodic values (as
already discussed). Well known is that with anodic polarization, in the absence of
corrodents (as chloride ions) and in alkaline medium, a product (passive) layer will be
forced to form i.e. with constant anodic current the electrode potential will gradually
rise towards a stable value. Stability of this layer will be reflected by reaching a value
of 600 mV (SCE), which is the potential of oxygen evolution on a passive steel sur-
face in this environment. As seen from Fig.2, the OCP of group S initially fluctuates
around -400 mV, followed by a steady and gradual increase towards more anodic
values after 1 week of conditioning. At this stage of more than 60 days (not shown in
the figure) the OCP for group S is in the range of 400 mV (SCE) and more positive,



therefore polarisation measurements will be performed to evaluate stability of the
passive layer and the possibility for already transpassive steel dissolution.

For the cases where chloride is present in the external environment, i.e. groups C,
CS and CA, chloride-induced activation is the predominant mechanism, reflected by
maintained cathodic potentials from the beginning of the test and within conditioning.
As can be observed, the group C — specimens conditioned in 5%NacCl, exhibit the
expected behaviour of initial potential drop and stabilisation of around -600 mV. This
potentials are slightly more negative, compared to usually measured such within ClI-
induced corrosion in reinforced cement-paste materials (between -450 and -550 mV),
the reason being denoted to the “fresh” cement-based bulk matrix i.e. increased rela-
tive humidity and still initial stages of cement hydration.

For group CS i.e. chloride-containing external medium and stray current, the OCP
evolution follows similar to group C trend. If the response of group CS is compared to
group S only, well observed is the effect of chloride ions on corrosion initiation and
propagation i.e. a synergy of two detrimental effects. This is well seen in the initial
stages, the OCP values for group CS being more cathodic than these for group C.
From two week onwards a slight anodic OCP shift was observed, denoted to compet-
ing mechanisms of Cl-induced corrosion and possible attempts for re-passivation in
alkaline medium with enhanced ion and water transport. The OCP for group CS,
however, remains in the active domain.

The most pronounced negative effect of the synergy of polarisation and chloride-
induced corrosion is recorded in group CA — specimens conditioned in 5% NaCl with
applied anodic polarization. Despite the sustained anodic current here, a stable pas-
sive layer cannot form on the steel surface. In Cl-containing alkaline environment,
localised corrosion initiation and propagation are taking place with the formation of
Cl-containing iron oxides and hydroxides. In addition, the anodic current applied to
the steel reinforcement accelerates Cl ions migration towards the steel/cement paste
interface, which would be significantly pronounced in the not yet mature cement-
based matrix. Therefore, the behaviour of CA specimens ends up significantly differ-
ent from all other cases.

The gqualitative assessment of corrosion state of the embedded steel re-bar in each
studied condition as reflected by OCP records is further supported by EIS measure-
ments, which will be discussed in what follows.

3.2 EIS Response

The experimental impedance responses (Nyquist format) for all groups are presented
in Figures 3 to 5 as an overlay from 3d to 28d per specimens’ group (specimens ge-
ometry and active steel surface is equal, therefore normalization of the plots was not
performed). In view of the fact that the experiment is still running and hereby summa-
rized are the first series of results, the EIS response is mainly discussed qualitatively.
An example of the employed quantitative characterization and some preliminary re-
sults for 28 days response are also presented further below. For groups R and C, the
shape of the experimental curves is reflecting the typical response of steel in cement
based environment (alkaline medium), without, Fig.3a) and with, Fig.3b), the pres-
ence of chloride [13]. Well known and accepted interpretation of this response is that
the high frequency (HF) domain and HF to middle frequency (MF) domain reflect the
contribution of the cement-based material (including electrolyte resistance, which is
negligible in this case), whereas the MF to low frequency (LF) and LF domains re-
flects the phenomena at the steel/cement paste interface and steel electrochemical



response. For group R the EIS response is almost capacitive (close to straight lines,
slightly inclined from the imaginary axis), indicating passive state. This is accompa-
nied by a increased slope of the curves (increasing a-values) in the LF domain, de-
noted to steel response i.e. to further stabilization of the passive state.
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Figure 3: EIS response as an overlay of 3 to 28 days for control group R (a) and corroding group C (b)

In contrast to group R, the EIS responses for group C (specimens immersed in NaCl)
show clear evidence of active corrosion on the steel surface. Starting at very early
stage (3 days) the response is already an inclined to the real axis semi-circle with a
decreasing magnitude of |Z| towards the 28 days. The shape of this EIS response
had been largely reported to be due to the presence of chloride ions on the steel sur-
face and increasingly active corrosion state [13]. Fig. 4 similarly presents the EIS re-
sponse for groups S (stray current, water as external medium) and group A (anodic
polarization, water as external medium).
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Figure 4: EIS response as an overlay of 3 to 28 days for group S (a) and group A (b)

The response for group S is similar to that for the control group R, except for the less
pronounced increase of the slope of the curves towards higher values i.e. impeded
compared to group R stabilization of the passive layer. This is well in line with the
observed OCP records (Fig.2), where for group S the potential values changed from
more noble to more cathodic compared to group R. At a first approximation, the re-
sponse for group A (Fig.4b) seems to present behavior even more active than group



C (Fig.3b). This behavior is also in line with the cathodic OCP values for group A
(Fig.2) within the start of the test (approx. -400 mV) and until 7 days (of course keep-
ing in mind that OCP is an indication of behavior and depends on various factors).
From 7 days onwards, however, the EIS response presents an increase of corrosion
resistance for group A i.e. inclination of the response towards the imaginary axis and
increase of magnitude of |Z|. This is due to the enhanced formation and stabilization
of iron oxide/hydroxide layer on the steel surface under the externally applied con-
stant anodic current and is in line with the enablement of OCP values for group A
towards 28 days (Fig.2).

1000 B 1000 e
e CS-3d 1 « CA-3d
900 . CS-7d 900 20, « CA-7d
5 o CS-14d 250 o CA-14d
800 . Cs-28d 800 | 0| CA-28d
150‘&
700 - ° i 700 | ']
e 1ooi 2 ]
600 . E 600 | sof /':’”"l.‘
* a LA |
g ° S ool %0 6 00 156 70 20 a0 30
?\j 500 ° 300 T ?\"
400 | o tiie e 400 |
iiidiihe 200! at: |
300 s .° ‘ sl 1 300
° o 150 Pt 1
o0 |
200 ®e, 100 o ot {4 200
: o0 | o | .
L LA {
100 oo | i 14 100 e b)
> |
% 50 “100 150 200 250 300 0 ) ! | | ’ i
05100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
' Z'(Q)

Figure 5: EIS response as an overlay of 3 to 28 days for group CS (a) and group CA (b)

Finally, the response of the “under stray current’” and “under anodic polarization”
groups, CS and CA respectively, conditioned in NaCl solution are presented in Fig.5.
As can be observed, the synergetic action of two degradation factors i.e. polarization
and chloride ions in the environment, results in significantly lower corrosion re-
sistance for both cases. For the CS group, a dominant factor is obviously the effect of
chloride ions, since the magnitude of |Z| is significantly lower for group CS (Fig.5a),
compared to group S (Fig.4a) and similar to group C (Fig.4b). The most active behav-
ior of all discussed cases is obviously in group CA (Fig.5b), presenting a significant
drop of impedance over time due to the inability for formation of a more resistance
oxide layer (as observed in group A) in the presence of chloride-containing environ-
ment. For both CS and CA groups the EIS response is well supported by the record-
ed cathodic OCP values (Fig.2): in the former case, for CS, slight enablement was
recorded at later stages, corresponding to impeded activity as reflected by similar
EIS response for 14 and 28 days (Fig.5a) and if compared to the enhanced corrosion
propagation for specimens C (Fig.4b) and specimens CA (Fig.5b) at these stages.
For the latter case, specimens CA, altered activity was observed, from active and
similar response at 3 days and 7 days, through increased magnitude of |Z| at 14 days
(due to larger in volume but not protective product layer on the steel surface), to a
significantly more active state at the stage of 28 days.

As a conclusion from the above discussion, it can be stated that stray current effects
and anodic polarization cannot be considered similarly affecting the corrosion re-
sponse of steel when stray-current induced corrosion is to be studied. Moreover, the
presence of chlorides in the environment significantly contributes to both types of po-
larization effects and needs to be considered, separately and in a combination of
other factors, in order to avoid underestimation or overestimation of corrosion re-



sistance. What also needs to be mentioned is that the specimens in this work were
cured for only 24h, therefore all recorded effects are more pronounced if compared to
conditions of longer curing. Additionally, longer monitoring period is required in order
to more accurately determine all synergetic effects. To this end, the EIS section will
conclude with an example of the EIS fitting procedure so far and the (preliminary)
derived global polarization values for the embedded steel at the stage of 28 days.
Figure 6 depicts the experimental response and fit of a specimen from group C (cor-
roding in NaCl, no polarization) in both Nyquist and Bode plots format. The figure al-
SO presents two equivalent circuits, where the 2-time constant one results in a worse
fit in the HF domain (inlet in the Bode plot), whereas the second one (3-time con-
stants) results in a very good fit (fitted lines in both plots and inlet in the Nyquist plot).
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Figure 6: EIS response and fit for specimen C after 7 days of conditioning and equivalent circuits
used (the fit curves and inlet in the Nyquist plot present the result with the 3-time constant circuit; the
inlet in the Bode plot — HF with 2-time constant circuit)

For both circuits, Ry is the resistance of the electrolyte and contribution of the mortar
bulk; the first time constant (R; and Q;) is attributed to the pore network of the mortar
matrix; the second time constant for the 2-time constant circuit (R, and Q) deals with



the electrochemical reaction on the steel surface. In the 3-time constant circuit, this
last response is actually split between the resistance and pseudo-capacitance of the
product layer (R, and Q) and the charge transfer resistance and double layer ca-
pacitance (R3 and Cs). A circuit with three time constants represents more accurately
the actual response as seen in Fig.6, especially with enhanced corrosion activity.
Pseudo-capacitance is well known to be used when a non-ideal capacitive behavior
is present, whereas the contribution of the bulk cement matrix in this study is restrict-
ed because of the starting HF window of 50 kHz only i.e. pore network contribution of
connected and disconnected pore space can be claimed rather than properties of the
solid matrix. Using similar to the above considerations and calculation procedure, the
global polarization resistance of the embedded steel was calculated for all cases (Rp
being derived based on R, and Rz parameters). Fig. 7 depicts the normalized R, val-
ues and the Cq values for 28 days of conditioning. As can be observed, the highest
corrosion resistance was recorded as expected in the control group R, followed by
similar Rp values for group S. The specimens in group A exhibit lower R, values but
accompanied by very low double layer capacitance, denoted to the formation of a
more compact product layer on the steel surface.
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Figure 7: R, the Cy values for all specimens at the stage of 28 days of conditioning

Comparing specimens C and CS, higher corrosion activity is relevant for specimens
C, where lower R, and higher capacitance values were recorded, due to increasing in
volume, non-protective and non-adherent corrosion product layer formation. The
lowest corrosion resistance and significantly higher capacitance, denoted to the al-
ready discussed most active corrosion state for all studied conditions, are relevant for
specimens CA.

4 Conclusions

In this work, a comparitive study was proposed for investigating the different effects
of stray current and direct anodic polarization on the corrosion behavior of steel em-
bedded in mortar specimens. At this stage of the running experiment, the following
conclusions can be drawn:

1. When it comes to stray current or anodic polarization, relatively positive open cir-
cuit potential of steel may be caused by the disturbance of supplied current, which
cannot be taken as conclusive evidence of the passive state of the steel. Further



information should be attained from other techniques (EIS response for example)
to confirm the actual electrochemical state of steel.

2. Initiation of stray current induced corrosion needs time, and existence of CI can
accelerate this process.

3. Anodic polarization with the coexistence of chloride can initiate corrosion much
sooner than stray current polarization, and will lead to a more active corrosion
comparing to stray current.

4. Consequently, anodic polarization should not be adopted to simulate stray current
in practical investigations related to the subject of stray current corrosion.
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