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Abstract. The ageing of reinforced concrete (RC) structures in the industrialized countries
increases the probability of durability issues. The mechanism of chloride-induced corrosion, the
most common deterioration process in RC structures, is still not well understood. Improvement in
the understanding of localized corrosion initiation is crucially required to allow for cost efficient
and durable maintenance of the existing infrastructures and for service life design of new structures.
This study reports results from localized electrochemical characterization of reinforcing steel
surfaces taken with a local sensor positioned at different locations on the rebars. This permitted
“mapping” the local Open Circuit Potentials for different rebars with different surface conditions.
Moreover, local cyclic voltammetries on selected spots were also carried out. Subsequently, the
samples were exposed to a chloride solution to provoke corrosion initiation. The corrosion initiation
sites from visual inspection were correlated with the local electrochemical characterization. Results
show a clear difference depending on the surface condition. Furthermore, for non-rusted surfaces, a
spatial distribution of the local electrochemical behaviors seems to follow a pattern depending on
the geometry of the steel bar and influencing the location of corrosion initiation.

1 Introduction
In industrialized countries, most of the infrastructures
were built at the beginning of the second half of last
century [1]. A large fraction of these infrastructures –
bridges, tunnels, dams, building, etc. – are built with
reinforced concrete, which is the most used manmade
material in the world [2,3]. The frequency of durability
issues increases with the ageing of structures and most of
them are approaching the end or are already beyond the
design service life.
The majority of durability issues in reinforced
concrete structures are caused by corrosion of the
reinforcing steel [4,5]. One mechanism leading to
corrosion in concrete is governed by the presence of
chloride ions at the steel surface. The influence of
chloride on corrosion in concrete has been studied since
the 60’s [6,7,8]. In these publications, a relation was
established between the chloride concentration in
concrete and the initiation of corrosion. Over the years,
this concept received much attention, mainly because of
the simplicity to measure, model, and control chloride
concentrations in concrete.
Since these pioneering studies, substantial efforts
have been made to find the so-called “critical chloride
content” (Ccrit), that is the threshold chloride for
corrosion initiation. A large amount of papers has been
published presenting results from laboratory studies and
from practical experience, as reviewed in detail in [9,10].
The literature results scatter widely, that is, Ccrit from 0.1
*

to 8.4 % chloride by weight of cement, which leads to
significant uncertainties in predictive modeling (service
life design) and in maintenance planning (condition
assessment). This large scatter can be seen as a result of
the different methods used, but it may also simply arise
from the (theoretical) nonexistence of a unique Ccrit .
This is because of the many factors known to
influence Ccrit, most of which are related to the steelconcrete interface (SCI) [11-12]. For example,
irregularities related to the concrete such as macroscopic
voids [13], cracks, presence of aggregates, etc. may
influence corrosion initiation. This is addressed in
another contribution to this conference [14].
In this work, we propose to study spatial variations of
the electrochemical behavior at the metal surface in
order to characterize the distribution of local
electrochemical properties. Many corrosion studies are
carried out with electrochemical techniques, that
generally allow for a fast characterization of several
properties of a system metal/electrolyte [15-17].
Generally, these electrochemical characterizations are
performed on full sample/electrode being immersed in
the test electrolyte. This limits the possibility of
obtaining information regarding spatial variation in
electrochemical behavior. However, to elucidate why
localized corrosion starts at some locations and not at
others,
we
believe
that
characterizing
the
electrochemical properties at the local scale is important.

Corresponding author: michellu@ifb.baug.ethz.ch

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).

MATEC Web of Conferences 199, 04001 (2018)
ICCRRR 2018

https://doi.org/10.1051/matecconf/201819904001

Different techniques for local electrochemical
measurements are available, they were reviewed in
[18,19]. One family of techniques is referred to as
“scanning measuring techniques”, because a small
reference electrode is moved over the surface of a
sample in an electrolyte to detect local potential
differences. An inconvenience of these techniques is that
they generally require flat (polished) surfaces. Moreover,
mutual polarization of different zones of the sample
surface during immersion may mask many important
features. Another type of local electrochemical
techniques, avoiding the latter limitation, is referred to as
“point
measuring
techniques”.
In
“microelectrochemistry”, electrochemical experiments are
performed on a well-controlled area, 1 to 1000 μm, with
the help of a glass capillary filled with an electrolyte
[20]. This method allows for a good control of the tested
zone but requires some significant experimental effort
and needs a relatively flat and smooth surface. This
strongly limits the application to reinforcing steel, that
has a non-flat surface with cylindrical shape and ribs.
In this work, we use a small portable electrochemical
sensor, developed by the Swiss Society for Corrosion
Protection [21]. This sensor with a pen-like shape can be
filled with an electrolyte, contains a reference and a
counter electrode. A polymer felt-like tip insures the
electrolytic contact between the tested area and the
reference/counter electrodes. The polymer tip size is
around 1-2 mm2. The possibility to test non-flat,
irregular surfaces and to avoid mutual polarization when
immersing the “full sample” allows to characterize the
local electrochemical properties of reinforcing steel.

2

Experimental

2.1 Materials
Three different types of plain carbon steel reinforcement
bars, each 10 cm long with a diameter of 12 mm were
used in this work. The three bars got a different degree
of pre-existing rust. One bar was without rust (Fig. 3. a),
one was slightly rusted (Fig. 3. b) and one was almost
entirely covered with rust (Fig. 3. c).
Table 1. Designation, origin, degree of rust, and surface
microstructure of tested materials.

Designation

Origin

Rust degree
on surface

Steel A

Spain

Low

Steel B

Sweden

Intermediate

Steel C

Denmark

High

2.2 Electrochemical
measurements

sensor

Surface
microstruct
ure
Tempered
Martensite
Tempered
Martensite
Tempered
Martensite
for

local

All the potentials were measured with the help of the
instrument “ec-pen” (Fig. 1.)[21]. This sensor consists of
a cylindrical container of around 20 mL, that can be
filled with an electrolyte. Inside that electrolyte an
Ag/AgCl reference electrode and a platinum wire
counter electrode are immersed. This set-up allows the
classical three-electrode electrochemical measurements.
At the end of the cylinder, a porous diaphragm tip
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2.3.3 Corrosion test

insures the electrolytic connection between the area
under test and the two electrodes of the sensor. The
shape of this porous diaphragm defines the measurement
area (≈1-2 mm2).

After characterization of the rebars as described above,
the bar ends were coated with epoxy on both ends, and
immersed in an alkaline test solution containing 0.1 M
NaCl (Fig. 2.). The samples were observed for 12 hours.
When corrosion initiated (detected by a potential drop),
the experiment was stopped. If corrosion did not initiate,
the sample was anodically polarized with help of a
counter electrode of cylindrical shape surrounding the
bar. The polarization test started from -50 mV vs OCP
until pitting at a scan rate of 1mV/s.

2.2.1 Reference electrode potential of the sensor
The reference potential of the Ag/AgCl reference
electrode is controlled by the chloride concentration of
the test electrolyte. This means the electrolyte in the ecpen needs to contain some chloride ions to have a stable
potential. The electrolyte used in all reported tests was a
solution of 0.1M of NaOH (pH 13) with 0.01M of NaCl.
All experiments were done at room temperature ≈ 20 (±
2) °C.

3 Results
3.1 Local Open Circuit Potential

2.3 Measurements

The local OCP values measured on each steel bars can
be plotted as “electrochemical behavior maps” of the
steel surface (Fig. 3. d, e, and f). The more negative
values appear black and the more positive values appear
white on the electrochemical maps. For steel A (Fig. 3. a,
and d) the distribution over the steel surface shows a
clear tendency with more negative OCP values on the
ribs areas and more positive OCP values located between
the ribs. For steel B (Fig. 3. b, and e) the distribution of
the OCP values seems to follow the same tendency with
more negative values on ribs and more positive values
between the ribs but it is less obvious than for steel A.
For steel C (Fig. 3. c, and f) the distribution of the OCP
values seems to be almost random without clear
correlation with the geometry of the measurement area.
All the OCP values obtained are plotted on a
cumulative probability distribution curve (fig. 4.) and the
average value, the standard deviation, the minimum and
the maximum for each steel bar are reported in table 2. It
can be noticed that the OCP values are becoming less
negative when the degree of rust on the steel surface
increases.
Indeed, both on the cumulative distribution curve and
the average of OCP values show that steel A got a
surface with more negative OCP values, with an average
of -363 mV vs. Ag/AgCl0.01M. OCP values measured on
steel B shown a larger scatter and exhibit more positive
values, with an average of -307 mV vs. Ag/AgCl0.01M.
The steel bar C OCP values are substantially more
positive with an average of -83 mV vs. Ag/AgCl0.01M.

2.3.1 Open circuit potential
The positioning of the ec-pen was done manually for
each point on a defined grid with grid size of 2 mm in
axial direction and 2 mm around the circumference of
the steel bars. The Open Circuit Potential (OCP) was
measured after 180 sec of contact of the ec-pen with the
surface (when typically a stable value was reached).
OCP values were measured over a 4 cm long area of the
steel bars.
2.3.2 Cyclic voltammetry
Cyclic voltammetry curves were measured at specified
locations with the help of the ec-pen. The measurements
started after 120 s of stabilization, the sweep went from
0 V to -1.8V and then up to +1V vs OCP. The sweep rate
was 0.166 V/s. Two cycles were recorded and the
measurement was stopped at 0 V vs OCP.

3.2 Cyclic Voltammetry
After noticing that the measured OCP values could be
significantly different depending on the location of
measurement, cyclic voltammetry (CV) experiments
were performed on selected spots at two different
characteristic locations, namely on ribs and between ribs.
For the steel B, CV were performed also on selected
spots depending on their surface condition, that is, rusted
and non-rusted surface.

Fig. 1. Schema of corrosion test set-up.
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Some
representative
examples
of
cyclic
voltammograms obtained for each steel on the different
selected spots are visible in Fig. 5. The different
voltammograms show a similar shape with only a clear
peak located between -0.8V and -0.2V vs. Ag/AgCl0.01M.
In the voltammograms obtained on “clean” points
without rust of steel A and B, shown in Fig. 5. a and Fig.
5. b, the highest current intensity can be seen at a
potential around -0.7V vs. Ag/AgCl0.01M. Whereas, the
highest current intensity for the voltammograms of
rusted spots is shifted in a more positive direction, ca.
-0.5V vs. Ag/AgCl0.01M for rusted spots of steel B (Fig.
5. b), and ca. -0.2V vs. Ag/AgCl0.01M for steel C (Fig.

5.c). The current intensities corresponding to these
peaks, Ip, were in the range 11–25 µA for rust-free spots,
Table 2. Local OCP averages, standard deviations, minimums
and maximum values in V vs Ag/AgCl0.01M, measured on each
tested specimen.

Specimen

OCP
average

Steel A
Steel B
Steel C

-0.363
-0.307
-0.083

OCP
standard
deviation
0.068
0.072
0.080

Min

Max

-0.499
-0.598
-0.370

-0.179
-0.144
0.073

while in the presence of rust Ip increased to 30–43 µA.
The peak current intensities, Ip, and their corresponding
potential, EIp, have been statistically analyzed to evaluate
the distribution of the obtained values. Fig. 6. present the
box plots of the measured Ip and EIp on the steel analyzed
depending on the location and the surface state. Table 3
reports for each steel the average value of Ip, EIp, and
their corresponding standard deviation.
There is a clear difference between the rusted and the
clean spot measurements with both values Ip and EIp. The
current intensity at the peak Ip appear to be much higher
for the rusted points than the clean points, and the scatter
of obtained values is also larger for the rusted points
Fig. 4. Cumulative distribution curves of local OCP values
measured with the ec-pen on each steel specimen.
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corrosion (Fig. 2). For steel B and C corrosion started
during the immersion time and no polarization was
necessary. For steel A, anodic polarization was needed to
initiate corrosion. The main objective of this test was to
provoke corrosion initiation in order to analyze the
location of initiation and compare it to the
electrochemical local characterization. Fig. 7. shows
pictures of pitting locations on the different steel bars.
On steel A and B (Fig. 7. a, and b) the pits were located
mostly on the ribs, whereas on steel C (Fig. 7. c)
corrosion pits were found between the ribs.

4 Discussion
4.1 Origin of the local OCP variations
The three steels analyzed present a different surface
condition, with a different degree of rust present on their
surface. This is reflected by clearly different values in
their OCP averages and distributions (Fig. 4. and table
2). The values of the local OCP increase with the
increase of rust degree. This finding is in agreement with
a previous study [22].
On the clean steel A, there is a clear dependency of
OCP on the location. OCP recorded at rib surfaces
present more negative values than OCP measured on
areas between ribs (Fig. 3. a). The presence of rust
products on the surface seems to have a bigger influence
on OCP values than the location differences measured on
clean steel bars. On the highly rusted steel C the OCP
distribution appear to be more random without clear
influence of location (rib vs. between ribs) (Fig. 3. c).
Thus, the surface of the steel bar is homogenized by the
presence of rust. The distribution of OCP values on steel
B seems to be a mix of these two extreme cases (Fig. 3.
b), with still a tendency to find more negative OCP on
ribs but not as clear than on steel A.
The origin of the distribution on steel A may be
explained by different factors. The surface of “asreceived” steel reinforcing bars is covered by the mill
scale, a thick oxide layer of approx. 20-40 µm [23]. The
characteristics (thickness, morphology, composition) of
this mill scale layer may be different depending on its
location, on the ribs or between them. Steel bar A
present a martensitic surface layer, formed during the
manufacturing process. This surface layer may also be
different depending on its location on the rebar
topography due to different heating times in the
thermomechanical strengthening process (different
surface stress, different grain distribution, etc.). Finally,
also the shaping of the reinforcing steel (ribs) may have
induced different degrees of lattice defects and
metallurgical properties that affect the local
electrochemical behavior.

Fig. 5. Cyclic voltammograms for each type of selected spots.
a) representative example for steel A for measurement
performed on rib (Rib) and between ribs (bRib); b)
representative example for steel B for measurement performed
on rustfree areas, rib (Rib no rust) and between ribs (bRib no
rust), and on rust areas, rib (Rib rust) and between ribs (bRib
rust); c) representative example for steel C for measurements
on rib (Rib) and between ribs (bRib).

compared to the clean points. The values of EIp are also
more widely distributed for rusted points than for the
clean points.
3.3 Corrosion initiation
After the different local characterizations, the analyzed
steels were subjected to a corrosion test until initiation of
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Fig. 6. Box plots of the higher current intensities measured during the first cycle of local cyclic voltammetry I p, and the potential
where Ip is located EIp, for each selected spot. Measurement on steel A are labeled A rib and A bRib for spots on ribs and between
ribs respectively. Measurements on steel B are labeled Bnr Rib and Bnr bRib for rust-free spots located on ribs and between ribs
respectively, Br Rib and Br bRib correspond to spots with rust located on ribs and between the ribs. Measurement on steel C are
labeled C Rib and C bRib, for spots on ribs and between the ribs respectively.

surface, meaning a surface composition different or a
different morphology (e.g. higher effective surface area).
Like for the local OCP values, the results obtained by
performing local cyclic voltammetries on selected spots
show a clear difference between clean and highly rusted
steel bars. Clean steels exhibit spatial variations
depending on the geometry (ribs ≠ between ribs). The
presence of rust modifies the local electrochemical
behavior and homogenizes the differences depending on
the location of measurements.

4.2 Differences in obtained voltammograms
The peak in current visible in the voltammograms of
rust-free surfaces, located at around -0.7 V vs.
Ag/AgCl0.01M corresponds most likely to the oxidation of
Fe2+ to Fe3+ [24]. In presence of rust on the spot of
measurement, the peak current intensity Ip is
substantially higher and EIp is shifted in anodic direction
from ca. -0.7 V to ca. -0.5 V vs. Ag/AgCl0.01M for steel B
and even to ca. -0.17 V vs. Ag/AgCl0.01M for steel C (Fig.
5. And Fig 6.). These results are in agreement with [25].
Similar to the OCP variations, a rust-free surface
seems to exhibit a significant difference in Ip and EIp
values depending on the point of measurement, on the
ribs or between them. For rusted surfaces, on the other
hand, the wider distribution of Ip values measured on
each type of selected spot and the relative closeness
between them does not allow to determine the existence
of any difference between locations of measurements.
Highest Ip values suggest a higher amount of Fe 2+ (more
rust), or a higher reactivity of the Fe2+ present on the

4.3 Correlation between the local variations
and initiation of corrosion?
Based on the obtained results of corrosion initiation, rust
seems to have a negative effect on the corrosion
resistance. This result is in agreement with [26-29].
Indeed anodic polarization was necessary to initiate
corrosion only for the clean steel A, whereas corrosion
of the slightly rusted steel B and highly rusted steel C
initiated without any polarization.
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Fig. 7. Close up photographs of pitting corrosion initiation sites on each tested steel.

The authors believe the study of spatial variation of
electrochemical behaviors on steel surface can help to
understand the pitting corrosion initiation in concrete. In
order to collect more efficiently local data, an ongoing
project at the Institute of Building Materials (IfB) at
ETH Zurich aims at the robot-assisted automation of the
measurement (in collaboration with the Institute for Lab
Automation and Mechatronics (ILT) at Hochschule of
Rapperswil).

On clean steel A and slightly rusted steel B, the pits
were located on the ribs. A comparison of local
electrochemical behaviors on steel A let us see that
corrosion initiated at locations where OCP values are
more negative and where Ip obtained during cycling
voltammetry is the highest. If this highest current
intensity is caused by a highest reactivity of the Fe2+ it
could be a part of the explanation for occurrence of
pitting on those areas. On steel C where the high amount
of rust seems to homogenize the local electrochemical
behaviors through the surface, pits were found between
the ribs. This could be explained by the highest area
between the ribs compared to the area on the ribs.
Therefore, the probability to find corrosion initiation
sites is higher between the ribs than on the ribs. Steel B
seems to have an intermediate behavior, with an
initiation of corrosion following the behavior of highly
rusted steel C and a location of corrosion initiation
similar to clean steel A. Maybe the behaviors of the
slightly rusted steels can be predicted by the ratio
between clean and rusted areas.
Note that so far, only three bars were tested. While
the numerous local measurements on these agree well
with the topography and initial rust state of the rebars,
more tests are needed to explain the location of corrosion
initiation based on these tests.
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