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A B S T R A C T   

In this study, the influence of voids on corrosion process at the steel-concrete interface was investigated, as the 
exact influence of these features on corrosion processes under various environmental conditions is not entirely 
understood. Coupled multi electrode arrays and electrical resistance probes were implemented to monitor the 
evolution of corrosion under cyclic exposure to chlorides and carbonation. MicroCT was used to determine the 
location and volume of corrosion damage. It was found that, in most cases, corrosion damage initiated outside 
the voids. During initiation and the early propagation phase, the steel beneath the voids rarely participated in the 
redox reaction. In following phases, various kinds of corrosion evolution were observed. Specific corrosion 
mechanisms were proposed and discussed to explain these corrosion processes.   

1. Introduction 

Researchers have identified two processes that most commonly 
explain how steel in concrete transitions from its passive to its active 
state [1,2]. The first is the ingress of chloride ions, which may either 
come from deicing salts, contact with seawater or, in marine environ
ments, from the atmosphere. The critical chloride threshold has been 
identified as the most important parameter influencing the state of 
passivation in chloride-contaminated concrete [3]. This is a general 
parameter, most commonly calculated as the chloride-to-hydroxide ion 
ratio ([Cl− ]/[OH− ]), which describes the state of the mortar around the 
reinforcement bars. It should be emphasized, however, that significant 
scatter was observed in the values obtained [3]. The second process, 
carbonation, also has a heavy impact on the initiation of corrosion. 
During the hydration of cement, calcium, potassium and sodium hy
droxides form and subsequently dissolve. This creates a highly alkaline 
environment inside the concrete pores, causing a pH value of more than 
13. In this type of environment, carbon steel tends to be passive [4]. 
Over time, however, CO2 reacts with the pore solution in a process called 
carbonation. A side effect of carbonation is a reduction in alkalinity, 
with the pH value dropping to about 9, at which point the steel depas
sivates and active corrosion may start [4]. 

The steel-concrete interface (SCI), which represents the layer where 
steel and concrete are in contact with one another, was identified as a 
potential parameter influencing corrosion behaviour as early as 1975 

[5]. Despite this, however, research investigating its effect on corrosion 
has not been extensive enough. Angst et al. recently published a litera
ture review on this topic [6], in which they identified the gaps in existing 
knowledge and discussed the features present at the steel-concrete 
interface. Fig. 1 shows the different types of voids found at the steel- 
concrete interface, including air voids, cracks, slips and crevices, as 
well as the presence of partly-dissolved corrosion products with mill 
scale. Most of these spatial inhomogeneities are randomly distributed 
along the steel surface and can cause corrosion processes to behave in a 
different way compared to how they do in the bulk material. 

The two most common types of void around steel rebars are air 
bubbles and cracks, which are often the result of cement hydration and 
mechanical stresses, respectively. Both types of voids can either be dry 
or contain varying levels of liquid and oxygen. In a recently-published 
review [7], the authors proposed different corrosion mechanisms 
within voids based on their saturation state. It was suggested that 
corrosion only initiates inside a void if it is sufficiently saturated with a 
liquid solution, which, for larger, macroscopic pores in concrete, usually 
takes years to occur. Additionally, the authors [7] proposed that 
entrapped oxygen also plays a role, promoting corrosion either inside 
the void itself or somewhere in its vicinity. Either way, the absence of 
full contact between the steel and the concrete creates a specific cor
rosive environment, especially at the transition between the void and 
the concrete. This area is particularly difficult to study, due to the 
random location upon which it can manifest, and the lack of accurate, 
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non-destructive techniques available to characterize it. 
Another corrosion phenomenon that can potentially occur at the 

steel-concrete interface is crevice corrosion. Crevice corrosion is a type 
of localised corrosion that forms within narrow clearances, beneath 
corrosion products or shielded metal surfaces [8,9]. These narrow gaps 
make it difficult to maintain the steady-state oxygen concentration 
required for a cathodic reaction, resulting in the formation of an anodic 
site. The characteristics and boundary conditions of crevice corrosion 
occurring on steel rebars embedded in concrete are not quite clear, since 
only a few studies on this topic have been completed [10–14]. In nuclear 
power plants, steel liners embedded in concrete are often used to pro
vide containment, creating a barrier against nuclear radiation. These 
liners usually come in the form of domes and cylinders and are char
acterised by a large surface area and poor steel-to-concrete adhesion, 
making their unique structure potentially vulnerable to crevice corro
sion. Very limited information is available about containment liner 
corrosion, either generally or, more specifically, with respect to crevice 
corrosion [15–17]. As these containments need to maintain their 
integrity throughout their lifespan [18,19], information concerning the 
localised corrosion mechanisms at the steel-concrete interface would be 
very beneficial. 

One of the main reasons for the gap in knowledge in this field of 
research is a lack of suitable techniques that can be used to monitor and 
observe corrosion processes on the surface of steel embedded in con
crete. As the steel is fully embedded in the concrete, it is impossible to 
use non-destructive techniques that require access to the steel surface for 
assessment. Most conventional electrochemical methods also provide 
very limited or no spatial information regarding the mechanism of 
corrosion. Nevertheless, a few techniques have emerged over the past 
two decades that enable the monitoring of steel corrosion in concrete 
over both space and time. These are detailed below:  

I. Coupled Multi-Electrode Arrays (CMEAs) are the most advanced 
technique used for spatio-temporal measurements of corrosion 
and are probably best suited for monitoring corrosion mecha
nisms at the mortar-void interface. This technique is capable of 
measuring very small corrosion currents on each individual 
electrode in an array. These electrodes are electronically coupled 
through Zero Resistance Ammeters (ZRA), making them act as a 
single uniform surface. As anodic and cathodic areas form on 
certain electrodes, such activity is accurately detected. In the 
past, this technique has been successfully used to monitor the 
corrosion of carbon steel in concrete [20,21], stainless steel in 
concrete [22] and copper in bentonite [23]. The technique has 
also been successfully used to monitor crevice corrosion [24–26], 
but never to study crevice corrosion in concrete.  

II. Measurement using electrical resistance (ER) sensors is a physical 
monitoring technique generally used to monitor the corrosion of 
steel in concrete over time [27]. As the cross section of the steel 
electrodes is reduced, information about corrosion is provided 
based on the changes in the resistance of the ER probe. By posi
tioning several sensors across different locations, information 
regarding spatial corrosion can also be provided.  

III. X-ray microtomography (microCT) is a microscopic technique 
that uses X-ray images to reconstruct the cross sections of an 
object. It can be used to non-destructively examine and monitor 
steel corrosion, the microstructure of concrete and, to a lesser 
extent, the steel-concrete interface [20,28]. It not only provides 
the location and shape of any corrosion damage, but can also be 
used to quantify corrosion damage using volume segmentation 
techniques. 

The primary goal of this study was to characterize the initiation and 
early propagation phase of corrosion processes around the mortar-void- 
steel interface. A combination of CMEA, ER and microCT techniques was 
utilized for this purpose, measuring the corrosion of steel in specially 
prepared OPC mortar specimens in which artificial voids had been 
created. These specimens were exposed to cyclic wetting and drying and 
monitored for up to 52 weeks. Corrosion was initiated by wetting the 
mortar with chloride solution and through the use of carbonation, thus 
creating 4 specific exposure environments: non‑carbonated without 
chlorides, non‑carbonated with chlorides, carbonated without chlorides 
and carbonated with chlorides. Special emphasis was placed on the 
position of the anodic and cathodic locations relative to the location of 
the void, the size of the corrosion current densities inside and outside the 
void, and the distribution of the corrosion damage surrounding the void. 
The results from CMEA and ER analysis were further verified by X-ray 
computed microtomography, with the corrosion damage determined 
from measuring the anodic currents being compared to that obtained 
from microCT analysis. An attempt was made to explain the specific 
corrosion mechanisms around the void. 

2. Materials and methods 

2.1. Specimen preparation 

To evaluate the corrosion processes at the mortar-void interface, two 
types of mortar specimens were produced, each designed to accommo
date their respective techniques. The first set were CMEA specimens, 
which consisted of 25 carbon steel electrodes, 0.5 mm in diameter, ar
ranged in a 5 × 5 array. The electrodes were embedded in epoxy resin 
and placed in a 3D-printed housing (Fig. 2a). These specimens needed to 
be suitable for corrosion measurements by CMEA, while still remaining 
sufficiently small and compact to also be examined by microCT. The 
exposed area of the wire cross-section was ground with sandpaper (up to 
2500-grit) and the electrodes degreased using acetone. A pool was made 
on top of the electrodes for casting the mortar, including a hole for a 
PTFE strip (Fig. 2b). A total of 8 CMEA specimens were produced across 
four groups, with 2 specimens in each group exposed to identical con
ditions in terms of chloride and carbonation. Due to the complexity of 
the CMEA analysis, only 1 of the 2 identical specimens was chosen for a 
detailed temporal analysis for each exposure condition, while all 8 
specimens were analysed in spatial (array) form and included in the 
discussion. The four CMEA specimens that were analysed in greater 
detail are CMEA-2, CMEA-3, CMEA-6 and CMEA-8. For the rest of the 
specimens, the temporal graphs are available as supplementary 
material. 

Fig. 1. Different features at the steel-concrete interface: a) air voids, b) cracks, c) slips and crevices, and d) corrosion products and mill scale in a void.  
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The second group of specimens was designed for the ER corrosion 
monitoring experiments (Fig. 2d). 3D printed moulds were made for the 
ER sensors, with two carbon steel sensors fastened to the floor of the 
moulds in each specimen. The exposed sections of the two sensors were 
placed close to one another without coming into direct contact, thus 
simulating a continuous steel surface (Fig. 2e). A hole was made in the 
mould on either side of one sensor to accommodate a PTFE strip. A total 
of 12 ER specimens were produced, designated ER-01 to ER-12. An 
overview of all the specimens and their major properties can be found in 
Table 1. 

The mortar used in this research, designated as CEM I, was prepared 
using ordinary Portland cement (OPC) in accordance with the standard 
EN 197–1:2011 [29]. The mortar was prepared using a water-to-binder 
ratio of 0.6 and a cement-to-aggregate ratio of 1:4. Additionally, the 
aggregate used was in accordance with the standard for determining the 
strength of cements [30]. The concrete cover was 10 mm in all 

specimens. The quality and microstructure of the steel sheet and steel 
wires used in this research are described in detail in our previous work 
[31]. 

Before the mortar was cast into the prepared specimens, PTFE strips 
were placed to cover parts of the exposed sensors, in order to create a 
void between the mortar and the steel surface. In the case of the CMEA 
specimens, the PTFE strips covered 40 % of the electrodes (i.e. a 2 × 5 
array), leaving 60 % (a 3 × 5 array) in good contact with mortar 
(Fig. 2b). In the case of the ER specimens, the PTFE strip completely 
covered one of the two ER sensors, leaving the other in good contact 
with the mortar (Fig. 2e). Once the mortar was sufficiently solid (approx. 
12 h after casting), the PTFE strips were pulled away from beneath the 
mortar, leaving behind voids between the mortar and the surface of the 
electrode. The width of the void, measured using the microCT tech
nique, was 0.3 mm for the CMEA specimens and 0.5 mm for the ER 
specimens. The holes left by the strips on the specimen surface were then 

Fig. 2. Examples of the CMEA (a) and ER (d) specimens, with a schematic representation of how the void was formed using a PTFE strip (b and e). MicroCT scans 
showing two examples of voids formed on the CMEA (c) and ER (f) specimens. 
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covered using silicone so as to prevent oxygen and humidity in the air 
from directly entering the voids. 

The shape, size and location of the voids in both the CMEA specimens 
(Fig. 2c) and ER specimens (Fig. 2f) were verified using microCT scans. It 
is important to note that, as expected, the microCT scans did not show 
any visible gaps between the good mortar contact and the sensor surface. 
This verification is, however, limited by the resolution of the microCT, 
meaning there is a possibility that gaps smaller than 10 μm (in the CMEA 
specimens) or 50 μm (in the ER specimens) were also present in the 
specimens designated as having good contact with the mortar. 

2.2. Curing and carbonation 

Following the processes of casting and void formation, the mortars 
were cured at a temperature of 20 ± 2 ◦C and a relative humidity of 100 
% for 28 days before any further corrosion-initiating exposure was 
introduced. In addition, half of the specimens were subjected to accel
erated carbonation conducted in an environmental chamber, where they 
were exposed to a CO2 concentration of 3.1 % at a relative humidity of 
57 % and a temperature of 25 ◦C. The level of carbonation was moni
tored using supplementary mortar cylinders of 60 mm in diameter. The 
specimens were periodically cracked and tested using the phenol
phthalein test in order to ensure that a carbonation depth of at least 10 
mm was achieved. The accelerated carbonation period ended after 14 
weeks of exposure. During the accelerated carbonation process, the 
non‑carbonated specimens were kept in a laboratory at an air temper
ature of 22 ± 2 ◦C and a relative humidity of 50 ± 5 %. Throughout the 
rest of this article, these specimens will be referred to as carbonated and 
non‑carbonated, respectively. 

2.3. Chloride contamination and corrosion monitoring 

To initiate corrosion, either tap water or a 3.5 % NaCl solution were 
introduced through cyclic ponding throughout the corrosion monitoring 
period. Table 1 shows which specimens were exposed to wetting with 
chlorides. A 3D printed wetting pool was placed on the upper side of 
each specimen (Fig. 2a and b), with weekly cycles consisting of 2 days 
wetting followed by 5 days drying. At the start of each drying period, 
any remaining solution in the pool was absorbed using a pipette in order 
to accelerate the drying process. As stated previously, corrosion was 
then monitored using both the Coupled Multi-Electrode Array (CMEA) 
technique and Electrical Resistance (ER) sensors. 

2.3.1. Coupled multi-electrode array (CMEA) 
Corrosion was continuously monitored using custom-made Zero 

Resistance Ammeters (ZRAs). All specimens were measured for 25 
weeks, except for specimen CMEA-7, which was measured for 16 weeks 
due to early termination of the experiment (see Table 1). The ZRAs 
consisted of 25 individual ammeters coupled together via steel elec
trodes, comprising a 5 × 5 array at one end and a common floating 
ground on the other. Together, these components formed the CMEA 
monitoring system. Fig. 3a shows a schematic representation of the 
CMEA system, including the artificially-formed cross-sectional void. The 
artificial void was formed over a 2 × 5 array of electrodes, with the other 
3 × 5 array remaining in good contact with the mortar. As anodic and 
cathodic sites are formed on the various coupled steel electrodes, they 
become subjected to the flow of positive or negative corrosion currents, 
as do the individual ZRAs. Each current recorded thus represents either 
an anodic or cathodic current flowing through a certain electrode. In the 
ZRA system utilized, positive currents represent anodic currents while 
negative currents represent cathodic currents. More details regarding 
how other authors have implemented similar ZRA systems for CMEA or 
electrochemical noise measurements can be found in [32,33]. 

The measurement frequency for each mortar specimen was set at 1 
Hz. The detectable current ranged from a minimum of − 5 μA to a 
maximum of +5 μA, with a precision of 150 pA per electrode. Consid
ering the electrode diameter (0.5 mm), this corresponded approximately 
to a maximum measurable current density of ±2.5 mA/cm2, with a 
resolution of 76 nA/cm2. Eq. (1) [34] was used to calculate the corrosion 
rate (vcorr, in μm/year) from the corrosion current density (jcorr, in μA/ 
cm2). The following values were used as constants: molar mass M =
55.845 g/mol, oxidation number z = 2, density ρ = 7.85 g/cm3 and a 
constant of 3.27 in μm g/μA cm year, as obtained from Faradays Law. 

vcorr =
3.27M

z ρ jcorr (1) 

Another assumption in the corrosion rate calculations was made, 
presuming that the corrosion damage was uniformly distributed across 
the entire cross-section of each electrode. To achieve results more akin 
to those obtained through microCT, the corrosion damage at the 
conclusion of the exposure was also calculated according to the reduc
tion in volume of each electrode, by integrating the corrosion current 
over time and calculating corrosion damage using Eq. (1). It should be 
noted that the CMEA technique cannot detect self-corrosion, a process 
where the anodic and cathodic currents are located on the same elec
trode. CMEA and microCT techniques will thus show slightly different 
results. 

2.3.2. Electrical resistance (ER) sensors 
Throughout the 52-week period of exposure corrosion was moni

tored by ER sensors. Measurements were made once per week, at the end 
of the wetting cycle. The ER sensors consisted of an etched steel plate, 
with two Wheatstone bridge resistors representing the exposed steel 
surface. Fig. 3c presents a schematic of the Wheatstone bridge, with the 
position of the resistors labelled, while Fig. 3b shows the ER sensor with 
both the protected (R) and exposed (Rx) resistors visible. The resistors 
are made of a long, thin, steel conductor, with the cross-section reducing 
as the steel corrodes. The protected resistors are made of the same ma
terial as the exposed working electrodes and are used to compensate for 
fluctuations in temperature and electrical current. A more detailed 
description, including operation of the ER sensor, can be found in 
[27,35,36]. 

Weekly measurements of ER sensors were conducted by employing a 
custom-made current generator to apply a 50 mA current to the probe. 
Two voltage readings were acquired using a Fluke 289 multimeter: the 
U12 voltage, measured across points 1 and 2, and the U34 voltage, 
measured across points 3 and 4 (refer to Fig. 3c). Subsequently, the 
methodology outlined in [35] was applied to compute the reduction in 
thickness and corrosion rate. 

Table 1 
List of specimens, indicating the technique used, the conditions of exposure 
(accelerated carbonation and/or wetting with chlorides), the time of exposure 
and steel type.  

Specimens Technique Carbonated Chlorides Exposure 
time 

Working 
electrode 

CMEA-1, 
CMEA-2 

CMEA No No 25 weeks 5 × 5 wire 

CMEA-3, 
CMEA-4 

CMEA No Yes 25 weeks 5 × 5 wire 

CMEA-5, 
CMEA-6 

CMEA Yes No 25 weeks 5 × 5 wire 

CMEA-7 CMEA Yes Yes 16 weeks 5 × 5 wire 
CMEA-8 CMEA Yes Yes 25 weeks 5 × 5 wire 
ER-01, ER- 

02, ER-03 
ER No No 52 weeks etched 

sheet 
ER-04, ER- 

05, ER-06 
ER No Yes 52 weeks etched 

sheet 
ER-07, ER- 

08, ER-09 
ER Yes No 52 weeks etched 

sheet 
ER-10, ER- 

11, ER-12 
ER Yes Yes 52 weeks etched 

sheet  

M. Hren et al.                                                                                                                                                                                                                                   



Cement and Concrete Research 181 (2024) 107545

5

2.4. Post-exposure validation 

At the end of the corrosion monitoring period, both the CMEA and ER 
specimens were non-destructively examined using an Xradia microXCT- 
400 microCT scanner (Xradia, 2012, USA). Sections of the specimens 
were scanned at 150 kV and 10 W, using a macro-objective with 0.71×
magnification. A High Energy #1 filter was used for the CMEA speci
mens and a Low Energy #3 filter for the ER specimens. The voxel sizes 
obtained were 8 μm for the former and 55 μm for the latter. 3D images 
were analysed and visualised using Dragonfly software (Comet Tech
nologies, 2023, Canada). 

3. Results 

3.1. Coupled multi-electrode arrays 

3.1.1. Spatial distribution of the anodic and cathodic currents 
The corrosion currents on 8 mortar specimens, made from the CEM I 

mortar in either a non‑carbonated or carbonated state, were monitored 
for 25 weeks using the CMEA technique. Half the specimens were 
exposed to cyclic wetting with tap water, while the other half were 
exposed to cyclic wetting using a 3.5 % NaCl solution. This created four 
specific exposure environments: non‑carbonated without chlorides, 
non‑carbonated with chlorides, carbonated without chlorides and 
carbonated with chlorides. 

The average anodic and cathodic corrosion current densities are 
summarized in Fig. 4. The specimens are grouped in quadrants, with 
each quadrant representing a specific exposure environment. The results 
are shown in array form, where the red matrices represent the anodic 
corrosion currents for each specimen, while the green matrices represent 
the cathodic corrosion currents for each specimen. The light grey circles 
indicate that no corrosion activity occurred at the electrode. The dashed 
blue line represents the group of 2 × 5 electrodes where the artificial 
void was created. The rows (1 to 5) and columns (A to E) of each array of 
electrodes are labelled accordingly. The same label nomenclature is used 
throughout this article to describe the particular electrodes of any given 
array. Specimens that were chosen for detailed temporal examination 
have a red square surrounding their label. 

Where no chlorides were present (as shown in the upper two quad
rants in Fig. 4), the behaviour of the carbonated and non‑carbonated 

mortars was similar. Almost all the anodic activity occurred where there 
was good contact with the mortar, where corrosion was moderately 
localised. The average corrosion rates on the most anodic electrodes 
were between 0.7 and 0.9 μA/cm2 in all specimens. Cathodic activity 
also predominantly occurred where there was good contact with the 
mortar, where the most anodic electrodes also showed the highest 
amount of cathodic activity. In general, the corrosion activity of elec
trodes positioned beneath the void was negligible in the specimens not 
exposed to chlorides. 

With the addition of chlorides, corrosion became more localised, 
with higher anodic corrosion currents on the most anodic electrodes. 
Specimens in the non‑carbonated mortar (Fig. 4, bottom left quadrant) 
showed higher average anodic currents compared to specimens without 
chlorides, reaching a value of 2.5 μA/cm2 on the most active electrode 
(A1) for CMEA-3 specimen, and 3.7 μA/cm2 on the most active electrode 
(A2) for CMEA-4 specimen. As with the non-chloride specimens, both 
the anodic and cathodic activity primarily occurred where there was 
good contact with the mortar, whereas electrodes positioned beneath 
the void participated in the anodic and cathodic corrosion activity only 
to a minor degree. As noticed previously, the electrodes which exhibited 
high anodic activity (e.g., A1 electrode in both specimens) tended to also 
exhibit high cathodic activity in this environment. 

In contrast to in the other 3 environments, significant corrosion ac
tivity was observed in the carbonated mortar wetted with chlorides 
(Fig. 4, bottom right quadrant), both where there was good contact with 
the mortar as well as where there was contact with the void. The anodic 
current density for the CMEA-7 specimen reached a value of 11.8 μA/ 
cm2 under the mortar, and a value of 2.6 μA/cm2 next to the void, while 
the values for CMEA-8 specimen were 3.3 μA/cm2 under the mortar and 
5.3 μA/cm2 next to the void. These higher corrosion currents made 
carbonated environment with chlorides the most corrosive environment 
tested. The highest cathodic activity was also distributed across the 
electrodes positioned both under the void and next to the mortar. 

3.1.2. Corrosion propagation over time 
To show the temporal response of the CMEA experiment, 1 specimen 

from each of the 4 exposure conditions was chosen for detailed analysis. 
The results are presented in Figs. 5–8. Up to 8 of the most active / 
participating electrodes were emphasized with coloured lines in order to 
obtain a better representation of the corrosion activity on the specimen. 

Fig. 3. (a) schematic representation of the Coupled Multi-Electrode Array (CMEA) system, (b) the Electrical Resistance (ER) sensor, and (c) the principle of operation 
of the Wheatstone bridge used in the ER sensors. 
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The electrodes in contact with the mortar are represented by solid lines, 
while the electrodes positioned beneath the void are represented by 
dashed lines. Each figure is also equipped with a matrix diagram 
showing the colour represented by each electrode, an array of the 
average corrosion rates across the entire exposure period, and light blue 
lines representing the wetting periods, with the consecutive cycle 
numbers outlined above. 

Fig. 5 shows the corrosion current densities for the non‑carbonated 
specimen without exposure to chlorides (CMEA-2). Corrosion initiated 
after 9 weeks of exposure, during the 10th wetting cycle. Between cycles 
10 and 15, several electrodes under good contact with the mortar (e.g. 
B3, C2 and E2) were anodic over a single wetting cycle, but then became 
cathodic in one of the consequent cycles. Only after cycle 15 did elec
trodes A1 and E1 become anodic for multiple successive cycles, whilst 
several other electrodes also in contact with the mortar remained 

cathodic. Each wetting cycle showed a repeating pattern (Fig. 5d), 
whereby the corrosion current of an anodic electrode spiked when 
wetting was initiated, started dropping as the oxygen became depleted, 
then spiked again shortly after the start of the 5-day drying period. 
During the spikes, the corrosion rates briefly reached values of 500 μm/ 
year. Overall, the corrosion behaviour of the CMEA-2 specimen in good 
contact with the mortar is typical of uniform corrosion with some 
localised areas, whereas the anodic and cathodic corrosion activity 
directly under the void remained comparatively low. 

Fig. 6 shows the corrosion current densities for the non‑carbonated 
specimen with chlorides (CMEA-3). Corrosion initiation started imme
diately; beginning in the 1st wetting cycle and continuing up until week 
19, electrode A1 was consistently anodic, even during the drying pe
riods. The average corrosion rate on this electrode was around 50 μm/ 
year, with short-term peaks reaching approximately 150 μm/year. 

Fig. 4. Average corrosion current densities measured on the 8 specimens throughout the cyclic wetting exposure. Each quadrant represents a specific exposure 
environment. The red arrays represent anodic currents on any given specimen, while the green arrays represent cathodic currents. The colour scale is logarithmic. 
The electrodes positioned directly beneath the void are indicated by the rectangle marked with a blue dashed line. Specimens that were chosen for detailed temporal 
examination have a red square surrounding their label. (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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Fig. 5. (a) Corrosion current densities measured on the 25 electrodes of the CMEA-2 specimen (non‑carbonated, no chlorides). (b) An array showing the average 
corrosion rates across the entire period of exposure. (c) The most active electrodes are shown in colour. The electrodes beneath the void are indicated by the rectangle 
marked with a blue dashed line. (d) Detailed view of a typical wetting cycle, when corrosion initiates, as marked on graph (a) with a black rectangle. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. (a) Corrosion current densities measured on the 25 electrodes of the CMEA-3 specimen (non‑carbonated, with chlorides). (b) An array showing the average 
corrosion rates across the entire period of exposure. (c) The most active electrodes are shown in colour. The electrodes beneath the void are indicated by the rectangle 
marked with a blue dashed line. (d) Detailed view of a typical wetting cycle, when corrosion initiates, as marked on graph (a) with a black rectangle. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. (a) Corrosion current densities measured on the 25 electrodes of the CMEA-6 specimen (carbonated, no chlorides). (b) An array showing the average 
corrosion rates across the entire period of exposure. (c) The most active electrodes are shown in colour. The electrodes beneath the void are indicated by the rectangle 
marked with a blue dashed line. (d) Detailed view of a typical wetting cycle, when corrosion initiates, as marked on graph (a) with a black rectangle. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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During this period, the main cathodic reactions occurred on the void- 
covered electrodes E5, C4 and B4. The behaviour described is typical 
of pitting corrosion. After week 19, other electrodes (D3 and C3) also 
started to exhibit (localised) anodic behaviour, while the A1 electrode 
started to behave almost exclusively cathodically. Virtually all the 
anodic and cathodic corrosion activity occurred beneath the mortar 
during this period, with the exception of the electrode C4, which briefly 
became anodic after cycle 22. 

Fig. 7 shows the corrosion current densities for the carbonated 
specimen without chlorides (CMEA-6). On electrode C1 (beneath the 
mortar), corrosion initiated after 8 weeks of exposure. The corrosion was 
localised, but, unlike consistent pitting corrosion, the anodic reaction 
only reactivated during the wetting cycles then died down during the 
drying cycles (Fig. 7d). Wetting cycle 16 pushed the C1 electrode to
wards the cathodic region, while another electrode (A3) became acti
vated anodically. Similar to electrode C1, the behaviour of the A3 
electrode was localised and it transitioned to cathodic behaviour after 4 
wetting cycles. Starting from the 20th cycle, several other electrodes 
beneath the mortar became anodic, which was more akin to uniform 
corrosion. The cathodic reactions also occurred almost exclusively 
beneath the mortar throughout the entire exposure period. Of the 
electrodes positioned directly under the void, only the B4 electrode 
became slightly cathodic, during the second part of the exposure, while 
no anodic activity was recorded directly under the void. 

Fig. 8 shows the corrosion current densities for the carbonated 
specimen with chlorides (CMEA-8). As with the non‑carbonated spec
imen with chlorides (Fig. 6), corrosion initiated (on electrode A4) 
immediately after the first wetting cycle. Corrosion was localised and 
persisted through multiple wetting and drying cycles, which is indica
tive of pitting corrosion. Unlike its non‑carbonated counterpart, how
ever, the corrosion initiated under the void as opposed to under the 
mortar. Indeed, the second electrode to exhibit anodic (localised) 
behaviour (electrode D4), which initiated after wetting cycle 12, was 
also positioned under the void. From cycle 16 onwards, several other 
electrodes, positioned both beneath the mortar (B3, D1, D3) and under 
the void (A5), started to behave anodically and show signs of localised 
corrosion. Throughout the exposure, cathodic activity was distributed 
more evenly between the void and mortar areas of the electrodes, 
slightly favouring the former. 

3.1.3. MicroCT post-exposure validation 
At the end of the 25-week period of exposure, non-destructive post- 

exposure analysis was conducted on the 8 CMEA specimens using a 
microCT scanner, the results of which are presented in Fig. 9. The 

specimens are grouped in quadrants, with each quadrant representing a 
specific exposure environment. The image on the left of each specimen 
shows a cross section of the specimen with the void, mortar and steel 
electrodes all visible. The location of the cross section is identified on the 
3D image (red line), which gives a visual representation of the corrosion 
damage according to microCT scanning. For select electrodes, damage 
volumes were obtained using the microCT technique, by calculating the 
difference between the initial volume of the electrodes and their volume 
after the corrosion damage had occurred. Due to limits in the microCT 
resolution, most of the electrodes could not be quantified if their 
calculated damage from the CMEA technique was below 1 × 106 μm3, so 
the comparison will only be done qualitatively, by comparing these 3D 
images with the average anodic corrosion current densities shown in 
Fig. 4. 

A qualitative comparison of the results shows that, on most of the 
electrodes, the damage calculated using the CMEA technique is com
parable to the visual damage obtained using the microCT technique. 
There are no indications of crevice corrosion between the protective 
epoxy and the steel, as most of the electrodes exhibit corrosion damage 
along their cross section rather than along the length of their side. The 
discrepancies that exist between the visual representation and the 
calculated damage can be explained by the low overall amount of 
damage on most of the electrodes, which increases the margin of error as 
a result of limits in the microCT resolution. 

Heavily damaged electrodes were analysed quantitatively, and the 
results are presented in Table 2. Results of the CMEA and microCT 
techniques appear to be well matched, with the values of corrosion 
damage calculated from the CT scans being approximately 20 to 30 % 
higher. This error is common, as the CT scan is limited by its resolution, 
meaning a slight overestimation is made so as to err on the side of 
caution. Additionally, microCT will also capture any damage that occurs 
due to self-corrosion in the electrodes (where cathodic and anodic lo
cations exist on the same electrode). Self-corrosion is not recorded by 
the CMEA technique, so it is always expected that the damage estimated 
by microCT will be slightly higher than that estimated from the CMEA 
measurements. A clear example of self-corrosion is electrode A1 on 
CMEA-7 specimen, as it is common for self-corrosion to occur along the 
side of the electrode. 

3.2. Electrical resistance sensors 

3.2.1. Thickness reduction over time 
The reduction in thickness of the electrical resistance (ER) sensors 

was monitored for 52 weeks on 12 mortar specimens made from CEM I 

Fig. 8. (a) Corrosion current densities measured on the 25 electrodes of the CMEA-8 specimen (carbonated, with chlorides). (b) An array showing the average 
corrosion rates across the entire period of exposure. (c) The most active electrodes are shown in colour. The electrodes beneath the void are indicated by the rectangle 
marked with a blue dashed line. (d) Detailed view of a typical wetting cycle, when corrosion initiates, as marked on graph (a) with a black rectangle. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mortar in either a non‑carbonated or carbonated state. Half of the 
specimens were exposed to cyclic wetting with tap water, while the 
other half were exposed to cyclic wetting with a 3.5 % NaCl solution. 
This created four specific exposure environments (non‑carbonated 
without chlorides, non‑carbonated with chlorides, carbonated without 
chlorides and carbonated with chlorides), each consisting of 3 identical 
specimens in parallel. 

The reduction in thickness of the ER sensors is shown in Fig. 10. The 
specimens are grouped in quadrants, with each quadrant representing a 
specific exposure environment and displaying all 3 identical specimens 
in parallel. The solid lines represent corrosion of the sensor under the 
mortar, while the dashed lines represent corrosion of the sensor under 

the artificially-produced void. 
The lowest reduction in thickness was recorded on the non‑carbo

nated specimens without chlorides (Fig. 10, upper left quadrant). 
Slightly higher corrosion rates (5 μm/year) were recorded on the ER-01 
specimen under good contact with the mortar, while extremely low 
corrosion rates (1 μm/year) were recorded on all other specimens, both 
under the void and next to the mortar. 

When chlorides were introduced to the non‑carbonated mortars, the 
corrosion rates increased significantly (Fig. 10, bottom left quadrant). 
Corrosion first initiated on the sensors in good contact with the mortar, 
with corrosion rates of up to 220 μm/year recorded during the first 10 
weeks of exposure. Sensors under the void corroded significantly slower 

Fig. 9. A volumetric visual representation of the corrosion damage obtained using microCT (image on the right-hand side of each specimen) and a cross-sectional 
image of the electrodes with the mortar and void both visible (left-hand image in each quadrant). The electrodes positioned beneath the void are indicated in the 
rectangle marked with a blue dashed line, while the locations of the cross sections are indicated by the red lines underneath the 3D images. 
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during the same period, reaching average corrosion rates of only about 
15 μm/year. After week 10, however, similar corrosion was observed on 
the sensors under the voids, reaching corrosion rates of 110 μm/year 
between weeks 15 and 20. Due to the nonlinear change in sensor 
thickness, it is expected that the corrosion was highly localised. 

The carbonated specimens without chlorides (Fig. 10, upper right 
quadrant) first start to corrode where they were in good contact with the 
mortar. The corrosion rate was around 20 μm/year during the first 10 
weeks of exposure, while no corrosion activity was recorded in the 
sensors under the void in the same timeframe. After about 15 weeks of 
exposure, the corrosion rates under the mortar increased significantly, 
up to 130 μm/year, while the sensors under the void also started to 
corrode, although at much slower corrosion rates of about 15 μm/year. 
Higher corrosion rates in the ER sensors under the void were only 
recorded after about 35 weeks of exposure, reaching rates between 20 
and 50 μm/year, depending on the specimen. 

The last combination of mortar properties studied were the carbon
ated mortars contaminated with chlorides (Fig. 10, bottom right quad
rant). Corrosion first initiated where there was good contact with the 
mortar, with the corrosion rate reaching about 20 μm/year in all 3 
specimens. After 10 weeks of exposure, corrosion initiated beneath the 
void in specimen ER-11, immediately reaching a high corrosion rate of 
110 μm/year. The same phenomenon occurred beneath the void of 
specimen ER-10 after 25 weeks of exposure, where an even higher 
corrosion rate of 400 μm/year was detected. Throughout this period, 
and until the end of the exposure, moderate corrosion activity continued 
to occur on the sensors in good contact with the mortar, with corrosion 
rates varying between 20 and 60 μm/year. 

3.2.2. Post-exposure microCT validation 
Corrosion damage was scanned and assessed using microCT in order 

to validate the ER results, evaluate the shape and dimensions of the void, 
and to characterize the type of corrosion damage. The microCT results 
for 4 representative specimens are presented in Fig. 11, divided into 
groups based on the carbonation and chloride state of the mortar. For 
each specimen, a top-down view of the sensor at the end of exposure is 
shown on the left, and a cross section of the same sensor shown on the 
right. The electrodes positioned under the void are indicated by the 
rectangle marked with a blue dashed line. The microCT results for all 
other specimens are available in the supplementary material. 

No corrosion damage was visible on any of the specimens made from 
non‑carbonated mortars without chlorides. These results are expected, 
as corrosion rates of 5 um/year or lower will not cause significant 
corrosion damage over a 1-year period of exposure. Furthermore, any 
potential damage caused would be below the resolution threshold of the 
microCT scans. The specimens were also used to evaluate the width of 
the void, which, on average, was about 0.5 mm thick. 

In the non‑carbonated mortars contaminated with chlorides, severe 
damage was observed on all specimens, both under the mortar and 
beneath the void. This was as expected, based on the ER sensor analysis. 
In both cases the corrosion damage is localised, but near the void the 

damage is more clustered and concentrated around a single location, 
whereas under the mortar it occurs in the form of small pits. Observation 
of the cross sections reveals that the corrosion products fill the gap 
where the steel electrodes were initially located. 

Significant corrosion only occurred on the electrodes in carbonated 
mortar without chlorides where there was good contact with the mortar. 
The corrosion seemed to be more uniformly distributed across the sur
face of the ER electrodes in these samples, covering about 50 % of the 
total sensor surface area. Only small traces of localised corrosion were 
visible on the electrodes positioned under the void. The damage was 
most pronounced on specimen ER-09. The cross-sectional images 
display the presence of some corrosion products, but in some locations 
the ER electrode has corroded, leaving the space it occupied now empty 
(ER-08). 

In the carbonated mortar contaminated with chlorides, in 2 of the 
specimens (ER-10, ER-11) significantly more damage is observed on the 
ER electrodes under the void, while in specimen ER-12 there seems to be 
no corrosion at all beneath the void (available in the supplementary 
material). In the first 2 specimens the type of corrosion is very general, 
covering at least 70 % of the electrode’s total surface area. The elec
trodes in contact with the mortar show comparatively less damage, and 
the damage is more localised, covering a smaller surface area than the 
damage beneath the voids. It is worth noting that the cross-sectional 
view of specimen ER-12 shows the formation of a very narrow void, 
which could explain the differing corrosion behaviour in this specimen. 

4. Discussion 

4.1. Spatial distribution of the corrosion 

With regards to how the corrosion damage is distributed around any 
voids present on the steel concrete interface, researchers have found that 
damage can occur both inside and outside these features. Angst et al. [7] 
completed a comprehensive review of the steel-concrete interface in the 
presence of chlorides, and proposed that the water content inside the 
voids determines where corrosion is initiated. Specifically, only voids 
that are sufficiently saturated (which, for larger air voids in a real 
structure would typically take years to occur) will provide the necessary 
conditions for anodic locations to occur within a void. Other researchers 
[37,38] observed that corrosion often occurred inside and in proximity 
with interfacial air voids, implying that there are other factors at work. 
Glass et al. [39], for example, found that a decrease in the number of 
voids led to a proportionate decrease in the amount of corrosion dam
age, due to the buffering effect of hydroxyl ions in the cement paste, 
which covers a larger surface area of the steel in structures with less 
defects. 

In the present research we found that, in most cases, corrosion 
damage first initiated outside the voids, where there was good contact 
with the mortar (the exceptions to this will be discussed later). This type 
of initiation aligns more with the saturation theory proposed by Angst 
et al. [7], as it would not be expected for the voids to be adequately 
saturated until a given number of wetting cycles had occurred. This 
happened after about 10–15 wetting cycles (Figs. 5, 7 and 10), at which 
point corrosion also started to initiate inside the voids, dependent on 
both the state of the mortar as well as the specimen type (the width of 
the voids being 0.3 mm and 0.5 mm, respectively). This would imply 
that, at this point, the voids were sufficiently saturated for corrosion 
processes to take place, suggesting that time plays an important role 
when assessing the occurrence of damage around voids and crevices. 
Furthermore, this theory does not contradict the research mentioned 
previously, where significant corrosion damage was found both within 
and in the vicinity of voids, as the specimens evaluated in that study 
were exposed for several years or even several decades. 

The average corrosion rates followed the same trend as that observed 
with corrosion initiation, i.e. the average corrosion rates of electrodes 
under good contact with the mortar were initially higher than those of 

Table 2 
Quantitative analysis of the CMEA and microCT damage volumes on select 
electrodes (106 μm3).  

Specimens Carb. Cl− Electrode CMEA microCT 

CMEA-3  × A1  2.7  3.2 
CMEA-4  × A1  1.6  2.3 
CMEA-4  × A2  3.8  3.2 
CMEA-4  × D2  1.5  2.4 
CMEA-7 × × A1  8.2  11.1 
CMEA-7 × × B5  1.8  2.1 
CMEA-8 × × A5  5.7  6.2 
CMEA-8 × × A4  3.9  5.8 
CMEA-8 × × D3  3.6  4.0 
CMEA-8 × × D4  3.6  4.6  

M. Hren et al.                                                                                                                                                                                                                                   



Cement and Concrete Research 181 (2024) 107545

11

the electrodes inside the voids. This is summarized in Fig. 12, where the 
average corrosion rates for each specimen are plotted, grouped ac
cording to the location (under the void or the mortar), the carbonation 
state and the presence of chlorides. On average, the rates of corrosion 
under the mortar were about a decade higher than those beneath the 
void. This difference was higher in the measurements determined by 
CMEA compared to the ER measurements, indicating that the width of 
the void played an important role in the corrosion rates measured. The 
CMEA technique generally detects localised corrosion with higher 

accuracy than the ER technique, so the differences in corrosion rate 
measurements could probably, in part, also be assigned to the charac
teristics of the measuring techniques. In the chloride mortars, corrosion 
rates on the electrodes positioned beside the voids became progressively 
higher as the period of exposure progressed beyond 25 weeks, achieving 
similar magnitudes to as those observed directly beneath the mortar 
(Fig. 10). The research mentioned previously [37], conducted on 20 year 
old specimens, found that the corrosion damage next to the voids was 
the most severe, which would imply that the corrosion rates inside the 

Fig. 10. ER sensor thickness reduction measurements for all ER specimens. Each quadrant represents a specific exposure environment and displays the 3 identical 
specimens in parallel. 
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Fig. 11. Visual representation of the corrosion damage on 4 representative ER specimens obtained using the microCT technique, and characteristic cross sections (in 
red bordered rectangles) showing the artificially produced void, the mortar and the ER sensor. Location of the cross-section is shown by a red solid line on the left. 
The ER elements positioned under the void are indicated by the rectangle marked with a blue dashed line. (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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voids could continue to increase over many years, as the voids become 
progressively more saturated with chlorides. It is important to note that 
there was significant scatter with respect to the corrosion rates inside the 
voids, which would likely indicate that influential factors not monitored 
during this research were in play. 

One often overlooked aspect not shown by Fig. 12 is the location of 
the cathodic reactions, which can be seen using the CMEA technique. 
Surprisingly, in most specimens, the steel area directly beneath the void 
did not participate significantly in the current exchange, with only very 
minor cathodic or anodic currents detected in this area. One of the more 
common corrosion-related theories connected to air-filled voids on the 
steel-concrete interface is the suggestion that air trapped inside the void 
provides a sufficient supply of oxygen for the cathodic reaction. These 
results show that, at least during the early onset of corrosion and 
corrosion initiation, the oxygen inside the air void is not usually 
reduced. Rather, it either stays dormant and seldomly participates in the 
redox reaction, slowly permeates inside the concrete pore structure to
wards the cathodic sites, or becomes dissolved in the solution as the void 
becomes slowly saturated. It appears that the void and mortar can act as 
separate electrochemical systems until either sufficient saturation time 
passes, or certain conditions regarding the pH and chloride levels on the 
steel surface are met (see Section 4.3 Effects of chlorides and carbon
ation). Once these conditions occur, electrodes both under the mortar 
and beneath the void can pass from the anodic to the cathodic side (and 
vice versa) during a single wetting and drying period, as is the case in 
Fig. 8d. 

4.2. Void geometry and location 

Another topic regarding the influence of voids on the steel-concrete 
interface which is seldomly discussed is the void geometry. More spe
cifically, what is the width of the void where corrosion stops behaving 
like corrosion in a bulk pore solution and starts behaving more like 
crevice corrosion? A group of papers [40–42] conducted in a simulated 
concrete environment examined corrosion processes inside a tapered 
crevice of variable thickness. It was discovered that at both the mouth of 
the crevice (3 mm) and near the tip of the crevice (0.3 mm), the 
corrosion current was in fact cathodic, while currents in the middle of 
the tapered crevice were anodic. This behaviour is more common for a 
bulk solution, as crevice corrosion usually promotes anodic activities 
close to the tip, where oxygen depletion is highest and diffusion of the 

bulk solution is lowest [43]. Recently, a study on crevice corrosion in 
steel liners in concrete was also published [17]. Generally, the crevice 
corrosion evident was found where there was close contact between the 
mortar and the steel, while a gap of 1 mm had no effect on the type of 
corrosion. 

The width of the gap used in this research was verified using 
microtomography, and was shown to be around 0.3 mm for the CMEA 
specimens and 0.5 mm for the ER specimens (Figs. 9 and 11). Based on 
the research mentioned above and the results obtained in this study, we 
believe that this width is not sufficient to promote crevice corrosion. 
Gaps much smaller than 0.1 mm are likely needed for crevice corrosion 
experiments. It is, however, not clear how the transport of water, oxygen 
and chlorides through crevice walls contributes to the typical crevice 
corrosion mechanism along a crevice. In addition, the following ques
tion arises: if the width of the gap needs to be particularly small to 
promote crevice corrosion, what if a crevice was unintentionally formed 
where there was good contact with the mortar? This would partly 
explain the more anodic behaviour of the steel under the mortar, but the 
lack of cathodic reactions directly beneath the void (i.e. in the bulk 
solution) remains unexplained. Either way, a gap of 10 μm or smaller 
would not be accurately detected using the current specimen sizes and 
microCT technology, so smaller CMEA specimens, both in terms of the 
size of the electrodes and the overall dimensions, would be needed to 
test the effects of such crevice corrosion. 

4.3. Effects of chlorides and carbonation 

As part of the experimental phase, both carbonation and chlorides 
were used to initiate corrosion. This resulted in 4 unique mortar states: 
non‑carbonated without chlorides, non‑carbonated with chlorides, 
carbonated without chlorides and carbonated with chlorides. If we look 
back at Fig. 10 and Fig. 12, we can observe that most of the corrosion 
behaviour discussed so far generally applies to all four of the mortar 
states. The average corrosion rates during the first 26 weeks of exposure 
were higher where there was good contact with the mortar compared to 
in the electrodes in contact with the void, while the corrosion rates by 
the void comparatively increased during the second half of the exposure 
period. In most cases corrosion also initiated beneath the mortar first. 
Chloride-contaminated mortars exhibited more localised corrosion, with 
higher average corrosion rates and slower drying capabilities, due to the 
higher water retention, all of which are known effects of chloride 

Fig. 12. An overview of the average corrosion rates obtained from the CMEA and ER techniques, grouped according to the carbonation state, the presence of 
chlorides (as indicated by the blue chloride droplet icon), the technique used (red versus blue) and the type of contact (next to the void shown by the dashed lines and 
circles, whereas contact with the mortar is indicated by the solid lines and crosses). (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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contamination [44,45]. There are, however, some specific aspects to 
each mortar state, such as initiation times and participation of the void 
steel surface, which will be discussed next. 

Initiation times were generally much faster in the chloride- 
contaminated concrete, suggesting that the build-up of sufficient chlo
ride for depassivation occurred much faster than the build-up of suffi
cient moisture required in the mortars not contaminated with chlorides. 
This was true when using both the CMEA and ER techniques, where 
corrosion initiated within the first week of exposure in the chloride- 
contaminated mortars, while it took roughly 8 to 10 weeks of expo
sure for the non-chloride specimens to indicate any significant corrosion 
activity. This was true even in the case where there were no chloride ions 
or carbonation present. Corrosion in this environment likely occurred 
due to a relatively high water-to-cement ratio resulting in a higher-than- 
normal total porosity, which allowed water and oxygen to permeate 
quickly towards the steel surface, and the presence of features on the 
steel-concrete interface (pores, voids, mill scale, cracks, etc.). 

Generally, the steel surface under the void did not show any signif
icant participation in current exchange until later in the exposure period 
(around the 15th week). The only exception to this was the carbonated 
and chloride-contaminated mortar, where corrosion initiated and ach
ieved high corrosion rates under the void first. One explanation for this 
behaviour could be the previously-mentioned buffering effect of the 
hydroxyl ions [39] where there was good contact with the mortar, where 
slightly higher pH values are present locally in direct contact with the 
cement paste. The void, on the other hand, contained both the lower pH 
solution and chlorides representative of the bulk pore solution, which 
depassivated the steel faster and produced anodic locations. Addition
ally, we have previously shown in pore solution experiments that the 
combination of carbonated mortar and chlorides tends to depassivate 
steel more evenly and produce more unstable corrosion products, 
further increasing corrosion [46,47]. It was resolved that, in these 
specimens, the combined exposure to carbonation and chlorides initi
ated fairly intensive corrosion processes that generated a distinct layer 
of corrosion products. Presumably, this layer reduced the width of the 
void, and would consequently induce a kind of crevice corrosion process 
over time. 

4.4. Proposed corrosion mechanisms 

Based on the results discussed, specific environmental corrosion 
mechanisms are proposed that potentially take place around voids 
during initiation, during early corrosion propagation, before the voids 
have become sufficiently saturated with electrolytes, and during late 
corrosion propagation. Models proposed for the locations of the cathodic 
and anodic sites around the voids are presented in Fig. 13. The red 
crosses represent the anodic sites, while the green crosses represent the 
cathodic sites. 

With mechanism (a), the anodic and cathodic sites are both located 
under the mortar. This mechanism was predominantly found in the 
mortars not contaminated with chlorides and occurred before the voids 
became sufficiently saturated with the solution. This mechanism was 
typically only in effect during the wetting periods, with its effect 
completely diminished during the drying period. The current densities 
that represent this mechanism were adapted from Fig. 5d. 

Mechanism (b) was generally observed in the chloride-contaminated 
concretes with non-saturated voids. The anodic and cathodic sites were 
predominantly found under the mortar, but non-negligible cathodic 
currents could also appear inside the void. This mechanism was present 
during both the wetting and drying phases, as the chloride- 
contaminated mortar could not sufficiently dry out between wetting 
cycles. The current densities that represent this mechanism were 
adapted from Fig. 6d. 

With mechanism (c) the anodic and cathodic currents are distributed 
roughly equally between inside the void and under the mortar. This was 
only observed in the carbonated mortars contaminated with chlorides, 

and the mechanism was present during both the wetting and drying 
periods. As mentioned previously, with this mechanism certain elec
trodes passed from one state to another (i.e. anodic to cathodic or vice 
versa), either during the wetting and drying periods or within a single 
wetting period. This implies that an electrochemical cell developed 
between the void and under the mortar, but under specific conditions 
during wetting and drying, two separate electrochemical cells might also 
exist. It is also believed that a process similar to mechanism (c) could 
also be present in mortars with sufficiently saturated voids. This would 
explain the severe corrosion damage found under voids and concrete 
defects in structures over longer periods of exposure [6,7]. This could 
not be proven in this study, however, as the CMEA experiments were not 
long enough for such mortar states to be obtained. The current densities 
that represent this mechanism were adapted from Fig. 8d. 

5. Conclusions 

Corrosion phenomena that occur around voids at the steel-concrete 
interface (SCI) were thoroughly studied and evaluated. The evolution 
of corrosion processes was monitored using the coupled multi-electrode 
array (CMEA) technique and electrical resistance (ER) sensors, and the 
corrosion damage following exposure was assessed by microCT. Corro
sion was initiated by wetting with chloride ions and using carbonation, 
creating 4 specific exposure environments: non‑carbonated without 
chlorides, non‑carbonated with chlorides, carbonated without chlorides 
and carbonated with chlorides. The following conclusions summarize 
the most important findings:  

1. The width of the void (between 0.3 and 0.5 mm) was assessed to 
promote corrosion similar to that found in air voids and larger 
cracks. In most mortar specimens, corrosion damage first initiated 
outside of the voids, where there was good contact with the mortar. 
The average corrosion rates were also generally higher under the 
mortar as opposed to inside the voids. Inadequately saturated voids 
were found to be the most likely cause of this corrosion behaviour.  

2. Although certain indications of crevice corrosion were expected with 
formation of the void, this type of corrosion was not observed. It 
might be assumed that the width of the void was too large, since no 
clear separation was detected between the anodic and cathodic sites 
beneath the void and under the mortar.  

3. Chloride contamination had some predictable and known effects on 
corrosion: more localised corrosion occurred with faster corrosion 
initiation and higher average corrosion rates, while the drying 
capability of the mortar was lower. When the carbonated mortar was 
contaminated with chlorides, corrosion initiated and achieved high 
corrosion rates under the void first. This was in contrast to the other 
mortar conditions, where both the anodic and cathodic activity was 
more pronounced under the mortar.  

4. Throughout the phases of corrosion initiation and early propagation, 
the steel beneath the voids barely participated in the electrochemical 
reactions. The only exception to this was the carbonated mortar 
contaminated with chlorides. It seems that the void and mortar can 
act as separate electrochemical cells until either enough saturation 
time passes or certain conditions regarding the pH and chloride 
levels on the steel surface are fulfilled.  

5. Three different corrosion mechanisms were proposed, taking into 
account the locations of the anodic and cathodic sites relative to the 
position of voids. The individual mortars with differing carbonation 
states and levels of chloride contamination were evaluated with 
respect to the most feasible mechanisms for corrosion initiation and 
early propagation.  

6. Since a fairly long wetting period may be required to saturate the 
voids, our outcomes could not be directly extrapolated to the long- 
term evolution of corrosion. In addition, the growth of corrosion 
products can also affect these processes, either in terms of the 
corrosion rate or the localization of anodic and cathodic sites. These 
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Fig. 13. The proposed models for the location of cathodic and anodic sites around voids at the steel-concrete interface. The red crosses indicate the anodic sites, 
green crosses indicate the cathodic sites, and the dashed blue lines indicate adsorbed water on the surface of the void and in the cement matrix: (a) anodic and 
cathodic sites are both located under the mortar, (b) anodic sites are located under the mortar and cathodic sites are located both under the mortar and beneath the 
void, but with a higher amount under the mortar, (c) anodic and cathodic sites are located both under the void and beneath the mortar in roughly equal amounts. 
Anodic and cathodic y-axis are not in scale to better visualise corrosion activity. (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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issues should take considerable attention in further research, 
through the implementation of longer exposure periods and addi
tional analytical techniques. 
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