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� Eight 20-years-old corroding reinforced concrete cores are studied through X-ray CT.
� OPC-specimens had lower corrosion resistance than blended-cement specimens.
� The deepest pits are found at the outer side of the steel and close to interfacial voids.
� Interfacial voids should be considered the locations where pits propagate the most.
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Although reinforcement corrosion is a well-known issue, which are the locations of the steel/concrete
interface most sensitive to pitting corrosion is still an unclear issue. In this study, X-ray computed tomog-
raphy is used to characterize eight 20-years-old reinforced concrete cores naturally deteriorated due to
chloride-induced corrosion. The deepest and most frequent corrosion pits were observed at the portion
of the reinforcement oriented to the outdoor environment and in proximity to interfacial air voids.
Therefore, the presence of interfacial air voids should be considered as a relevant factor when assessing
the risk of corrosion of reinforced concrete structures.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride-induced corrosion of steel reinforcement is a common
cause of deterioration for reinforced concrete structures [1]. It
involves the dissolution of iron and the subsequent formation of
iron oxides due to the presence of a chloride content at the rein-
forcement higher than the chloride threshold value for corrosion
initiation. The chloride threshold value is defined as the critical
chloride content (Ccrit) that causes corrosion initiation and this is
one of the main parameters considered when assessing the corro-
sion risk for reinforced concrete structures [2]. However, corrosion
initiation is reported to be highly dependent on many inter-related
parameters, such as the quality of the steel/concrete interface, the
chemistry of the concrete pore solution, the steel potential, the ori-
entation of the reinforcement with regard to the concrete casting
direction [3]. Hence, there is indication that Ccrit as single parame-
ter does not adequately describe reality when assessing corrosion
risk, but that it should be considered in combination with other
factors, whose presence is reported to locally influence the initia-
tion of chloride-induced corrosion [4]. Among others, these factors
include macro-pores, air voids and cracks [3].

Some studies reported that defects at the steel/concrete inter-
face (SCI) are required for initiation of corrosion of the reinforce-
ment [5–8]. When no defects are present at the SCI, strong and
dense contact between steel and concrete is reported to provide
physico-chemical protection for corrosion thanks to the buffering
effect given by the concrete matrix that prevents the pH to drop
due to the corrosion pit formation [5]. Hence, if the number of
defects at the SCI decreases, corrosion would be significantly inhib-
ited [9]. This statement is also confirmed by Glass et al. [10], who
observed that the chloride threshold value for corrosion initiation
of steel increases if the percentage of air voids at the SCI decreases.
However, recent studies reported that defects at the SCI did not
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Table 1
Chloride content (% by mass of cement) at 10 mm depth measured at after 26 weeks
of salt/dry exposure and corrosion probability of rebars at 10 mm cover depth at
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have any influence on corrosion initiation under certain environ-
mental conditions [11,12]. Angst et al. [4] observed by visual
inspection that the location of corrosion onset did not coincide
with the location of interfacial air voids. They suggest this is
because the voids were not saturated. So, the lack of electrolyte
at these locations could prevent corrosion to initiate. Boschmann
et al. [12] found that corrosion initiation in the majority of cases
did not occur at air voids in cores taken from existing structures,
that were exposed in the laboratory to chloride solution. Although
several studies have been conducted on the influence of interfacial
defects for corrosion initiation [4–13], on-going research on the
topic highlights the importance to clarify if, and how, interfacial
voids may affect the chloride critical value and so initiation of
corrosion.

In this study, characterization of 20-year-old reinforced con-
crete specimens was conducted through X-ray Computed Tomog-
raphy (CT-scan or X-ray CT) and image analysis. During the last
decade CT-scanning became a popular non-destructive technique
for monitoring corrosion of the reinforcement in concrete.
Recently, it has been used to identify and analyze location of the
air voids within the concrete matrix [14], porosity of concrete
[15], initiation of corrosion [16], and to characterize corrosion pro-
duct at the steel/concrete interface [17]. The non-destructive prin-
ciple of X-ray CT, in combination with the natural deterioration
that specimens were subjected to, allowed to avoid any approxi-
mations due to destructive analysis of the SCI as well as due to cor-
rosion acceleration under laboratory conditions (i.e. anodic
polarization), which might influence how and where the corrosion
occurs. The main aim of this study was to analyze and to quantify
the depth and the amount of corrosion pits with regard to the pres-
ence of defects at the SCI and to the outside/inside oriented portion
of the reinforcement. Also, the volume loss of steel due to corrosion
after 20 years of natural exposure was quantified, and the pit dis-
tribution along the reinforcement was analyzed.
52 weeks age (data from [19]). Each chloride content is the average of measurements
from 6 specimens. Only specimens with w/c of 0.55 are considered.

Cement type Chloride content at 10 mm
depth in % by mass of cement
(average of 6 specimens)
at 26 weeks after casting

Probability of corrosion for
rebars at 10 mm depth at
52 weeks after casting

CEM I Around 3.0% 100
CEM II/B-V Around 4.5% 100
CEM III/B Around 2.5% 100
CEM V/A Around 2.5% 100
2. Materials and methods

2.1. Specimen preparation and X-ray computed tomography

In this study, eight reinforced concrete cores were analyzed through CT-
scanning. The cores were drilled out of eight 20-years-old prisms cast in 1998 by
Polder et al. [18] with dimensions equal to 300 mm � 100 mm � 100 mm, which
were part of a larger series of around 200 specimens. The prisms analyzed in this
study were cast with four different cement types (CEM I, CEM II/B-V, CEM III/B,
CEM V/A), same water/binder ratio (0,55) and they were made with siliceous river
Fig. 1. Schematic representation o
material as aggregate with a maximum diameter (Dmax) of 8 mm. Fig. 1 shows the
geometrical representation of the prisms. In each prism, two groups of three
smooth mild steel bars of 8 mm diameter were embedded at 10 mm and 30 mm
of cover depth from the mold face. Prior to casting, each bar was prepared by light
polishing with sandpaper and cleaning in acetone. A coat of cement paste and sub-
sequently a coat of dense epoxy coating were given to both ends, leaving an
exposed length of 45 mm starting at 10 mm from the top side of the prism. Each
bar had an embedded length of around 80 mm. The concrete casting direction
was parallel to the bars. Two activated titanium wire electrodes (Ti*) and four stain-
less steel bars were also part of the specimens’ layout, but they were not considered
in this study.

After casting, the face parallel and closer to the rebars was exposed to salt solu-
tion wet/dry cycles for 6 months, which consisted of exposing the specimens to a 3%
NaCl solution for 24 h and let them dry for 6 days. After the salt/dry cycles, prisms
were first stored in climate chambers for two years, and then they were exposed
unsheltered to the outdoor environment of Delft, the Netherlands (temperate cli-
mate with cool summers and moderate winters), for around 17 years until sampling
for this study. Electro-chemical measurements related to corrosion initiation and
semi-destructive analysis (e.g. chloride profiles) were collected during the first
2.5 years [18,19] and 12 years after casting [20]. According to Polder and Peelen
[19], at 26 weeks after casting the average chloride content at the reinforcement
depth was higher than 2.0% by mass of cement for all the specimens (Table 1).
Potential, corrosion rate and concrete resistivity related to rebars at 10 mm depth
suggested that corrosion had initiated during the first year. The probability of cor-
rosion for rebars embedded in different mixes is reported in Table 1.

Table 2 shows a summary of the properties of each prism as well as the label
given to each specimen which was further analyzed in this study. Occurrence of cor-
rosion of the selected specimens was suggested by both previous work [18–20] and
visual inspections of specimens conducted at 20 years age, since in all the specimens
surface rust stains and/or cracks were visible, as summarized in Table 2.

One core of 20 mm diameter was drilled out of each selected specimen. The
cores were 100 mm long and they embedded one steel bar (as much centered as
possible) that belonged to the group located at 10 mm of cover depth. Prior to dril-
ling, the bottom side of the prism was marked with an arrow indicating the direc-
tion of the mold face, to keep track of which side was oriented to the outside
f reinforced concrete prisms.



Table 2
Summary of properties of reinforced concrete prisms analyzed in this study: (OPC = ordinary Portland cement; FA = fly ash; BFS = blast furnace slag).

Label Cement type W/c Surface state after visual inspections

1550-S1 CEM I 32.5 R OPC 0,55 Cracked and surface rust stains
1550-S2 CEM I 32.5 R OPC 0,55 Surface rust stains
1550-S3 CEM I 32.5 R OPC 0,55 Large surface rust stains
2550-S3 CEM II/B 32.5 R FA (27%) cement 0,55 Small surface rust stains
3550-S1 CEM III/B 42.5 N BFS (75%) cement 0,55 Small surface rust stains
3550-S2 CEM III/B 42.5 N BFS (75%) cement 0,55 Small surface rust stains
5550-S1 CEM V/A 42.5 N FA (25%) and BFS (25%) composite cement 0,55 Cracked and surface rust stains
5550-S2 CEM V/A 42.5 N FA (25%) and BFS (25%) composite cement 0,55 Cracked and surface rust stains

Fig. 2. schematic representation of the drilled core (left) and top view of the specimen from which the cores were drilled (right) (S.S. = stainless steel; Ti*Re = activated
Titanium electrode; dotted line = drilled core; N = direction towards the outdoor environment).
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(labeled as N-direction). To minimize any artificial damage potentially caused by
the drilling procedure, the drilling rotation speed was kept as low as possible and
it was conducted in dry conditions. The drilling procedure is represented in Fig. 2.

Fig. 3 shows the cores after drilling. 1550-S1 and 5550-S1 had visible signs of
corrosion. Both cores had cracks parallel to the bar, which were filled by corrosion
product. Also 5550-S2 had slightly visible cracks parallel to the steel, but no visible
corrosion product at the surface. 1550-S3 and 2550-S3 did not have any crack, but
some rust spots are visible at their surface. For 3550-S1, some surface rust
spots are visible as well as a crack at the top side of the specimen. On the other
hand, 1550-S2 and 3550-S2 did not show any sign of corrosion when observed from
the outside.
Fig. 3. Reinforced concret
After drilling, cores were kept for 72 h in a room at 20 �C and 45% RH, then CT-
scans were preformed using a Phoenix Nanotom. Images were acquired at 150 kV of
transmission acceleration voltage with a spatial resolution of 20 lm. The first CT-
scan was taken at 10 mm from the top side of the core. Each scan was composed
of 2303 slices in the height direction (Z-axis) and 2283 slices in width and depth
directions (X- and Y-axis respectively). The height of the core that was scanned
roughly corresponded to the exposed portion of the bar (around 45 mm). Each pixel
of the performed scans contained 16 bits and displayed a grey scale value corre-
sponding to the detected X-ray density. The reconstruction of each specimen was
then performed through Datos veloCt, the software provided by the equipment
manufacturer. Different components of each scan (i.e. steel, corrosion product, air
e cores after drilling.



Fig. 4. CT-scan showing different phases (from 1550-S1).
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voids, cracks and concrete) were segmented based on their different grey scale val-
ues using the freeware Fiji. An example of one CT-scan showing different phases of
the material is shown in Fig. 4.

2.2. Steel volume loss quantification

The volume loss of steel due to corrosion was quantified for each mm of rebar
length. The volume projection of each mm of rebar length was generated using the
3D Project function and then computed by the plugin 3D object counter. This latter
tool allows to quantify the voxels related to the segmented component (in this case
of the non-corroded steel) and to convert it into mm3 using pixels and voxels statis-
tics [21]. The volume for each mm section of the non-corroded steel can be quan-
tified according to:

nvol ¼ nvox � Zvox
where nvol is the volume of the segmented component (mm3), nvox is the number of
voxels and Zvox is the voxel volume (mm3). The volume loss of steel due to corrosion,
Vloss , was then quantified in percentage as the difference between the initial volume
of the steel and the volume of non-corroded steel 20 years after casting according to:

Vloss ¼ ðV0 � nvolÞ=V0 � 100

where V0 is the initial volume of the reinforcement (mm3) and nvol is the volume of
the reinforcement 20 years after casting (mm3). To calculate the initial volume of the
reinforcement (V0), the diameter of non-corroded portion of each specimen was
Fig. 5. (left) Depth and orientation of corrosion pits (AV = air voids). (right) corrosion pit d
coincident to dense cement paste at the SCI (type-2, yellow); S-oriented pit in proximity
SCI (type-4, blue). (For interpretation of the references to colour in this figure legend, th
measured directly from the CT-scans. The volume loss was quantified for each mm
of rebar, hence resulting in a volume loss profile along the reinforcement.

2.3. Relation between defects at the SCI and corrosion pits

The relation between defects at the SCI, depth and occurrence of corrosion pits
was also investigated. For each specimen, a selection of around ten 2D CT-images
was analyzed. For each CT-image, pit depths were clock-wise measured at different
angles from the center of the bar around 360� with 30� intervals as conducted by
Sun et al. [22], as shown in Fig. 4. The depth of the pits, d, is measured by:

d ¼ R0 � R

where R0 is the initial radius of the steel bar and R is the radius of the corroded steel
at 20 years age. The range between 180� and 0� clock-wise, N-direction, indicates the
direction to the mold face (i.e. the portion closer to the outside environment). After
measuring pit depths, they were divided in four groups depending on their orienta-
tion (N- and S-direction) and if they were in proximity to air voids at the SCI: type 1
(T1, in orange) and type 3 (T3, in green) were indicating corrosion pits formed close
to air voids at N- and S-orientation respectively. Type 2 (T2, in yellow) and type 4
(T4, in blue) were indicating pits formed where the cement paste is dense at the
SCI at both the orientations (N- and S-direction respectively). An example of this dis-
tinction is shown in Fig. 5.

3. Results

3.1. Steel volume loss quantification and corrosion pit distribution

In Figs. 6–9, the volume loss of steel along the length of the rein-
forcement for each specimen is reported.

Fig. 6 (left, 1550-S1) shows high volume loss of 2–11% due to
corrosion along the whole length of the bar, except for a few slices
at the bottom of the bar. On the other hand, Fig. 6 (right, 1550-S2)
shows a low level of corrosion along the whole length of the rebar
(around 1%), with exceptions for only a few slices where the max-
imum volume loss reaches around 5% (at the top of the bar) and
around 3% (at 15 mm length). 1550-S3 and 2550-S3 (Fig. 7) have
different volume losses equal to around 3.5% and 2% respectively.
Both specimens are subjected to relatively deep pits that cause a
maximum localized volume loss of around 9% for both. Qualita-
tively, pits from 1550-S3 seem wider and more superficial, while
pits present in 2550-S3 look deeper and more localized. 3550-S1
and 3550-S2 (Fig. 8) have a similar corrosion pattern along the
rebar length. For both, the total volume loss is relatively low, equal
to around 1%. No significant corrosion for most of the length of the
bars is visible, with most of the slices that register volume losses
lower than 1%, except for a few localized pits, leading to a highest
local volume loss of around 4%. The sides of 3550-S1 seemed
istinction: N-oriented pit in proximity of an air void (type-1, orange); N-oriented pit
of an air void (type-3, green); S-oriented pit coincident to dense cement paste at the
e reader is referred to the web version of this article.)



Fig. 6. 1550-S1 (left) and 1550-S2 (right) steel reinforcement render and volume loss per 1-mm slice along the bar length. Front side = N-oriented.

Fig. 7. 1550-S3 (left) and 2550-S3 (right) steel reinforcement render and volume loss per 1-mm slice along the bar length. Front side = N-oriented.
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degraded by more superficial pits than those of 3550-S2, for which
pits look deeper but less frequent. 5550-S1 and 5550-S2 (Fig. 9)
had different progress of corrosion along their length, in terms of
both the distribution of corrosion pits and the total volume loss.
The former specimen lost around 4.5% of steel in total, while the
latter one lost around 3%. 5550-S1 was heavily cracked, and it
shows a relatively uniform volume loss along the whole length of
the reinforcement, with lowest and highest points of around 3%
and 7% respectively. On the other hand, 5550-S2 was not heavily
cracked, and the progress of volume loss the bar is more like the
other specimens, with lower volume losses for most of the length
(of around 2%) alternated by localized deep pits, leading to a max-
imum volume loss of around 7%. The average volume loss along the
reinforcement for each specimen is reported in Table 3. It appears
that specimens cast with blended cements had lower volume loss
due to corrosion than specimens cast with Ordinary Portland
cement. 3550-S1 and 3550-S2 had a volume loss equal to 1.10%
and 1.33% respectively, around six times lower than the volume
loss of 1550-S1 (equal to 6.55%), which was found to be the most
corroded. Also 2550-S3 had a relatively low volume loss equal to
2.14%, comparable to CEM III/B specimens. On the other hand,
CEM V/A specimens had the highest volume loss considering
blended cement specimens only, with 4.60% and 3.12% for 5550-
S1 and 5550-S2 respectively.

3.2. Relation between defects at the SCI and corrosion pits

The relation between corrosion pit depths, pit orientation and
the presence of defects at the SCI is shown in the boxplot reported
in Fig. 10. Comparing T1 to T2 and T3 to T4, the influence of air



Fig. 8. 3550-S1 (left) and 3550-S2 (right) steel reinforcement render and volume loss per 1-mm slice along the bar length. Front side = N-oriented.

Fig. 9. 5550-S1 (left) and 5550-S2 (right) steel reinforcement render and volume loss per 1-mm slice along the bar length. Front side = N-oriented.

Table 3
Average volume loss of steel reinforcement (%)
calculated through image analysis.

Specimen Volume loss (%)

1550-S1 6.55
1550-S2 0.86
1550-S3 3.64
2550-S3 2.14
3550-S1 1.10
3550-S2 1.33
5550-S1 4.60
5550-S2 3.12
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voids at the SCI on corrosion pit depth can be analyzed. Pits at
voids (T1 and T3) were generally found to be deeper than corre-
sponding pits with similar orientation but which are formed where
the cement paste at the SCI is dense (T2 and T4). This statement is
valid for all specimens except for 3550-S1 and 5550-S1. However,
in the former case only a few air voids were present at the SCI,
hence compromising the comparison with other specimens.
5550-S1 was heavily cracked on the N-oriented side. In this latter
case, the cracking probably led to higher and more frequent ingress
of water along the bar, transforming the mechanism of pitting cor-
rosion into a more general corrosion oriented to the cracked side,
as suggested by Fig. 9.



Fig. 10. Range of depth of types of corrosion pits (lm) with outside/inside orientation and proximity to concrete defects at the SCI. The top, middle and bottom line of the
boxes correspond to the 75-, 50- and 25-percentile value (x75, x50 and x25) respectively. The whiskers show the minimum and maximum values. The number below each
series represents the number of pits of each specimen.
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At the same time, the influence of the steel orientation can be
investigated comparing T1 to T3 and T2 to T4. For most of the spec-
imens, N-oriented pits are deeper than S-oriented pits, likely due to
more frequent exposure to wet and dry cycles during outdoor
exposure due to the closer proximity of this side to the environ-
ment. Also, higher ingress of harmful agents (i.e. carbon dioxide)
may have made the N-oriented side of the reinforcement more
sensitive to corrosion. Generally, the combination of closer expo-
sure to the outside and presence of air voids (i.e. T1 pits) revealed
to be the most aggressive conditions for corrosion pits to firstly
form and then to grow; on the contrary, the S-oriented side of
Fig. 11. Vertical CT-scans of 1550-S1 (a), 1550-S2 (b), 1550-S3 (c), 2550-S2 (d) (P-AV =
steel-concrete interface).
the reinforcement revealed to be the least corroded side, particu-
larly when no air voids at the SCI were found (T4). Based on the
findings of this study, the main influencing factor for corrosion pits
to form and to grow is the presence of air voids at the SCI, while
less deep pits (or none) are found when the cement paste is dense
around the steel bar. The relation between corrosion pits and
interfacial voids is also visible in Figs. 11 and 12, where one vertical
CT-scan for each specimen is reported. Especially for 1550-S1,
2550-S2, 3550-S2 and 5550-S2, relatively deep pits (around
1 mm) coincide with interfacial voids, while pits are less deep
and less frequent when the steel is surrounded by cement paste.
Pit coincident to interfacial Air Void; P-CEM = Pit at compact Cement paste at the



Fig. 12. Vertical CT-scans of 3550-S1 (e), 3550-S2 (f), 5550-S1 (g), 5550-S2 (h) (P-AV = Pit coincident to interfacial Air Void; P-C = Pit coincident to Crack; P-CEM = Pit at
compact Cement paste at the steel-concrete interface).
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4. Discussion

4.1. On the influence of concrete properties on corrosion behavior

Generally, blended cements make the concrete microstructure
denser than OPC, improving chloride penetration resistance and
concrete resistivity and, consequently, the corrosion resistance of
the mix [19]. Similar improvements can be achieved by lowering
the water/binder ratio of the concrete [4]. In this study, quantita-
tive image analysis of CT-scans has shown that specimens cast
with OPC generally had higher volume loss due to corrosion than
specimens cast with blended cements. 3550-S1 and 3550-S2 were
the least corroded, with around 1% of average volume loss and
localized volume loss never higher than 4%. On the other hand,
1550-S1 and 1550-S3 had 6.5% and 3.5% of average volume loss
respectively, with localized volume losses up to 11% and 9% respec-
tively. Similar differences between volume loss of bars in concrete
cast with CEM I and CEM III/B are in line with what was observed
by Pacheco [20], who quantified the volume loss of reinforcement
through visual inspections and volume estimation. A lower average
volume loss of 2.5% was found also for 2550-S3, apart from the bot-
tom part of the bar where a localized volume loss up to 9% was
observed. Recently, Stefanoni et al. [23] observed that the more
porous the medium around the steel reinforcement, the more
aggressive corrosion occurs due to the dual role of the pore struc-
ture (in terms of transport limitations and inhomogeneity of the
interfacial zone). Since blended cements lead to a denser
microstructure than that of OPC, it is not surprising that, on aver-
age, rebars embedded in OPC-based cores had the highest volume
loss. The highest average volume loss for blended cement speci-
mens was measured for 5550-S1, equal to 4.6%. However, this
specimen was heavily cracked, and corrosion probably accelerated
after cracking, that caused differences of average volume loss with
5550-S2, which lost 3% of steel volume. Similar observations were
reported by Sun et al. [22], who studied the amount of corrosion
with regard to exposure side and presence of cracks of
anodically-polarized reinforced concrete cores through X-ray CT.
In their study, Sun et al. [22] observed that significant corrosion
product formed at the steel surface where penetrating cracks
occurred, whereas in non-cracked portions of the specimens the
corrosion product accumulation was insignificant. Similarly, Dong
et al. [24] observed through X-ray CT analysis of corroding rebars
that corrosion tends to occur at the damaged (i.e. cracked) loca-
tions of the SCI. Furthermore, the uniform volume loss distributed
along the rebar length of 5550-S1 is in line with the findings of
Zhang et al. [25], who demonstrated a transition from pitting to
generalized corrosion in reinforced concrete with cracks wider
than 1.5 mm. Even though 1550-S2 was cast with OPC, it had the
lowest average volume loss of all the specimens, equal to 0.86%.
Since this volume loss is significantly lower than that of the other
cores and especially than that of cores with same composition
(1550-S1 and 1550-S3), doubts were raised about the water/binder
ratio of this prism. Indeed, during the 20 years after casting, spec-
imens were re-located several times and some may have been mis-
labeled. Specimens were then re-identified non-destructively, as
described more in detail elsewhere [20]. It might be the case that,
for 1550-S2, the identification of its water/binder ratio was not
accurate. In this way, 1550-S2 would have been cast with lower
water/binder ratio. Since lower water/binder ratio improves the
corrosion resistance of concrete [3], it would explain why 1550-
S2 had, unexpectedly, the lowest volume loss of reinforcement.
Another possible explanation for this finding could be that 1550-
S2 had less frequent interfacial defects than 1550-S1 and 1550-
S3, as qualitatively suggested by Fig. 11b. Since in this study
defects and voids at the SCI were the most sensitive locations for
corrosion propagation, less frequent interfacial defects might
improve the corrosion resistance and, therefore, lower the steel
volume loss due to corrosion. It must be specified that volume
losses of steel quantified through image analysis could be different
from reality due to segmentation inaccuracies and resolution lim-
itation, as reported by others [16]. Nevertheless, since specimens
were subjected to equal image acquisition and processing, poten-
tial drawbacks related to compare one test to another are consid-
ered negligible.

4.2. On the influence of interfacial defects on chloride-induced
localized corrosion behavior

Defects at the SCI are often reported to be required for initiation
of corrosion since good adhesion at the steel/concrete interface
limits both chlorides and oxygen to reach the reinforcement. Fur-
thermore, a dense cement paste around the steel provides buffer-
ing against pH drop caused by corrosion pit formation, which
increases the corrosion resistance of these locations of the SCI
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[27]. Angst et al. [4] studied corrosion initiation of bars embedded
perpendicularly to the concrete casting direction. They observed
that corrosion did not start at the locations of the steel/concrete
interface where the highest chloride content occurred. On the con-
trary, the back side (i.e. the side farther from the outside environ-
ment) of the reinforcement was the most corroded, due to
imperfections and formation of gaps caused by plastic settlement
and collection of bleeding water, which are influencing factor for
corrosion initiation also reported by others [5,26]. Higher local
water/binder ratio and porosity might also weaken the interface
of the bottom side of the reinforcement, making it more sensitive
to corrosion initiation [27,28]. However, Angst et al. [4] observed
that corrosion never initiated at the locations where air voids were
present at the SCI, which they explained by those voids were never
saturated. On the contrary, Glass et al. [10] reported that reducing
the percentage of interfacial voids, the critical chloride content for
corrosion initiation increased, hence the corrosion resistance.
According to them, the dissolution of buffering solids of the cement
paste (CH and C-S-H) releases hydroxyl ions that prevent a local
reduction of the pH at the SCI (due to corrosion pit formation),
inhibiting corrosion initiation and increasing the corrosion resis-
tance of those locations [5,29,30]. Thus, in presence of electrolyte
and a certain chloride content, defects at the SCI would be the most
sensitive locations because they cannot provide this buffering
effect [9].

In this work, X-ray Computed Tomography of concrete cores
with naturally corroded rebars showed that macro-defects at the
SCI (i.e. air voids) appear to be the most relevant factor governing
the corrosion propagation of the reinforcement, since for every air
void that was found at the SCI, at least one corrosion pit was also
found in its proximity. Furthermore, compared to corrosion pits
formed where the cement paste is compact around the reinforce-
ment, those formed close to air voids are generally deeper. The
results of this study are also in line with what was pointed out
by Glass et al. [10] about the inversely proportional relation
between corrosion resistance and percentage of interfacial voids.
Indeed, only a few interfacial voids were observed for the least cor-
roded specimens (i.e. 3550-S1). As pointed out by Christodoulou
[9], these voids need to be (or to have been) partially or completely
saturated. Fig. 13 shows a BSE (back-scatter electron) image
obtained with a Philips XL30 ESEM, acquired at 20 kV acceleration
voltage, where an interfacial void partially filled by corrosion pro-
duct is visible. Interestingly, it seems that the void gets gradually
and concentrically filled from the edges to the center, suggesting
on-going precipitation of iron oxides. Corrosion product might also
Fig. 13. BSE image of corrosion product penetrating an interfacial air void from
5550-S2 (S = steel; CP = corrosion product; A = aggregate; CEM = cement paste;
AV = air void).
be transported to the edges of the interfacial void through, most
likely, a liquid that penetrated the defect. If subjected to wet and
dry conditions, ingress and drying of solution might cause the cor-
rosion product to mix with the liquid and migrating to the edges of
the void. Although it is out of the scope of this study to analyze
how corrosion product propagates into air voids at the SCI,
Fig. 13 might suggest that, under certain conditions, interfacial
voids get partially or completely filled by a liquid. Consequently,
they become sensitive locations for corrosion initiation, as image
analysis of CT-scans suggested.

Corrosion initiation at interfacial voids were also visible in the
study of Van Steen et al. [16], who performed X-ray CT at certain
time intervals in combination with acoustic emission to localize
the corrosion initiation sites in reinforced concrete specimens sub-
jected to anodic polarization. CT-scans of their study clearly show
that corrosion firstly initiates where entrapped voids at the steel/-
concrete interface are present. Once initiated, corrosion pits tend
to get deeper at those locations, as Fig. 10 suggested. This fact
might be related to the higher availability of oxygen and elec-
trolyte coincident to the presence of the defects. Also, dense
cement paste around the reinforcement might provide a physic-
chemical barrier that blocks the dissolution of iron [26]. Interfacial
voids would be locations where corrosion product can be accom-
modated, with no constraint from the surrounding cement paste
and, so, allowing corrosion pits to get deeper. A similar mechanism
was observed by Šavija et al. [17], who studied corrosion progress
of anodically-corroded reinforced concrete cores through X-ray CT.
In their study, Šavija et al. [17] observed that presence of interfacial
open spaces (i.e. macro air voids) caused non-uniformities of the
corrosion layer to occur. Localized volume loss in proximity to
interfacial voids was also observed by Ebell et al. [31], who coupled
electrochemical measurements and X-ray CT analysis on corroding
reinforced concrete specimens. In their study, corrosion product
penetrating into an air void with consequent formation of a corro-
sion pit is shown, even though the air void is not directly adjacent
to the steel reinforcement. It looks that pits are formed at the loca-
tions where corrosion product can penetrate the most, hence
where the least constrain from the surrounding matrix is provided.
This finding is in line with what has been recently proposed by Ste-
fanoni et al. [23], who observed that the higher the porosity of the
medium around the steel reinforcement, the higher the amount of
corrosion.

Corrosion initiation of the steel rebars analyzed in this study
occurred within the first two years after casting [18–20]. Corrosion
propagated many years before the specimens were tested, as sug-
gested by the state of the rebars shown by the CT-scans (Figs. 6–9).
The main finding of this study was that the deepest corrosion pits
occurred in proximity to interfacial air voids (Figs. 10–12). This fact
might be related to the influence that interfacial voids have on
either corrosion initiation or on corrosion propagation. On the
one hand, it might be possible that the deepest pits are those that
initiated the earliest. In this case, interfacial voids would be the
most sensitive locations for corrosion initiation based on the find-
ings of this study. However, this scenario is based on the assump-
tion that the corrosion rate would be uniform along the whole bar
during the whole service-life. This might not be entirely correct
since it is likely that the corrosion rate of the pits might be influ-
enced, for instance, by the local chloride content, the oxygen sup-
ply and the availability of electrolyte. Also, pit growth might be
mitigated and even interrupted if no oxygen or electrolyte would
be continuously supplied, resulting in pit re-passivation. Therefore,
concluding that interfacial voids are the most sensitive locations
for corrosion initiation might be premature. On the other hand,
interfacial air voids might create the preferential scenario for cor-
rosion propagation without any influence on the corrosion initia-
tion phase. In other words, superficial pits might initiate along
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the whole length of the reinforcement where the chloride content
is higher than the critical threshold value, regardless the presence
of interfacial voids. Pits at interfacial voids might then get deeper
due to, for instance, no buffering effect provided by the dense
cement paste around the steel, less constraining accommodating
space for corrosion product to expand, and higher availability of
oxygen and electrolyte at those locations (under partially or com-
pletely saturated conditions). Since interfacial voids would create
the preferential conditions for pits to get deeper, the growth of
adjacent pits might be also mitigated if not even re-passivated
due to, for instance, the cathodic current flow present at the sur-
roundings of the pit growing at interfacial voids. This might be also
qualitatively suggested by Figs. 12 and 13, which show that deep
pits are relatively distant from each other (around 5 to 15 mm,
especially for 1550-S3, 2550-S3, 3550-S2 and 5550-S2). This mech-
anism suggests that the most aggressive corrosion propagation
would take place in proximity to interfacial voids, resulting in con-
sequent highest steel volume loss. The presence of interfacial voids
should be then considered as a detrimental factor for the corrosion
propagation resistance in reinforced concrete. Nevertheless, since
the state of the rebars in this study did not allow to observe corro-
sion initiation during time, the influence of interfacial voids on cor-
rosion initiation remains an open question, for which more
research is highly recommended.

In this study, it was also observed that the side of the reinforce-
ment closer to the outside environment was more corroded than
the side exposed to the inside concrete, contrary to what was
reported by other authors [4,32]. Angst et al. [4] observed that in
bars oriented perpendicularly to the concrete casting direction,
the side of the reinforcement more sensitive to corrosion was the
bottom side. In this study, the reinforcement was oriented in par-
allel to the concrete casting direction. In so doing, concrete casting
did not likely cause localization of defects at the inside-oriented
side of the bars, e.g. due to plastic settlement and water bleeding.
Since the quality of the SCI could be ideally considered the same for
the two sides of the bars of this study, it is not surprising that the
side exposed to the outside conditions would have been subjected
to more aggressive corrosion due to, for instance, higher availabil-
ity of the electrolyte, more frequent wet/dry cycles and higher
ingress of harmful agents (i.e. chlorides). It must be specified that
the steel bars had 10 mm cover depth, which is not representative
for good practice. It is likely that for higher cover depths (e.g. 30–
50 mm), the differences between the two sides in terms of expo-
sure conditions could be negligible since the concrete cover would
provide a much thicker barrier against electrolyte ingress and wet/
dry cycles. Considering reinforcement oriented perpendicularly to
the casting direction, the bottom side of the steel would likely be
the most sensitive portion for corrosion to initiate because of a
higher number of defects created by casting and settlement, as sta-
ted by Angst et al. [4]. Also, specimens studied in this work were
20 years old and corrosion had already propagated considerably.
However, it was assumed that the locations where pits were
observed through CT-scans were the locations where pits also ini-
tiated. Studying through X-ray CT specimens in which corrosion
just initiated would probably give even more insights about how
corrosion initiation is influenced by interfacial voids and, thus, it
is highly recommended.

In summary, 20 years after casting and intense but short term
exposure to chloride and subsequent outdoor environment, steel
bars embedded in blended cement concretes had generally lower
volume loss due to corrosion than those embedded in OPC con-
crete. In the case of significantly cracked concrete, a transition from
pitting to general and crack-oriented corrosion was suggested
based on CT-scans of one of the specimens (i.e. 5550-S1). Further-
more, this study shows that interfacial voids coincided to the loca-
tions where corrosion had become the deepest. Through image
analysis, it was observed that at every location where an air void
was present at the SCI, a corrosion pit was also present close by.
If a certain chloride content is present at the SCI and concrete is
(partially or completed) saturated, interfacial voids should be con-
sidered detrimental corrosion sites.

5. Conclusions

From this study, the following major conclusions can be drawn:

1. OPC specimens had developed corrosion generally stronger
than blended cement specimens in terms of volume loss of
the reinforcement after 20 years. More precisely, the bars had
increasing volume loss according to the following order of
cement type which they were cast with: CEM III/B, CEM II/B-
V, CEM V/A, CEM I.

2. The deepest corrosion pits were found in proximity to interfa-
cial air voids. Furthermore, at every location where a void was
observed at the SCI, a corrosion pit was also visible close by.
Interfacial air voids were the locations where the most aggres-
sive corrosion propagation occurred, with consequent highest
volume loss of the steel reinforcement.

3. The side of the reinforcement closer to the outside generally
had deeper corrosion pits than the side exposed to the inner
concrete. However, in this study bars were cast parallel to the
concrete casting direction and at 10 mm of cover depth. For bars
cast perpendicularly to the concrete casting direction, a more
porous bleed water zone would be formed at the underside of
the rebar, as reported by others [32]. Since interfacial defects
seemed to be the most dominant locations influencing the cor-
rosion resistance of the reinforcement bars, it is likely that the
underside of the steel would be the most sensitive to corrosion
attack. For thicker cover depth, as it is common use in practice,
the influence of the proximity to outdoor conditions and conse-
quently the exposure to wet/dry cycles would likely not be as
marked as it was in this study, which should be anyway consid-
ered as relevant factor for lab-scale experiments with limited
cover depth.

4. In cracked concrete, the most corroded side of the reinforce-
ment was found along the whole length of the bar and oriented
at the side towards the crack (i.e. 5550-S1). This finding con-
firms a transition from pitting to more general corrosion as
already observed by previous studies [25]. Since for 5550-S1
occurrence of pits in proximity to interfacial defects was less
pronounced than that of non-cracked specimens, it is likely that
occurring cracks are the leading factor about influencing how
and where corrosion would propagate the most.
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