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Supplementary cementitious materials can affect the porosity of concrete, pore solution pH and chloride binding,
all of which influence the type and magnitude of corrosion damage. Advanced corrosion monitoring techniques
are needed to follow the development of corrosion on steel embedded in concrete across space and over time. In
this study, coupled multi-electrode arrays (CMEAs) were used to characterise corrosion processes in OPC and
three blended cements. Cyclic wetting with chlorides was undertaken to initiate corrosion. The results showed

three distinct types of corrosion: localised corrosion (CEM I), localised corrosion that expanded over time (CEM
1), and a combination of localised and general corrosion (CEM III and CEM IV). Cathodic locations were also
monitored successfully, and the corrosion behaviour was related to total porosity and pH of the pore solution.
MicroCT was used to quantify the volume of corroded material, which agreed well with results calculated from

the CMEA measurements.

1. Introduction

Within the body of research relating to the corrosion of steel in
concrete, significant attention and focus have recently been given to the
steel-concrete interface [1,2], which was identified as a likely factor
contributing to corrosion as early as 1975 [3]. The many features on this
interface, along with concrete porosity [4], pore solution pH and chlo-
ride content [5-7], can all affect the type, size and depth of corrosion
damage. For marine structures in particular, this damage can be strongly
localised [8,9]. All the aforementioned factors contributing to corrosion
can vary drastically according to the type of cement used. Supplemen-
tary cementitious materials (SCMs) can change the microstructure of
concrete by refining the pores, lowering the pH of the pore solution,
influencing the progress of carbonation and changing concrete’s ca-
pacity to bind chlorides. Multiple authors have shown in their research
[10-14] that the additions of slag, fly ash and natural pozzolan reduce
the migration speed of chlorides towards the surface of steel. The refined
pore structure is more compact, with reduced total porosity, while the
ink-bottle effect can restrict the progression of chlorides [12]. Further-
more, the chloride-binding capacity of blended cements generally in-
creases in line with the amount of clinker substituted, mainly due to the

additional alumina content in the cement binder [15-17]. Since chlo-
rides are known to initiate localised corrosion, it is expected that SCMs
will influence both the rate and type of corrosion.

SCMs are also known to reduce the pH of the pore solution [18],
potentially resulting in more general corrosion. Carbonation can further
reduce the pH of the pore solution, which is likely the reason why
carbonated concretes with increased SCM content generally have higher
corrosion rates, especially under conditions of adequate humidity [19].
Even though carbonation tends to refine pores and reduce the total
porosity of concrete, this does not seem to provide beneficial effects on
corrosion rate reduction when SCMs are substituted in greater amounts
[5]. Limited research has been conducted investigating the extent and
type of corrosion damage in SCM cements, with most experiments
having been conducted under the assumption that anodic corrosion
activity is uniformly distributed across the exposed surface area of the
working electrode, which is generally not true when chlorides are pre-
sent [20,21].

Corrosion of steel in concrete is typically monitored by specialised
electrochemical techniques, such as potential mapping and galvano-
static pulse (GP) [22-25], or more widely used electrochemical tech-
niques, such as potentiodynamic polarisation and electrochemical
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impedance spectroscopy [26-30]. These techniques can be used on both
existing structures and laboratory specimens, as long as there is elec-
trical contact to the rebars and physical access to the concrete surface.
The downside of these techniques is, however, the limited information
they provide regarding spatial corrosion. It is possible to control the
location of the measurement to a certain extent by placing the
measuring probe (counter electrode) at different locations across the
concrete surface. The surface area covered by the probe still polarizes a
relatively large chunk of metal, which averages-out information on
localised corrosion. Some research has been conducted in an attempt to
adapt these methods in order to detect localised corrosion [31], but
while such a method improves the accuracy of the corrosion rates
measured, it doesn’t provide additional spatial information about the
corrosion processes.

Embedded sensors are seldom used for monitoring, as they need to be
embedded in concrete before casting [32,33]. When used, however, they
can provide additional spatial information about corrosion. Electrical
resistance (ER) sensors are a physical sensoring solution which can be
used to directly calculate a reduction in the thickness of steel by ana-
lysing changes in measurements of the steel’s resistance [34,35]. Such
sensors can provide continuous monitoring of corrosion at locations they
are placed, but they are only sensitive to anodic corrosion activity.
Similar to the conventional methods mentioned previously, localised
corrosion can only be partially detected, as the corrosion activity is
averaged across the entire exposed surface of the sensor electrode. A
more advanced method for monitoring corrosion is the coupled multi-
electrode array (CMEA) technique [35,36]. CMEAs use a grid of multi-
ple steel electrodes, with each electrode in the array coupled to the other
electrodes through an ammeter. Both anodic and cathodic corrosion
currents can therefore be measured, with the electrodes acting as a
single coupled steel surface. CMEAs are often used to monitor localised
corrosion phenomena, such as crevice corrosion or pitting corrosion
[37-42], and in situations where the type of corrosion is unknown
[43-46]. Despite this, however, they are rarely used in concrete appli-
cations [35,47], even though steel in concrete can exhibit pronounced
localised corrosion [5,8].

The research conducted in this study was a continuation of our
previous study [5], where the same cement mortars were analysed both
in terms of their microstructural properties and corrosion performance
using ER sensors and galvanostatic pulse technique. The results showed
that cements with higher degree of cement clinker (CEM I and CEM II)
were subjected to more localised corrosion, which was tied to the lower
total porosity, higher amount of larger capillary pores, as well as higher
pH value of the pore solution. The opposite was true for cements with
larger amount of SCMs (CEM III and CEM 1V), where a higher degree of
general corrosion was observed, likely due to better pore refinement and
a decrease in pH value. This effect was even more pronounced for
blended cements in carbonated mortars. The study also showed that
most of these observed differences started showing between 15 and 30
weeks after chloride exposure, and were the most pronounced beyond
week 30. For the first 15 weeks of exposure, little differences were
observed between cements, with only CEM III showing increased
corrosion activity. The limitations of the ER and GP techniques in
detecting both early corrosion and the transition from initiation to
propagation stage prompted us to conduct further studies using a more
advanced CMEA technique within that time frame.

The goal of this study was to implement the CMEA technique to
monitor the corrosion of steel in mortars made of various blended ce-
ments, in which varying degrees of corrosion localisation were expected.
Corrosion in OPC, slag, fly ash and limestone cement mortars was
monitored for at least 14 weeks, and cyclic wetting and drying with
chlorides was used to initiate corrosion. Special emphasis was placed on
the timing and location of the appearance of anodic and cathodic loca-
tions, the extent of the area covered, the size of the corrosion current
densities, and the distribution of corrosion damage over time. CMEA
results were also verified with X-ray computed microtomography, where
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the corrosion damage determined from the measured anodic currents
was compared to that obtained from quantitative microCT analysis of
volume loss. The results were tied and compared to our previous
research on the same cements using various other corrosion techniques
[5,48].

2. Materials and methods
2.1. Specimen preparation

A total of 4 CMEA specimens were prepared for the corrosion
monitoring experiments, one for each type of cement used. CMEA
specimens consisted of 25 steel electrodes arranged in a 5 x 5 array,
which were covered with epoxy resin and placed in a 3D printed hous-
ing. These specimens needed to be suitable for CMEA corrosion mea-
surements, as well as small and compact enough to be examined by
computed microtomography (microCT). To meet these needs, custom-
made specimens were designed using a 3D printer, epoxy filler, steel
wire rods and connectors. The finished CMEA specimen is shown in
Fig. 2b. First a framework was designed in a 3D CAD program and then
3D printed. In the second phase, wires of 0.5 mm diameter were inserted
into the frame and protected with epoxy resin. The exposed area of the
wire cross-section was ground with sandpaper (up to 2500-grit) and the
electrodes were degreased with acetone. In the final phase, a pool 5 mm
deep was made for casting the mortar.

2.2. Preparation of the cements and mortar

Mortars used in this research were prepared using ordinary Portland
cement (OPC) as reference cement, and three other commercially
available blended cements, all made with the same cement clinker. The
cements were in accordance with the standard EN 197-1:2011 [49] and
had the following designations:

CEM I 42.5 N (OPC),

CEM II/B-M (LL-V) 42.5 N (fly ash and limestone),

CEM III/B (S) 32.5 N - LH/SR (blast-furnace slag),

CEM IV/A (V-P) 42.5 R SR (fly ash and natural pozzolan).

Throughout the paper, the cements will be referred to by their
shorthand designations: CEM I, CEM II, CEM III and CEM 1V,
respectively.

A water-to-binder ratio of 0.75 and a cement-to-aggregate ratio of
0.33 were used to prepare mortars from each of the cements. Addi-
tionally, the aggregate used in the standard for determining the strength
of cements [50] was sieved to ensure a maximum aggregate size of 1
mm. These two measures were taken to increase the porosity of the
mortar and speed up the corrosion processes, as well as to accommodate
the small diameter of the CMEA electrodes and the shallow depth of
cover (5 mm).

The mortar mixes were placed inside the pool on top of the CMEA
specimens (Fig. 2d) and a vibration table was used to consolidate the
mortars and achieve the same cover depth (of 5 mm) for all the speci-
mens. The mortars were then cured at 20 + 2 °C and 100 % relative
humidity for 28 days before any other corrosion-initiating exposure was
introduced.

Total porosity, free chloride concentration, pH value and pore size
distribution were determined for each cement mortar in our previous
research [5,48]. The measurements were done at different periods
during the 52-week chloride exposure. The properties relevant for this
study are shown in Table 1 and in Fig. 1.

2.3. Exposure

After the 28-day curing period, chloride ions were introduced
through cyclic ponding with a 3.5 % NacCl solution. A 3D printed pool
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Table 1

Total porosity [volume %] of mortars measured after 47 weeks of chloride
exposure, free chloride concentration [g/L] and pH of the extracted pore solu-
tions measured after 35 weeks of chloride exposure.

Mortar CEM I CEM II CEM III CEM IV
Total porosity [volume %] 16.1 18.6 19.6 17.1
Chloride content [g/L] 61.0 84.9 48.0 74.9
pH 12.05 11.81 11.45 12.06

was placed on the upper side of the specimens to keep the solution on the
exposed part of the mortar. Weekly cycles consisted of 3 days wetting
followed by 4 days drying. At the start of the drying period, any
remaining solution in the pool was absorbed with a pipette to accelerate
the drying process. Each specimen was exposed to 14 wet-dry cycles,
totalling 14 weeks of exposure.

2.4. Corrosion monitoring

Corrosion was continuously monitored throughout the 14 weeks of
exposure using custom-made Zero Resistance Ammeters (ZRAs). ZRAs
consisted of 25 individual ammeters, coupled together through the steel
electrodes on one end, and a common floating ground on the other.
Together, these components formed the CMEA monitoring system.
Fig. 2a shows a schematic representation of the CMEA system, including
an image of a specimen containing mortar (Fig. 2d). As the various
coupled steel electrodes form anodic and cathodic sites, positive or
negative corrosion current flows through both them and the individual
ZRAs. Each current recorded thus represents the sum of all anodic and
cathodic current flowing through a certain electrode. In the present ZRA
system, positive currents represent anodic currents while negative cur-
rents represent cathodic currents. More details on how similar ZRA
systems have been implemented by other authors for CMEA or electro-
chemical noise measurements can be found in [36,39].

Each mortar specimen was measured at a rate of 1 Hz. The minimum
and maximum measurable current was +5 pA, with a resolution of 150
PA per electrode. Given the electrode diameter of 0.5 mm, this roughly
translated to a maximum measurable current density of +£2.5 mA/cm2,
with a resolution of 76 nA/cm?. Eq. (1) [51] was used to calculate the
corrosion rate (Veorr in pm/year) from the corrosion current density (jeorr
in pA/cm?), with the following values used for constants: molar mass M
= 55.845 g/mol, oxidation number z = 2, density p = 7.85 g/cm® and a
constant of 3.27 in pm g/pA cm year, obtained from Faradays Law.

3.27TM

Veorr = Jcorr 1)
Another assumption in the corrosion rate calculations was that the
corrosion damage was equally distributed along the entire cross-section

of each electrode. In order to obtain results more comparable to the

Cement and Concrete Research 168 (2023) 107134

microCT results, corrosion damage at the end of exposure was also
calculated according to the reduction in volume of each electrode, by
integrating the corrosion current over time and using a modified version
of Eq. (1).

2.5. Post-exposure validation

At the end of the chloride exposure, the specimens were non-
destructively examined using an Xradia MicroXCT-400 microCT scan-
ner. Sections of the CMEA electrodes were scanned at 150 kV and 10 W,
using a macro objective with 0.71 x magnification. A High Energy #1

Fig. 2. Overview of the CMEA principle of operation: (a) Schematic view, (b)
specimen with visible electrodes, (c) specimen connected by cables to the ZRA
device (in the background) and (d) specimen with visible mortar.
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Fig. 1. Pore size distribution for (a) CEM I, (b) CEM II, (c) CEM III and (d) CEM IV mortars after 47 weeks of chloride exposure.
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filter was used, and the scan required 4 h for each specimen. The reso-
lution obtained was 7 pm per voxel.

3D images were analysed using Avizo Inspect 2019.1 software. In
order to calculate the corroded volume for each electrode, the volumes
of the damaged electrodes were first measured using threshold seg-
mentation and label volume analysis. Since the electrodes were in the
shape of a straight cylinder, the original volume of each was calculated
from height and cross-section measurements of the scanned electrode.
The cross-sectional area was obtained by measuring the volume of an
undamaged part of an electrode and dividing it by its height. In this way,
the cross-sectional area represented the average value, as there was
some variation in dimensions across the length of the electrode. Finally,
the corroded volume was calculated as the difference between the
original volume of the undamaged electrode and its volume following
the damage.
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3. Results
3.1. Distribution of corrosion and its propagation over time

Corrosion currents on 4 mortar specimens, made from CEM I, CEM II,
CEM III and CEM IV cements, were monitored for 14 weeks using the
CMEA technique. Results of the average anodic and cathodic corrosion
current densities are summarized in Fig. 3. The results are shown in
array form, with the red dots representing electrodes that were pre-
dominantly anodic, and the green dots those that were predominantly
cathodic. Where electrodes were both anodic and cathodic in a single
week, the anodic reaction is prioritized. The light grey dots indicate that
no corrosion activity occurred on the electrode. The intensity of the
colours is presented in a logarithmic scale, as multiple orders of
magnitude exist between the passive and active corrosion current den-
sities. The rows (1 to 5) and columns (A to E) of each array of electrodes
are labelled. The same label nomenclature will be used throughout this
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Fig. 3. Average corrosion current densities showing the anodic (red) and cathodic (green) reactions for the CEM I, CEM II, CEM III and CEM IV cements, represented
in array form. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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article in order to describe particular electrodes of any given array.

The results represented in Fig. 3 show 3 distinct types of corrosion
behaviour. The first type is an extremely localised corrosion that only
develops after 6 weeks of exposure, with only a single anodic location, as
was observed in the case of cement CEM I. The second type of corrosion
behaviour was observed on the CEM II cement, where localised corro-
sion developed early on, but over time the anodic location started to
expand to nearby electrodes. The third type of behaviour, observed on
both CEM III and CEM IV cements, was a combination of localised and
general corrosion, where anodic locations are distributed across multi-
ple electrodes, but certain electrodes still stand out as more anodic than
others. Each of these distinct types of corrosion will be looked at in more
detail in the following paragraphs.

As mentioned previously, in Fig. 3 the CEM I specimen shows pre-
dominantly localised corrosion on a single electrode. Fig. 4 gives a more
continuous insight into the cathodic and anodic behaviour of individual
electrodes over time. Anodic corrosion currents are displayed as posi-
tive, while cathodic corrosion currents are displayed as negative. The
sum of all anodic and cathodic currents at any given time was zero. The
curves are colour-coded, as detailed in the top left array in Fig. 4, and its
rows and columns are labelled, as defined previously. The blue areas in
the background represent the wetting cycles, which started at the
beginning of each week and lasted for 3 days. For the first 5 weeks, no
corrosion activity was detected, with the first anodic peak recorded only
at the start of the 6th wetting period. This occurred on electrode C4, with
a proportionate cathodic response from all other electrodes. All currents
returned to zero within 12 h, indicating that the electrode had returned
to a passive state. Roughly 2 days after the end of the 6th wetting period,
another electrode (A3) became anodic. This time, the electrode did not
return to its passive state, and the corrosion process was continuously
initiated at the start of each wetting period until the end of the exposure
(cycles 7-14). The corrosion rates attained during these wetting periods
reached values of over 800 pm/year, but only for very short periods of
time. Generally, the corrosion rates on the A3 electrode wavered be-
tween 200 and 500 pm/year. While all other electrodes contributed to
the cathodic reaction, electrodes in the immediate vicinity of the A3
electrode (e.g. B2, B3, B4 and C3) experienced slightly higher cathodic
currents compared to those further away (e.g. the electrodes in column
E).

Fig. 5 represents the anodic and cathodic currents over time for the
CEM II specimen. In order to make the graph clearer, currents are only
displayed for the electrodes that underwent significant corrosion activ-
ity, while the rest are hidden. The electrodes hidden in Fig. 5 are col-
oured white in the array on the bottom left. The B3 electrode was the
first to have significant anodic activity, which started in the 2nd wetting
cycle. Over the next 6 wetting cycles, the B3 electrode slowly
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transitioned towards both anodic and cathodic behaviour, with corro-
sion rates of around 200 pm/year. During the same period, the C5
electrode also exhibited anodic activity (at a rate of over 1000 pm/year),
but only for around 12-hour intervals at the beginning of each wetting
cycle. All other electrodes contributed relatively equally to the cathodic
reaction. After the 6th wetting cycle, corrosion processes started on
several other neighbouring electrodes. Electrodes A3 and A5 showed
large anodic peaks (equivalent to rates of above 1000 pm/year) at the
beginning of the wetting cycles, while the latter also seemed to inter-
change between anodic and cathodic at the beginning of the drying
periods. During the final 3 weeks of exposure, electrodes B4, A4 and Al
also began to contribute towards the total anodic current, indicating that
corrosion behaviour became less localised over time.

The results of anodic and cathodic corrosion currents for the CEM III
specimen are shown in Fig. 6. Since almost all the electrodes contributed
to the corrosion exchange, none were hidden from display, but specific
electrodes were labelled in order to emphasize their importance.
Corrosion activity was detected on multiple electrodes from the very 1st
wetting cycle onwards. While at the start of the wetting periods corro-
sion rates reached very high values (up to 8000 pm/year), during the
first 10 weeks of exposure the bulk of corrosion damage occurred during
the drying periods. With the exception of the 5th cycle, for the first 10
weeks a different electrode became anodic during each consecutive
drying period. The following electrodes became anodic, in the order
given: A2, C5, D1, A5, E5, E3, E1 and D4. These electrodes are posi-
tioned completely separately from one another, as can be seen in Fig. 3
(in the CEM III row), with unconnected electrodes exhibiting corrosion
damage at the end of each consecutive week. Such behaviour is typical
for general corrosion, in which, over a sufficient period of time, the
entire steel surface would be corroded to a roughly similar extent. The
corrosion rates of the electrodes mentioned generally remained below
4000 pm/year, reducing to zero within 2 days of the start of the drying
period. Observation of the results after week 10, however, showed that
the anodic location stabilized on electrode C3, indicating the start of
more localised corrosion. This electrode showed similar corrosion
behaviour to other electrodes, peaking at the start of the wetting and
drying periods, and then reducing close to zero within 2 days of the start
of the drying period. Throughout the exposure the cathodic reaction was
concentrated on the D3, D5, A5 and B2 electrodes, but other electrodes
also contributed to a lesser degree.

The results of anodic and cathodic corrosion activity for the CEM IV
specimen are presented in Fig. 7. Results from the 10th wetting cycle are
missing due to technical issues, but the currents were still measured
during this period. As previously, all electrodes are displayed, as most of
them contributed to the anodic-cathodic current exchange. Although
corrosion processes were detected within the 1st week of exposure, the
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Fig. 4. Anodic and cathodic currents for the CEM I specimen over 14 weeks of exposure to cyclic wetting and drying.
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Fig. 7. Anodic and cathodic currents for the CEM IV specimen over 14 weeks of exposure to cyclic wetting and drying.

magnitude of corrosion activity during the first 6 weeks was relatively
low compared to the remainder of the exposure period. Electrodes E3
and A2 showed increased amount of anodic activity, while the latter also
contributed towards the cathodic current. Corrosion rates did not sur-
pass 1000 pm/year, and remained below 500 pm/year throughout most

of the initial 6 weeks of exposure. Starting at week 7, however, the
corrosion activity started to significantly increase. Electrodes B4, B1, A2,
E1 D3 and D5 started to become anodic, in the order given, but unlike in
the CEM III specimen, they contributed towards the anodic current for
multiple consecutive wetting cycles, before then becoming less active
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(Fig. 3). Three electrodes in particular (A2, D3 and D5) were the most
anodic in the end, with most of the corrosion damage occurring within
the final 4 weeks. This indicated the occurrence of more localised
corrosion behaviour on these electrodes, as can also be observed in Fig. 3
(row CEM 1IV). All the anodic electrodes previously listed displayed
corrosion rates of above 3000 pm/year at the start of the wetting/drying
periods, which were generally reduced to below 1000 pm/year within
24 h.

Before week 7, most of the cathodic activity on the CEM IV specimen
was distributed fairly evenly across all the electrodes, while after that,
the majority of activity occurred on electrodes B2, B3 and B4. In at least
1 cycle prior, these electrodes were predominantly anodic, and as the
anodic currents became more localised on individual electrodes, so did
the cathodic currents.

3.2. Current changes in the wetting and drying cycles

Up until now, only changes across the entire period of exposure have
been analysed and discussed. CMEA, however, can also be used to assess
detailed corrosion activity over shorter periods of time. Fig. 8 shows the
corrosion current densities and corrosion rates over one week of expo-
sure. Week 12 was chosen for all cement types, with the figures labelled
in sequence from (a) to (d) for cements CEM I to CEM IV, respectively.

Fig. 8a shows the corrosion current results for the CEM I specimen in
week 12. This represented the simplest current response, in which one
electrode (A3) became anodic, while all other electrodes became
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cathodic. The anodic response appeared very soon after the start of the
wetting cycle, then slowly started to decrease during wetting. About 3 h
after the start of the drying period, the anodic current slightly increased,
before decreasing rapidly during the drying period. The A3 electrode did
not return to a zero current before the next wetting cycle began, indi-
cating that it did not completely dry during the drying period.

Fig. 8b shows week 12 of the corrosion current results for the CEM II
specimen. The results were more complex than for the CEM I specimen,
with multiple electrodes transitioning from an anodic to cathodic
corrosion current. Electrodes Al and A4, for example, were both
extremely anodic during the wetting period, but their behaviour tran-
sitioned to cathodic as the drying period commenced. The currents of
electrodes B4 and A3, on the other hand, had already transitioned from
cathodic to anodic during the wetting cycle, and then exhibited the most
anodic behaviour during the drying period, reaching corrosion rates of
around 1000 pm/year. It is also worth noting that, during the drying
period, the corrosion activity on electrodes B4, A3 and A5 seem to be
interconnected, as when the current of one of these electrodes changes
over time, the other two electrodes exhibit a proportional and inverse
response.

Fig. 8c shows week 12 of the corrosion current results for the CEM III
specimen. This represents a typical response observed on the CEM III
specimen over multiple wetting cycles, where a small number of elec-
trodes displayed an initial spike at the start of the wetting period, while
the majority of electrodes responded with a proportional cathodic re-
action. After the initial spike, all currents slowly converged towards
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zero, then increased again about 3 h after the start of the drying period.
During these cycles, most electrodes are either anodic or cathodic, but
they rarely transition between the two states. Fig. 8c shows that elec-
trodes D2 and D3 were anodic during both wetting and drying cycles,
while multiple other electrodes became either anodic or cathodic after
the drying period started, reaching corrosion rates of up to 5000 pm/
year. All currents returned to zero before the next wetting cycle started,
indicating that the specimen completely dried during the drying period.

Fig. 8d shows week 12 of the corrosion current results for the CEM IV
specimen. The corrosion behaviour was very similar to the CEM III
mortar, which exhibited an initial anodic spike during the wetting cycles
that slowly converged towards zero. As the drying period started, there
was a rapid increase in both the cathodic and anodic currents, with only
the C3 electrode transitioning its current from anodic to cathodic within
the same drying cycle. Most of the anodic activity occurred on electrodes
E5 and E1, where corrosion rates were as high as 5000 pm/year, while
most cathodic activity occurred on electrodes B1 and B3.

3.3. Average and local corrosion rates

When using conventional electrochemical techniques, it is common
to measure certain parameters (e.g. current, potential, impedance and
polarisation resistance) and then apply results to the entire exposed
surface of the working electrode. Since there is usually no prior infor-
mation regarding the size of the anodic portion of the surface area
exposed, or this area is inaccessible behind a layer of concrete, this is a
reasonable assumption to make. The same principle can be applied to
CMEA measurements, with the goal of getting results comparable to
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Fig. 9. (a) Average corrosion current densities, obtained by applying the total
anodic current across all 25 electrodes; (b) highest local corrosion cur-
rent densities.
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those that conventional electrochemical techniques would measure on
the same corrosion system. Fig. 9a shows the average corrosion current
densities calculated in such a manner. For each week of exposure, the
total anodic current was divided by the total surface area across all 25
electrodes, regardless of whether or not they were anodic or cathodic
during that week. The corrosion current densities and corrosion rates
obtained in this way will therefore be either lower or equal to the
corrosion rates calculated on individual electrodes, depending on the
degree of localised corrosion.

The results in Fig. 9a show that, during the first 6 weeks of exposure,
the CEM I specimen underwent the least amount of anodic activity,
while the CEM III specimen exhibited the highest average corrosion
rates, with the CEM II and CEM IV specimens lying in between. After the
6th week, the CEM I specimen exhibited a larger increase in corrosion
rate, but it never exceeded 10 pm/year, and started to decrease as the
exposure continued. At the same time, the average corrosion rates of
both the CEM Il and CEM IV specimens increased over time, respectively
surpassing 10 and 30 pm/year by the end of the exposure period. The
CEM III specimen had the highest average corrosion rates over the entire
period of exposure, showing a general upward trend over time.

In contrast to the average corrosion rates presented in Fig. 9a, the
highest local corrosion rates for each week are plotted in Fig. 9b. These
data points were obtained by taking the most anodic electrode for any
given week, and calculating its average corrosion rate for the same
week. As can be seen by the scale on the y-axis, localised corrosion rates
are about one order of magnitude higher that the average corrosion
rates. Although, in terms of corrosion rates, the mortars are in the same
order at the beginning, the CEM I and CEM II specimens switch places
with respect to corrosion after week 6, as corrosion on the CEM I spec-
imen becomes significantly more localised. The other 3 specimens
follow similar trends, as observed in the previous paragraph.

3.4. Post-exposure validation

At the end of the 14 week period of chloride exposure, non-
destructive post-exposure analysis was conducted on all 4 CMEA spec-
imens using a microCT scanner, the results of which are presented in
Fig. 10. The column on the left shows the volume of corrosion damage
calculated using the CMEA technique at the end of the period of chloride
exposure. These volumes were calculated by integrating the corrosion
current of each electrode over time, and using a slightly modified
version of Eq. (1) to calculate the volume. The column on the right
represents the volumes obtained using the CT technique, by calculating
the difference in volume between the electrodes initially and after
corrosion damage occurred. The middle column shows a visual repre-
sentation of the corrosion damage according to microCT evaluation.

The volumes of the CEM I and CEM II specimens were generally in
good agreement between the two methods. All the anodic electrodes
were identified correctly, corrosion damage was identified at the same
order of magnitude, and results agreed with the visible damage to the
electrodes. In both specimens CT volumes below 1.0 x 10° pm?® were
measured in multiple electrodes, but both visual representation and
calculations of the CMEA volumes did not, however, show any damage
to these electrodes. This is likely, because there is some margin of error
when subtracting the volume of the original electrode from its damaged
CT volume, due to irregularities arising along the length of the electrode.
With the exception of the A3 (CEM I) and B3 (CEM II) electrodes, where
corrosion was present along the length of the electrode, most electrodes
were damaged across the exposed surface of their cross-section.

Generally, the CMEA and CT volumes were also in good agreement
for the CEM III specimen, except in the case of the C4 and E2 electrodes,
where the scanned CT volumes were twice the size as those obtained by
the CMEA technique. As previously, the volumes calculated by both
techniques related well to the damage assessed visually, which pre-
dominantly occurred on the exposed cross-sections of the electrodes, as
opposed to the epoxy-covered sides. It’s also worth pointing out that the
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Fig. 10. The volume of corrosion damage measured using the CMEA technique (left) compared to that evaluated using the microCT scanner (right). Middle column
shows volumetric visual representation of corrosion damage obtained using microCT.

corrosion damage on each electrode was not evenly distributed across its the CT technique compared to that calculated using CMEA. While most
cross-section, which can have negative ramifications on the calculated corrosion damage was present on the cross-sections of the electrodes,
corrosion rates analysed in previous chapters. some side damage was visible on electrodes A2 and B2. Electrode B2 was

The largest discrepancy between the volumes obtained using the CT also visibly damaged, but no anodic corrosion activity was detected

and CMEA methods occurred in the CEM IV specimen. Electrodes A2, using the CMEA technique.
B2, B3 and E4 show 3 to 5 times higher corrosion damage when using
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4. Discussion

The corrosion processes in mortars made of CEM I, CEM II, CEM III
and CEM IV cements were characterised by the combined use of the
Coupled Multi Electrode Array (CMEA) technique and microCT. It was
expected that the CMEA technique would make it possible to follow the
spatiotemporal behaviour of individual corrosion processes, including
the assessment of local corrosion rates over time. In our previous study
[5], the mortar microstructure and general corrosion properties of
similar, non-carbonated and carbonated mortars were investigated by
means of the galvanostatic pulse (GP) technique and electrical resistance
(ER) probes. Specific outcomes related to localised corrosion were
confirmed by CT scans of embedded rebars. The main aim of the present
research was to understand the time evolution of corrosion processes
during the first 14 weeks of exposure in non-carbonated blended ce-
ments contaminated by chlorides, with an emphasis on the localization
of these processes.

The study of steel corrosion in cement CEM I showed that only a
single electrode became anodic, staying in such condition for the rest of
the exposure, indicating that corrosion was mostly localised. Such
corrosion performance was attributed to a higher pH, lower porosity
(Table 1) and higher number of larger capillary pores (>0.1 pm, Fig. 1),
all of which were determined on the same cements in our previous study
[5,6]. Observations related to porosity are also in accordance with
studies done by other authors regarding porous materials [4]. Cathodic
reactions were equally distributed across all other electrodes, with the
electrodes located closer to the anodic location having a slightly higher
corrosion density compared to those further away. This was expected, as
it has been shown previously that cathodic currents decrease in line with
the distance from an anodic location, most likely due to an increasing
resistivity in concrete [52,53]. A different type of corrosion behaviour
was observed in CEM II, where the anodic activity was initially localised
on two electrodes, but later spread to a few neighbouring electrodes. The
typical behaviour for this type of corrosion also included electrodes that
remained anodic for several weeks, before slowly switching to cathodic
activity, and electrodes where cathodic activity each week was pre-
dominantly concentrated near the most anodic electrodes. Although the
damage remained fairly localised and evenly spread over about 5 elec-
trodes, it was less localised than CEM I. A higher total porosity and lower
pH value likely resulted in a larger surface area of steel being anodically
activated due to increased number of connected paths for chloride
penetration and steel depassivation. Similar behaviour was observed in
our previous study [5]. The third type of corrosion behaviour, observed
in CEM III and CEM IV, represented a combination of localised and
general corrosion. Some electrodes remained heavily anodic over mul-
tiple weeks of exposure, while other electrodes were anodically acti-
vated during each wetting or drying cycle. The major difference between
these two cements and previous two cements is the more refined pore
structure (Fig. 1), which presumably distributed chlorides more evenly
across the steel surface, resulting in less localised corrosion. CEM III in
addition had the highest total porosity and the lowest pH value of the
pore solution, making it the most susceptible to general corrosion, with
the highest observed corrosion rates. Other authors [4] also linked
higher porosity with higher corrosion rates, while percolation theory
dictates that a decrease in total porosity results in the breakdown of the
pore network into smaller, disconnected clusters, and this relation is
extremely non-linear [20]. Even though CEM III exhibited the highest
level of general corrosion, corrosion rates on individual electrodes also
remained the highest throughout the 14-week exposure. At first glance,
this is in contrast to observations in our previous study [5], where local
corrosion rates in CEM I were the highest. However, the latter phe-
nomenon only occurred after 30 weeks of exposure to chlorides, whereas
CEM III showed the highest corrosion activity during the first 14 weeks.
CMEA results are thus in agreement with our previous research [5], and
provide additional information about the time evolution of these
corrosion processes during the initial stages, including the degree of
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corrosion localization and the localised corrosion rates.

Similarly to measurements of electrochemical noise (EN) [34,54,55],
the CMEA technique can distinctly measure the initiation times of
corrosion, since metastable and transient corrosion events can be both
detected and excluded from analysis. Looking at Figs. 4 to 7, the
following initiation times can be determined for the various cements
studied: 40 days (CEM 1), 7 days (CEM II), 4 h (CEM III) and 4 days (CEM
IV). The easiest way to explain these differences is by referring to the
total porosities characterised previously [5]. It is known that a non-
linear relationship exists between the total capillary porosity and the
diffusion of oxygen and chloride ions, whereby a higher capillary
porosity results in a higher rate of diffusion [20,56]. In this sense, it is
reasonable that the CEM I cement, which had the lowest total porosity,
also had the highest initiation time, while the CEM III cement, with the
highest total porosity, had the lowest initiation time.

A typical wetting cycle incorporated a large peak in the corrosion
rate at the very beginning of the wetting period. These high values were,
thereafter, reduced to fairly low values before the drying period began,
with the exception of in CEM I, where the reduction was slower. In a
typical drying cycle, an evident peak in the corrosion rate appeared,
with a certain delay, after the start of the drying period. This second
peak was regularly lower than the peak at the beginning of wetting. The
rise time and decrease in corrosion rate during drying was longest in
CEM I and shortest in CEM IV. This behaviour can be explained by
sufficient concentrations of oxygen and water at the steel surface, in
combination with sufficient porosity, that enabled the necessary trans-
port paths for either drying or saturation. The anodic and cathodic
electrodes were not necessarily the same during the wetting and drying
periods.

Some of the most important information provided by means of CMEA
is the degree of corrosion localisation, and its evolution over time.
Conventional electrochemical techniques, such as potentiodynamic
scans (PD) and electrochemical impedance spectroscopy (EIS), measure
certain corrosion parameters and then apply them equally cross the
entire area of the polarized surface. If these parameters are localised on a
smaller surface, an error is made [24,31]. Fig. 9 shows corrosion current
densities on the most anodic electrode and the total corrosion current
averaged across the entire exposed surface area. In Table 2 these two
results are combined as a ratio between the localised current and the
averaged current, defined as the corrosion localization index. Typical
values for this index were around 10 or higher in our CMEA measure-
ments. Additionally, the values for CEM II, CEM IIl and CEM IV appeared
to reduce over time, indicating a transition towards more general
corrosion. This was not the case in CEM I, where the index was, in fact,
limited by the number of electrodes, and could be even higher provided
that the array would contain >25 electrodes.

MicroCT volumes were scanned on all four specimens in order to
validate the CMEA measurements, and both qualitative and quantitative
analyses were performed. Although the CMEA and CT results were in
good agreement for the majority of electrodes, a couple of electrodes
exposed two potential pitfalls that should be taken into account when
analysing CMEA measurements. The first is the problem of so-called self-
corrosion, where anodic and cathodic locations occur on the same
electrode. In such cases, only part of the corrosion current is measured
through connection to a zero-resistance ammeter (ZRA). Examples of

Table 2

Corrosion localization indices for each specimen, calculated as the ratio between
maximum local corrosion current densities (Fig. 9b) and average corrosion
current densities (Fig. 9a) over a 3-week period.

Week 1-3 Week 4-6 Week 7-9 Week 10-12 Week 13-14
CEM I 1.4 171 25.0 25.0 24.7
CEM II 19.5 19.2 11.7 10.9 9.0
CEM III 19.9 15.8 8.6 10.1 8.5
CEM IV 12.7 9.5 11.2 9.6 8.9
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this are electrodes A2 and B3 in the CEM IV specimen (Fig. 10), where
the corrosion damage estimated from the CT scan is evidently larger
than that measured by the CMEA system. The second potential pitfall is
the occurrence of crevice corrosion between an electrode and the pro-
tective epoxy resin. Electrodes A3 in CEM I and A2 in the CEM IV
specimen provide potential examples of this, as corrosion is clearly
visible along the length of the electrode. In theory, the appearance of
crevice corrosion on an electrode would result in significant self-
corrosion, but this is obviously not the case in general (cf., for
example, the A3 electrode in CEM I). On the other hand, however, it is
also questionable as to whether or not such crevices should be consid-
ered as completely uncharacteristic for steel corrosion in concrete. In
reality, various types of steel joints and features can often represent an
initiation site due to a poor interfacial transition zone (ITZ) [1], and the
early corrosion mechanism may well be similar to crevice corrosion.

5. Conclusions

The coupled Multi-Electrode Array (CMEA) technique was success-
fully implemented to characterise the corrosion processes of steel in
blended cement mortars, with 3 distinct corrosion behaviours observed:
predominantly localised corrosion, localised corrosion that spread
across a larger area over time, and a combination of localised and
general corrosion. Results obtained by CMEA, in combination with
microCT scans, provided a comprehensive insight into the time evolu-
tion of steel corrosion in these mortars, making it possible to form the
following conclusions:

o It was established that a higher pH and lower total porosity (e.g. in
CEM 1) resulted in more localised corrosion, while cements with a
higher porosity and lower pH (e.g., CEM III) exhibited a higher de-
gree of general corrosion. Additionally, cements with lower porosity
exhibited shorter corrosion initiation times compared to those with
higher porosity.

It was found that the general corrosion rate in cement CEM III
reached fairly high values soon after the start of exposure, and
remained stable after that. The general corrosion rates in cements
CEM II and CEM 1V started lower and increased after initiation, but
remained below the corrosion rate in the CEM III cement.

The corrosion localization index, denoted as the ratio between the
maximum local corrosion rates at a single electrode, and the average
corrosion rates over 25 electrodes, was highest in the CEM I cement,
where only a single electrode was anodically active. In the CEM II
and CEM III cements the localization index was higher at the
beginning of the exposure, then diminished thereafter. The corrosion
localization index was always relatively low (around 10) in the CEM
IV cement. The maximum localised corrosion rates in cements CEM I,
CEM II and CEM IV were comparable, and lower than those obtained
in CEM III.

Due to spatial information provided by the CMEA technique, more
realistic corrosion rates were measured and, through summation,
gave the actual corrosion damage. This was validated through
qualitative and quantitative evaluation of microCT scans, which
showed that CT and CMEA results were generally in good agreement.
This indicated that the monitored corrosion behaviour was correct,
and that only a few electrodes experienced self-corrosion.

The highest corrosion rates were generated at the very beginning of
the wetting periods. These corrosion rates rapidly diminished
thereafter, except in the case of cement CEM 1. The second corrosion
rate peaks appeared soon after the start of the drying periods. The
rise time and decrease in current fluctuation was longest in cement
CEM I and shortest in CEM IV.

The ability to also monitor the location and magnitude of cathodic
reactions provided a comprehensive insight into how anodic loca-
tions are formed and maintained. It was found that corrosion activity
on an electrode can pass from anodic to cathodic within a single
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wetting-drying cycle, depending on the saturation and drying ability
of the mortar. This was especially valid for cements with more
general corrosion.

Specific conclusions related to the various cements are in agreement
with our previous study [5], in which the galvanostatic pulse (GP)
technique and electrical resistance (ER) probes were applied. Only
chlorides without accelerated carbonation were applied in the present
research. In this sense, the extrapolation of outcomes to longer exposure
periods, where carbonation cannot be excluded, might be misleading,
and additional research is therefore required.
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