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Abstract This paper investigates the interplay
between corrosion of reinforcement and corrosion-
induced cracking in reinforced concrete structures
with non-uniform corrosion distribution based on the
experimental results of a concrete beam simultane-
ously subjected to sustained deflection and accelerated
corrosion through impressed current. Unlike previous
studies, this work encompasses various refined tech-
niques for the measurement of surface cracks, such as
digital image correlation and distributed optical fiber
sensors, as well as for the assessment of reinforcement
corrosion, namely 3D laser scanning, to explore
previously hidden aspects of the relationship between
the two parameters. The applied techniques proved
very effective in providing an unprecedented level of
detail of both the crack development and corrosion
distribution. More specifically, the formation and
propagation of corrosion-induced cracks were accu-
rately and constantly monitored over time and subse-
quently compared to the distribution of corrosion. The
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results revealed that determining the maximum cor-
rosion level or even the location of the section with
maximum corrosion based solely on visual inspection
of the surface crack width may not be possible.
However, the width of corrosion-induced cracks was
found to increase linearly with the local corrosion
level, implying that crack width monitoring can still be
used to estimate the rate of corrosion degradation.

Keywords Reinforced concrete - Corrosion -
Cracking - Crack width

1 Introduction

Reinforced concrete (RC) is currently the most widely
used construction material in the world due to its low
cost and the availability of its source components.
However, as society pushes for a more responsible
construction sector, other aspects are rapidly gaining
more relevance in the design and choice of structural
materials. For civil infrastructure, three aspects that
are central for the development of a sustainable built
environment are resource efficiency, accessibility, and
durability, all of which are directly affected by ageing
and degradation. As a result, the development of
monitoring systems and assessment methods that
enable a detailed description of a structure’s condition

are becoming increasingly important.
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Among the different deterioration mechanisms
impairing the durability of RC structures, corrosion
of reinforcement is the most widespread problem
worldwide. Corrosion of steel in concrete is usually
initiated by the loss of alkalinity in the concrete cover
due to carbonation or by a local break-down of the
passive layer due to the ingress of chloride ions [1].
The cover thickness and the quality of the concrete are
the main parameters controlling the initiation of
corrosion in uncracked concrete elements [2]; yet in
practice, mechanical loading, temperature gradients,
restraint forces or a combination thereof, often results
in the formation of cracks, which are known to favour
the ingress of deleterious agents and thus promote a
premature onset of the corrosion process [3]. Once
corrosion has initiated, active dissolution of steel
occurs at the reinforcement, which causes a reduction
of its cross-sectional area and negatively affects the
load-bearing capacity and ductility of the structure,
thereby compromising its safety [4].

Determining the actual cross-section of reinforce-
ment in a corroded structure is central to provide an
accurate estimation of its residual load-carrying
capacity. Although several electro-chemical non-
destructive testing techniques exist to estimate the
corrosion rate of corroding reinforcement in concrete
[5], e.g. linear polarization resistance, galvanostatic
pulse or electrochemical impedance spectroscopy,
these are only able to provide a snapshot of the
corrosion rate at the moment of the measurement. On
the other hand, the accumulation of corrosion products
at the steel—concrete interface leads to the formation of
longitudinal corrosion-induced cracks, which in
advanced stages of corrosion can result in spalling of
the concrete cover. Such cracks are the clearest sign of
active reinforcement corrosion while their width is
closely related to the actual corrosion level. Conse-
quently, establishing a well-defined relationship
between the corrosion level and the width of corro-
sion-induced cracks would greatly facilitate the
assessment of a structure’s condition based on visual
inspection.

The relationship between the corrosion level at the
reinforcement and the width of corrosion-induced
cracks has been investigated in numerous studies over
the past three decades, see e.g. [6—16]. Nevertheless, a
large scatter exists among the results obtained from
different studies, as recently discussed in [17, 18].
Such scatter can be partly ascribed to the varying test

setups, specimen geometries and experimental proce-
dures used by different authors, such as variable cover
depth to diameter ratios, different impressed anodic
currents, or different loading conditions. In some
cases, results from naturally corroded specimens over
much longer periods [8, 16] or even from decommis-
sioned structures [18] have also been reported, which
may be another source of discrepancy. However, the
lack of refined techniques for measuring crack widths
and assessing the reinforcement corrosion in a detailed
and consistent manner might have also contributed to
the observed scatter.

Indeed, most of the available studies in the litera-
ture report having used quite rudimentary techniques
to determine the surface crack widths, ranging from
crack comparator cards [14, 19] and graduated mag-
nifying lenses [6, 8, 16] to mechanical gauges [10-12],
with a few exceptions where potentiometers or
displacement transducers were installed to track
already formed cracks, see e.g. [7]. All of these
techniques have in common that they only enable the
measurement of cracks at discrete points and, with the
exception of the latter type of measurements, they are
unable to provide a continuous description of the crack
growth over time.

Similarly, the evaluation of the corrosion level has
been mostly treated in a very rough manner assuming a
uniform distribution of corrosion calculated using
Faraday’s law based on the applied anodic current
[9, 12] or based on gravimetric mass loss measure-
ments [6, 7, 10, 11, 13, 14]. It is worth noting the work
by Prof. Francois and his team, where they determined
the mass loss of small segments by gravimetric
methods in an effort to provide a description of the
corrosion distribution [8, 16]. On the other hand, in the
recent years, the use of laser scanners has emerged as a
powerful tool enabling a description of the reinforce-
ment corrosion distribution with unprecedented reso-
lution, see e.g. [18, 20-22].

The main aim of this paper is to investigate,
experimentally, the relationship between corrosion-
induced cracking and the distribution of corrosion at
the reinforcement using novel measurement tech-
niques that enable a reliable and precise evaluation of
such parameters. In particular, this work combines the
use of 3D laser scanning for the detailed description of
the reinforcement corrosion with refined techniques
for the measurement of cracks, such as digital image
correlation (DIC) and distributed optical fiber sensors
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(DOFS), that can accurately track the formation and
growth of longitudinal corrosion-induced cracks in
reinforced concrete elements with non-uniform cor-
rosion distribution. To the authors knowledge, the
combination of such techniques has not yet been used
for that purpose. In the following sections, a descrip-
tion of the experimental programme, a discussion of
the test results and the main findings of the study are
provided.

2 Experimental programme

The tests presented in this paper are part of a larger
experimental programme comprising 6 large-scale
reinforced concrete beams and devised to investigate
the capabilities of novel measurement techniques in
the performance assessment of reinforced concrete
elements subjected to long-term loading and deterio-
ration. This paper focuses on elucidating the interplay
between corrosion of reinforcement and corrosion-
induced cracking based on the results of one rein-
forced concrete beam subjected to simultaneous
sustained deflection and accelerated corrosion over a
period of 67 days. The most important aspects of the
experiments are described below.

2.1 Geometry and reinforcement layout

The beam specimen used in this work featured a total
length of 3 m and a rectangular cross-section of
200 x 250 mm. The longitudinal reinforcement con-
sisted of three (J16 mm rebar at the bottom and two
10 mm at the top. Six 8 mm closed-loop stirrups
were placed on either side of the beam at a spacing of
200 mm. All reinforcement was made of normal
ductility carbon-steel (BS00B) with a nominal yield
strength of 500 MPa. Plastic spacers were placed
between the stirrups and the bottom and lateral sides of
the form to ensure a clear concrete cover of 20 mm.
The ends of the bottom bars were bent upwards to
improve the anchorage. Moreover, the bars protruded
from the concrete surface at one of the ends in order to
enable an electrical connection for the impressed
current procedure. The geometry and reinforcement
layout of the beams is presented in Fig. 1.

The concrete mix used had a water-to-cement ratio
(w/c) of 0.45 and included a sulphate resistant Portland
cement with low C;A content and moderate heat

development. After casting, the beam was covered
with a polyethylene sheet to reduce moisture evapo-
ration and stored in an indoor climate (20 + 2 °C and
60 £ 10% RH) for 15 days until it was pre-cracked.
Thereafter, the beam remained in the same indoor
climate for 6 months before the long-term loading
began. The concrete compressive strength at 28 days
was 68.2 MPa (CoV = 5.6%) based on tests per-
formed in accordance with EN 12390-3:2009 [23] on
three 150 mm cubes.

2.2 Test setup and instrumentation

The beam was loaded using a four-point bending
setup. Prior to the long-term loading procedure, the
beam was subjected to two load cycles up to a total
load of 60 kN (corresponding to about 30% of the
estimated ultimate capacity), to induce cracking.
During the pre-cracking procedure, the crack pattern
and maximum crack width of each individual crack
formed in the constant moment region were accurately
documented using a Digital Image Correlation (DIC)
system. Those results were also used to validate a
novel approach to quantify deflections and crack
widths based on distributed optical fiber sensors as
reported in [24].

For the long-term loading, the beam was clamped
together with an identical beam as illustrated in
Fig. 2a. In that setup, the bottom beam was turned
upside down so that the tensile reinforcement was
facing upwards. Then the top beam was positioned
onto two sets of support plates resting on the bottom
beam, the centres of which were 2700 mm apart.
Thereafter, the load was introduced at two loading
points where the clamping devices were mounted,
dividing the total span into three equal spans of
900 mm. Sustained deflection was applied by impos-
ing a constant deformation between the two beams,
which was achieved by tightening a threaded bolt
screwed into the clamping device. Two load cells were
provisioned at the loading points over the top beam
and one additional load cells was placed between the
support plates at one of the ends in order to ensure a
symmetric distribution of load.

After 96 days of imposed deflection, accelerated
corrosion of the bottom beam was promoted through
impressed current. The accelerated corrosion setup,
schematically illustrated in Fig. 2c, was specifically
chosen to promote a non-uniform corrosion
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Fig. 2 a Loading setup for long-term imposed deformation; b schematic representation of the DOFS installation; ¢ accelerated
corrosion setup with impressed current; d view of the test during the accelerated corrosion phase (all measurements are in mm)

distribution. To that end, the three tensile reinforce-
ment bars were electrically connected among them
and to the positive terminal of a DC power source. The
negative terminal of the source was then connected to

a copper mesh laid along the tensile surface of the
beam and reaching between the loading points, which
acted as the external cathode. To ensure the elec-
trolytic connection between the external cathode and
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the embedded reinforcement, the copper mesh was
covered with several pieces of cloth that were
intermittently wetted using a perforated hose that
pumped chloride solution from a pool placed under-
neath the beams. The external position of the cathode
and the existence of bending cracks was expected to
favour the concentration of corrosion in the spots
where the reinforcement intersected the cracks, as they
will act as the paths of least resistance for the electric
current. Chloride solution was pumped for five
minutes every 30 min whereas a constant direct
current of 0.1 A was applied for 5 weeks, then ceased
for 2 weeks and finally applied again for 2 more
weeks.

During the accelerated corrosion phase, the initia-
tion and propagation of corrosion-induced cracks on
one of the lateral sides of the beam was monitored
using DIC. For that purpose, images were taken
periodically using a Fujifilm X-T30 digital camera.
Each image covered a region of the central part of the
beams of approximately 1.2 x 0.8 m and had a size of
26 megapixels, i.e. 6240 x 4160 pixels, delivering a
resolution of 0.19 mm/pixel. Images were taken every
2 h during the entire duration of the tests and were
later processed and analysed in the commercial
software GOM correlate.

Cracks on the tensile face of the beam were
monitored using a distributed optical fiber sensor. In
this study, a robust fiber optic cable BRUsens V9 from
Solifos with an inner steel tube and an external rugged
polyamide cladding was used. The cable, with a
diameter of 3.2 mm, was deployed as schematically
shown in Fig. 2b by gluing the sensor to the surface of
the concrete using epoxy resin. The Optical Distrib-
uted Sensor Interrogator (ODiSI) 6000 series from
Luna Inc. was used as data acquisition unit. The largest
available spatial resolution between measuring points
provided by the interrogator was chosen, namely
2.6 mm, whereas the sample rate was set at 1
measurement every 10 min. A general view of the
test setup is shown in Fig. 2d.

2.3 Characterization of rebar corrosion by 3D
laser scanning

2.3.1 Generation of 3D point clouds

Once the accelerated corrosion test was concluded, the
corroded beam was removed from the testing rig and

the concrete cover was detached in order to reveal the
tensile reinforcement bars. Subsequently, one-meter
segments from the centre of the rebar were cut out
using a water-cooled circular saw, which were then
subjected to a sand-blasting process to remove the
remaining adhered corrosion products according to
[22].

The clean reinforcement bar segments were then
3D scanned in order to determine the local corrosion
level along the rebar length. The scanning of the bars
was carried out using a portable laser scanner Handy
Scan 700™ from Creaform, featuring an accuracy of
up to 30 pm and a maximum spatial resolution of the
generated point cloud of 0.05 mm. The result of the
3D scanning consisted of a 3D point cloud that was
used to create a triangular mesh describing the surface
of the examined bars, as shown in Fig. 3a, b for a
corroded and uncorroded bar section, respectively.
After processing and repairing the initially obtained
mesh to fill small holes and remove possible noise, a
new point-cloud was generated to be further analysed
using the commercial software Matlab.

Following the methodology presented in [18], a
surface interpolation of the point-cloud was carried
out after a change of the coordinate system from
cartesian to polar, so that rectangular corrosion
penetration maps as the ones depicted in Fig. 3c, d,
could be generated. This representation of the data
facilitates the identification of the areas more heavily
affected by corrosion both along the length and around
the perimeter of the bar. Next, a description of the
longitudinal variation of cross-sectional area along the
bar length was performed as the integration of the area
enclosed by the surface points. This representation of
the data allowed to clearly identify the position of the
critical sections, namely the sections featuring the
largest sectional loss, as well as to determine their
remaining cross-sectional area, see blue line in
Fig. 3e.

A further step was implemented to determine the
local corrosion level, defined as the loss of cross-
sectional area relative to the initial cross-sectional
area, according to Eq. (1):
1= Ao = Aeorr 10 (1)

Ag
where p is the local corrosion level, in %, and A, and
Acorr are the uncorroded and corroded bar cross-
sectional areas, respectively. To that end, following
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the same principle presented in [20], a reconstruction
of the original distribution of cross-sectional area was
performed. The reconstruction entailed the concate-
nation of the average area distribution of a segment
taken from healthy parts of the rebar. In particular, the
segment comprised the distance between two consec-
utive points of minimum local cross-section. The
result of the reconstructed cross-sectional area is
depicted in Fig. 3e as a red line.

2.3.2 Definition of corrosion features

The presented accelerated corrosion setup aimed at
achieving a non-uniform corrosion distribution includ-
ing both regions of localized pitting and regions with
more general corrosion. The regions with localized
pitting are of special interest since they govern the rate
of structural degradation at early stages. Accordingly,
it is useful to define certain metrics that allow for a
direct comparison between different pits.

The first and most straightforward parameter to
define a pit is the maximum local corrosion level, as
defined in Eq. (1), at the section with minimum
residual cross-sectional area. Even though the maxi-
mum corrosion level can be used to obtain a good
estimation of the residual capacity of a corroded rebar,
that alone might not necessarily be a good indicator of
corrosion-induced cracking. In order to take the 3D
shape of the pits into account, the corrosion pit
volumes were calculated. However, the boundaries of
a pit are not well-defined in bars where both localized
and pitting corrosion coexist.

In order to establish an objective measure of the pit
volume, in this work the pit length was defined as the
distance where the local corrosion level exceeded the
average corrosion level calculated over the mean crack
spacing. This definition is illustrated in Fig. 3f for
clarity. Once the pit length is defined, the pit volume is
calculated as the integral of the sectional loss over the
pit length. Note that this approach assumes that there is
only one well-defined pit in the vicinity of each crack,
which may hinder its application to more advanced
corrosion stages or in cases where corrosion takes
place in uncracked concrete.

2.4 Crack width measurements

As previously mentioned, two different techniques
were used to measure the crack width of longitudinally

formed cracks on different surfaces of the beam,
namely distributed optic fiber sensors and digital
image correlation. In the following sections the
specifics of each technique and the procedure followed
to obtain the crack width are explained.

2.4.1 Measurements based on DOFS

DOFS provide a continuous description of the strain
along the fiber sensor. It has been previously shown by
the authors [24-26] as well as others [27-29], that the
integration of longitudinal strains along a certain
length in a beam can be used to accurately determine
the crack width of individual bending cracks. The
same concept is applied here with the difference that in
the present study, the fiber sensors are placed
transversally at different sections of the beam. In the
case of multiple bending cracks, the integration
domain for each crack is commonly assumed to be
the mean crack distance centred in the crack. How-
ever, since only one crack was detected on the top
surface of the beam, in this study the strains were
integrated along the entire width of the element.

2.4.2 Measurements based on DIC

DIC enables the tracking of 2D strain fields on the
surface of an object over time, which makes it a
particularly helpful technique to monitor the forma-
tion and growth of cracks in concrete since the large
area covered by the images does not require knowing
beforehand the position of the cracks. Even though
today, the use of DIC is widely spread for common
structural tests, monitoring the formation of corrosion-
induced cracks poses several challenges. Firstly, the
setup needs to be suitable for the use of this technique,
i.e., the surface to be monitored needs to be exposed
and accessible at all times. Moreover, the appearance
of stains stemming from the flow of water mixed with
corrosion products on the monitored surface reduces
the usable surface area where results can be obtained,
see Fig. 4a. Nevertheless, in this work it was possible
to define a series of virtual gauges on the surface where
accurate results could be obtained over time until the
end of the tests. Figure 4b shows the position of the
virtual gauges together with the longitudinal crack
pattern reconstructed based on linear interpolation

between discrete measurements.
nilem
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Fig. 4 a Example of one of the images used to determine the
evolution of corrosion-induced longitudinal cracks with an
overlay of DIC postprocessed results showing the field of major
principal strains (note that the image is upside down with respect
to the testing setup to facilitate the intuitive expectation of the

3 Results and discussion

3.1 Linking corrosion of reinforcement
to transversal and longitudinal cracking

In Fig. 5, an overview of the experimental results is
presented. Figure 5a shows the principal strain field
during the loading procedure where the position of the
bending cracks in the central part of the beam is
highlighted. A total of eight bending cracks were
identified which are numbered from 1 to 8 in Fig. 5a.
Information about the maximum crack width reached
at the crack mouth (bottom surface) is provided.
Figure 5b illustrates the distribution of corrosion over
the surface of the reinforcement bar that was closest to
the side of the DIC measurements (front bar). The
parts of the bar in colour represent the areas with

Length [mm)]

tensile reinforcement at the bottom of the beam). b Reconstruc-
tion of the corrosion-induced cracks obtained through interpo-
lation of the discrete measurements carried out at the location of
the virtual gauges depicted as red markers

Fig. 5 Overview of results: a position and maximum crackp»
width of bending cracks as measured by DIC; b corrosion
distribution along the surface of the front reinforcement bar
based on 3D scanner; ¢ variation of original and residual cross-
sectional area along the bar and indication of the maximum
corrosion level and pit volume of each pit; d longitudinal crack
width as measured by DOFS and DIC; e longitudinal crack
pattern at the end of the accelerated corrosion test

apparent corrosion, defined as those points on the
surface where the corrosion penetration exceeded
0.2 mm with respect to the reconstructed original
surface. Figure Sc presents the variation of the original
and residual cross-sectional area for the bar displayed
in Fig. 5b, where the maximum corrosion level and the
volume of each pit have been specified. Figure 5d
shows the variation of the accumulated longitudinal
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Fig. 6 Corrosion maps displaying the distribution of corrosion penetration for a the back reinforcement bar, b the middle reinforcement

bar and c the front reinforcement bar

crack width as measured by the DOFS and DIC on the
top and lateral sides of the beam, respectively. Finally,
Fig. 5e displays a reconstruction of the crack pattern at
the end of the test based on DIC measurements for the
longitudinal cracks formed on the lateral side of the
beam.

Several findings can be observed in Fig. 5. First, the
proposed experimental setup for accelerated corrosion
could successfully deliver a non-uniform distribution
of corrosion along the reinforcement bars. Not only
that, but the presence of corrosion pits in the bar was
clearly governed by the existence of bending cracks as
suggested by the close agreement between their
respective positions along the bar. This correlation
between the position of cracks and pits in reinforce-
ment bars is in line with previous findings observed in
naturally corroded elements for early stages of corro-
sion [20, 30]. This suggests that the setup put forth can
be used to reproduce realistic corrosion distributions,
up to moderate corrosion levels, which can be of
interests in laboratory studies aimed at investigating
the load bearing capacity of corroded structures. It
should be noted, however, that when using impressed
current the composition of the generated corrosion
products may still differ from those generated under

natural conditions, thereby changing their volumetric
ratio and therefore modifying the rate of corrosion-
induced degradation. To further support the validity of
the observed results, the corrosion distribution on the
three reinforcement bars is presented in Fig. 6, where
it can be seen that corrosion concentrated at the
location of transverse cracks in all bars.

Regarding the relationship between longitudinal
cracking and corrosion, a clear relation becomes also
apparent between the extent of longitudinal crack
propagation and the length of reinforcement bar with
appreciable corrosion, being the regions beyond those
areas free of corrosion-induced cracking. It is inter-
esting to note that the longitudinal cracks formed on
the lateral side were somewhat higher than the tensile
reinforcement, the centre of which was at about
36 mm from the bottom. This could be caused by the
presence of an earlier longitudinal crack formed at the
tensile surface of the beam, which might have
conditioned the position of subsequent cracks.

The relationship between the crack width of
transversal cracks and the extent of corrosion at the
pits in terms of maximum corrosion level and pit
volume is explicitly presented in Fig. 7a, b, respec-
tively, where each marker has been numbered
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Fig. 7 a Relationship between transversal crack width and
maximum corrosion level at the pit; b relationship between
transversal crack width and pit volume; c¢ ratio between

according to the crack number shown in Fig. 5a. Note
that crack 1 is not included because no corrosion was
found at that location. This is most likely due to the
fact that the external cathode did not reach the position
of crack 1. For the rest of cracks, it can be observed
that both the maximum corrosion level and the pit
volume were quite sensitive to the transversal crack
width. Indeed, varying the crack width from 0.13 to
0.22 mm had a remarkable effect on the amount of
steel loss at the pit, which increased by almost a factor
of three. This indicates that crack width played a major

longitudinal crack width and corrosion level along the length
of the reinforcement bar. Dashed lines indicate the position of
transversal cracks and pits

role in how externally impressed current was dis-
tributed by ionic migration through transversal cracks.

However, the condition at the steel-concrete inter-
face, which is known to have a decisive role in the
corrosion of reinforcement [31] and which is directly
related to the surface crack width by the bond-slip
behaviour of the rebar could be the main factor driving
the distribution of corrosion at the pits. It should also
be highlighted that crack 8, which is at the other end of
the investigated region, might have suffered from a
similar issue as described for crack 1, which could
have hindered the development of corrosion at that
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location, hence a slightly discrepant tendency with
respect to the rest of data points.

In order to investigate whether a relationship exists
between the longitudinal crack width and the distri-
bution of corrosion along the reinforcement, the ratio
between the crack width and maximum corrosion level
at each section of the bar is presented in Fig. 7c. As
observed, the highly variable profile of the plotted
ratio suggests that a local relationship does not exist.
Indeed, comparing Fig. Sc, d, it can be seen that
whereas the longitudinal crack width exhibits a certain
continuity along its length, the corrosion level is
highly irregular with large spatial gradients. As a
result, the crack width-corrosion level ratio becomes
very small at the location of the pits where the
corrosion level is significantly higher. On the other
hand, away from the cracks, the ratio becomes larger
due to the significantly lower corrosion levels. These
results reveal that unlike in elements with generalized
corrosion where the steel loss occurs uniformly along
the surface of the bars, the width of longitudinal cracks
cannot be directly correlated with the local corrosion
level of the reinforcement in cases where non-uniform
corrosion prevails. Furthermore, this implies that in
elements with transverse cracks where an ongoing
corrosion exists, it is not possible to determine the
most corroded section solely based on the examination
of the crack width of longitudinal cracks, which is in
line with the findings by [8]. Conversely, the crack
width of corrosion-induced cracks seems to be a
function of the accumulated or total corrosion along
the corroded region.

3.2 Evolution of corrosion-induced cracks
3.2.1 Crack width

In the previous section it was shown that the longi-
tudinal crack width could not be related to the local
corrosion level at a given point in time and, instead,
the global amount of corrosion in a wider region must
be considered. In this section, the variation of crack
width over time is investigated. The evolution of the
width of corrosion-induced cracks is presented in
Fig. 8a, c at eight individual points of the bottom and
lateral sides of the beam, respectively, which are
indicated in Fig. 8b. Additionally, in Fig. 8c, vertical
dashed lines have been included to indicate different
times of interest, where the times from t; to tg

correspond to the appearance of new longitudinal
cracks (i.e., not having a continuous path with existing
ones) whereas t; and tg represent the start of the second
impress current period and the end of the test,
respectively.

As observed in Fig. 8a, cracking at the bottom
surface of the beam occurred approximately 10 days
after the initiation of the accelerated corrosion
process. It should be noted that the calculated crack
width displayed in Fig. 8a up to that point corresponds
to the elastic expansion of the concrete before
cracking. Subsequently, cracks at the bottom surface
grow proportionally with increasing time, although at
different rates, up to a period of about 20 days, after
which they either stabilize or reclose. This change in
the growth rate coincides with the appearance of
longitudinal cracks on the lateral side of the beam, as
shown in Fig. 8c. Due to the layout of the reinforce-
ment and the corrosion of three tensile reinforcement
bars forming a horizontal plane, most of the corrosion-
induced damage was concentrated on the longitudinal
cracks formed on the lateral side beam, rendering the
cracks at the bottom surface almost negligible.

Looking at the evolution of the crack width for the
longitudinal cracks on the lateral side, it can be seen
that in all cases the crack width increases almost
linearly with time while it halts during the period
where impressed current ceases. Moreover, after
restarting the impressed current, the crack width of
longitudinal cracks started to increase again with a
similar linear trend. Since the externally applied
current was kept constant during the periods of
impressed current, and assuming that the distribution
of corrosion rates along the bar did not change
significantly after the formation of the longitudinal
cracks, it can be inferred from the results in Fig. 8c
that changes in corrosion-induced crack width are
proportional to changes in local corrosion levels.
However, the factor of proportionality between crack
width and the local corrosion level does not remain
constant at different sections and it is most likely
influenced by both the local mechanical properties of
the concrete as well as the distribution of corrosion in
the neighbouring zone of the investigated section. Nev-
ertheless, these results suggest that if the corrosion
level could be assessed at two different points in time,
then the factor of proportionality between the longi-
tudinal crack width and the corrosion rate could be
established. Once the factor of proportionality is
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Fig. 8 a Crack width evolution of longitudinal cracks formed
on the tensile surface of the beam based on DOFS measure-
ments; b longitudinal crack pattern on the lateral side of the
beam. The markers indicate the position at which cracks have

known, the monitoring of longitudinal cracks could be
used to determine the rate of reinforcement corrosion
at any time.

3.2.2 Crack pattern
It could already be observed from Fig. 8 that longi-

tudinal cracks on the lateral side of the beam initiated
earlier in the central region of the investigated area

Time [days]

been measured for the DOFS (@) and DIC (A); ¢ crack width
evolution of longitudinal cracks formed on the lateral side of the
beam based on DIC measurements

compared to those present near the edges. Moreover,
together with the distribution of the crack width, that
clearly indicates that longitudinal cracks initiated in
the centre and propagated towards the sides. However,
owing to the availability of DIC measurements, it was
possible to analyse in detail the evolution of the
longitudinal crack pattern, which is presented in Fig. 9
for the eight different times highlighted in Fig. 8c,
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(a) Crack pattern at t, = 14.8 days

(b) Crack pattern at t, = 17.3 days
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Fig. 9 Evolution of the corrosion-induced longitudinal crack pattern as measured per DIC. Red crack segments indicate new cracks

with respect to the previous time step. (Color figure online)

where the crack segments drawn in red represent
cracks that were not present in the previous step.

The results in Fig. 9 confirm that longitudinal
cracking initiated at the centre of the investigated
region. However, it can also be observed that longi-
tudinal cracks initiated at different locations over time
and subsequently merged. This could be different from
a natural corrosion scenario where corrosion focuses
in a smaller region as opposed to the present study
where corrosion happened along the entire investi-
gated area.

Another finding from Fig. 9 is the fact that, contrary
to what could be anticipated, longitudinal cracks did
not initiate at the sections with a greater local
corrosion level. Instead, new cracks were in most
cases observed to form in the regions between
transversal cracks, which as previously discussed,
featured relatively low corrosion levels. An explana-
tion for this observation could be found in the transport
of corrosion products through transversal cracks,

which were open due to the applied load, thereby
relieving most of the stress stemming from the
accumulation of rust in the cracked sections. Con-
versely, in regions without transversal cracks, despite
displaying a visibly lower corrosion level, the absence
of cracks led to the confinement of corrosion products
and the raise of stresses, thus causing an earlier
initiation of cracks. This observation clearly shows
that the mechanical action exerted by the corrosion
products plays a more important role on corrosion
induced cracking than the extent of corrosion itself. It
should be noted, however, that the observed behaviour
was influenced by the particular conditions of the test
setup and the experimental procedure. On the one
hand, inducing corrosion through impressed current
might have played a role, since a faster rate of iron
dissolution can result in the formation of more soluble
corrosion products due to lack of oxygen availability
at the steel concrete interface. Moreover, in the
experiments, cracks were held open which facilitated
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the flow of corrosion products through them. Natural
corrosion, on the other hand, takes place at a
significantly lower rate while cracks in real structures
may not be open at all times, thereby increasing the
probability of cracks being sealed by corrosion
products.

4 Conclusions

In this article a thorough investigation was carried out
to elucidate the interplay between corrosion of rein-
forcement and cracking in reinforced concrete struc-
tures with non-uniform corrosion distribution. To that
end, experimental tests were carried out and advanced
measurement techniques were used to monitor the
formation and propagation of concrete cracks as well
as to characterize the corrosion of reinforcement. The
following conclusions can be drawn:

1. The proposed experimental setup was able to
successfully reproduce realistic corrosion distri-
butions exhibiting corrosion pits at the location of
transverse cracks, which could be used to study the
load bearing capacity of corroded concrete struc-
tures in the laboratory. Moreover, it has been
found that the crack width of transversal cracks
has a strong impact on the local corrosion level
and pit volume when impressed current is used to
induce corrosion with an external cathode.

2. Unlike for elements exhibiting uniform corrosion,
a direct correlation cannot be established between
the width of longitudinal cracks and the local
corrosion level of elements with non-uniform
corrosion. Consequently, in reinforced concrete
elements where reinforcement is actively corrod-
ing, it is in general not feasible to discern the most
corroded section solely based on the examination
of corrosion-induced cracks.

3. After the formation of corrosion-induced cracks, it
was found that their width increased linearly with
the local corrosion level provided the distribution
of corrosion did not change significantly. This
entails that the opening of longitudinal cracks can
be used to monitor the rate of corrosion degrada-
tion given their propagation has stabilized.

4. Despite corrosion was found to concentrate at the
location of transversal cracks, the transport of
corrosion products through the open cracks and

subsequent relief of internal stress caused the
longitudinal cracks to form predominantly in the
regions between transversal cracks. This indicates
that the extent of corrosion correlates to longitu-
dinal cracking through the mechanical effect of
corrosion products, which highlights that detect-
ing the location of corrosion-induced crack initi-
ation might not be indicative of the position of the
most corroded section.
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