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A B S T R A C T   

This study undertaken on a nine-year-old cracked concrete panel further investigates the impact of cracks on the 
corrosion performance of conventional steel reinforcement in marine-exposed concrete to explain observed 
monitoring data. The present data covers seven 1.80 m long (12.6 m) reinforcing bars embedded in good quality 
concrete (w/b = 0.40 and cover >75 mm). Each bar was crossed by two horizontal cracks (surface crack widths 
0.20–0.30 mm). The investigation showed no corrosion on the surface of the reinforcing bars, in either cracked or 
uncracked areas. Two of the seven reinforcing bars were instrumented in the vicinity of the cracks. Extensive 
corrosion was found in the interior of all instrumented parts of these bars. This may explain the monitoring data 
despite the lack of corrosion on the exterior surface of the two instrumented rebars. However, with no other 
weaknesses, the remaining conventional rebars showed no impact from the cracks.   

1. Introduction 

The corrosion of steel reinforcing bars is the most common cause of 
deterioration in reinforced concrete structures. Regulating concrete 
cover quality (i.e., its denseness and thickness) and surface crack width 
has been the preferred strategy for preventing corrosion damage for 
many years. Depending on the environmental class defined, e.g., by the 
presence of chlorides and moisture conditions, different crack width 
limits apply. However, these requirements can be questioned, because 
the effect of cracks on durability is debated among researchers. 

It is generally accepted that transversal cracks reduce the time to 
corrosion initiation, which is explained by the rapid ingress of aggres
sive substances [1]. However, observations that contradict this have 
been made on the long-term impact of transverse cracks on the propa
gation of reinforcement corrosion [2]. The development of corrosion 
appears to be more affected by the concrete cover quality and thickness 
than the surface crack width [3,4]. Some researchers have suggested 

that the maximum steel stress (which affects the crack width at the 
reinforcement) is more critical for corrosion behaviour than the 
maximum surface crack width [5,6]. Papakonstantinou and Shinozuka 
[7] suggest that self-healing might explain why cracks with small widths 
do not affect long-term corrosion. Another possible explanation for the 
observations on the long-term impact of cracks is that other and more 
pronounced weaknesses may override the corrosion impact of the 
presence of cracks [8]. 

This work presents the results from a field exposure experiment. A 
2.00 m × 1.00 m × 0.20 m panel was cast in the laboratory from Port
land cement concrete with a water-to-binder ratio of 0.40 and large 
cover thickness (>75 mm), exposed for nine years at the Rødbyhavn 
field exposure site owned by Femern Bælt A/S in Denmark. Initially, the 
panel was cured sealed for approximately 70 maturity days. Then two 
bending (tapered) cracks with similar surface crack widths 
(0.20–0.30 mm) were introduced, after which the specimen was stored 
seven months onsite still sealed in plastic until exposure. The panel was 
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positioned at the exposure site with the cracks orientated horizontally. 
One of the cracks was exposed fully submerged, while the other was in 
the tidal zone. The panel was instrumented with multi-ring electrodes 
for depth-dependent temperature and resistivity monitoring, and two 
custom-made rebars were instrumented to monitor the open circuit 
potential (OCP) in the vicinity of the cracks. The instrumented rebars 
contained small pins, spaced out approximately every 10 mm and elec
trically isolated from each other. Michel et al. [9] presented and dis
cussed monitoring data for the first seven years of exposure. Their results 
indicated that active corrosion initiated after almost two years of 
exposure. This observation contrasts with many laboratory in
vestigations that report rapid corrosion initiation in cracked concrete 
[10–15]. Moreover, Michel et al. [9] observed cyclic OCP behaviour, 
indicating depassivation and repassivation of the pins. The pin sensors in 
both the tidal and submerged zones indicated that apparent active 
corrosion continued to a varying extent for periods of approximately one 
and a half years. 

The aim of this study was to investigate further the impact of cracks 
on the corrosion performance of conventional steel reinforcement in 
marine-exposed cracked concrete and to explain the observed moni
toring data. The panel contained seven vertically positioned reinforcing 
bars, five conventional and two instrumented. The instrumented rebars 
were custom-made and earlier successfully used for short-term labora
tory studies [10]. The reinforcing bars were electrically isolated from 
each other. After nine years of exposure, cores (ø100 mm) were drilled in 
cracked areas of the three middle bars (one conventional and two 
instrumented) for detailed crack morphology and composition analysis 
using visual inspection, X-ray micro-computed tomography (μ-CT), 
micro X-ray fluorescence spectrometry (μ-XRF), and petrography. The 
remaining reinforcement was excavated for the identification of any 
corrosion there might be. 

The investigation showed no corrosion on the surface of the rein
forcing bars, in either cracked or uncracked areas. Extensive corrosion 
was found in the interiors of all four instrumented rebar parts and could 
protect the non-corroding steel surfaces and thus explain the lack of 
corrosion spots on the outer steel surface in contact with the concrete; 
however, the remaining conventional rebars showed no corrosion 
impact from the cracks nor any other weaknesses. 

The apparently periodical corrosion activity identified by monitoring 
OCP during the first seven years of exposure [9] can be explained by 
extensive corrosion inside the instrumented reinforcing bars and on the 
interior of the pins. This might be due to unintended ingress along cables 
and shows that the design of the instrumented reinforcing bars needs to 
be adjusted if used for long-term monitoring. 

2. Experimental 

The experimental study investigated a cracked reinforced concrete 
panel made from plain Portland cement after nine years of marine 
exposure, from June 2011 to October 2020. 

2.1. Concrete panel 

The reinforced concrete panel was prepared from plain Portland 
cement with a water-to-cement ratio of 0.40. Table 1 gives the mix 
composition, while the oxide composition of the cement can be found in 
Table 2. The panel dimensions were 1.00 m × 2.00 m × 0.20 m 
(length × height ×width) with seven vertical reinforcing bars 
embedded in the concrete: five conventional reinforcing bars with a 
diameter of 12 mm and two custom-made instrumented reinforcing bars 
with a diameter of 25 mm, see Fig. 1. The custom-made instrumented 
reinforcing bars contained approximately 300 mm long hollowed sec
tions with 17 drilled holes. A steel pin was mounted in an insulating 
sheath in each of these holes to allow for individual electrochemical 
potential and corrosion current measurements. All electrical connec
tions to the individual pins were threaded through the hollow section. 
More information can be found in Michel et al. [9]. The reinforcing bars 
were centrally positioned, resulting in 94.0 mm and 87.5 mm cover 
thicknesses for the conventional and instrumented reinforcing bars, 
respectively. All reinforcing bars were mounted on horizontal composite 
bars to ensure that the individual steel bars (whether conventional or 
instrumented) were electrically disconnected from each other. 

The concrete was mixed and cast at the Danish Technological Insti
tute. Mixing was carried out using a concrete mixing plant with a 250 L 
capacity. Homogenization of the individually prepared concrete batches 
was ensured using a 500 L pan mixer. Concrete casting was undertaken 
from the top of the formwork resulting in a maximum drop height of 
approximately 2.20 m. The concrete was cast in five subsequent layers, 
and each layer was compacted individually using a small poker vibrator. 
After casting, the form was stored at laboratory conditions (i.e., 
18 ± 2 ◦C) and covered with plastic for 48 h. Upon demoulding, the 
panel was cured sealed in plastic under laboratory conditions for an 
additional 68 days. 

Subsequently and before exposure, two cracks were mechanically 
introduced in the panel by means of three-point bending. The cracks 
were located approximately 0.70 m (Crack 1, tidal exposure) and 1.50 m 
(Crack 2, submerged exposure) from the top of the panel, see Fig. 1. A 
DEMEC Mechanical Strain Gauge was used to measure crack width in 
both locations (for three pairs of measuring points along the crack path) 
both during the cracking and after 1.5 years. Upon cracking, two re
cesses of approximately 10 cm × 5 cm × 5 cm (length ×width × depth) 
were cut at the edges and along the crack path of the panel. Subse
quently, the recesses were filled with fast-hardening repair mortar to 
retain induced crack widths (see Table 3). The repair mortar was 
allowed to cure sealed for 24 h before maintaining the applied load and, 
thus, the crack widths. Then the specimen was stored for seven months 
onsite still sealed in plastic until exposure. 

2.2. Exposure 

The panel was exposed to seawater at an exposure site in the 
Rødbyhavn area in Denmark. The chloride content of the seawater there 
is approximately 0.70 % (7.0 g/L) [17], and annual temperature varia
tions of the seawater typically range from − 1 to 20 ◦C. The specimen was 
partly immersed in the seawater, with the upper 0.70 m above the mean 

Table 1 
Concrete composition.  

Constituent [kg/m3] 

Cement  368.5 
Water  143.3 
Fine aggregates (0–2 mm)  699.6 
Coarse aggregates (4–8 mm)  379.8 
Coarse aggregates (8–16 mm)  267.5 
Coarse aggregates (16–22 mm)  532.2 
Air entraining agent  1.7 
Superplasticizer  3.0 
Total  2395.7 
Free water  147.0 
w/c-ratio [− ]  0.4 
Air content [%]  3.8  

Table 2 
Oxide composition of cement; after [16].   

CaO SiO2 Al2O3 Fe2O3 SO3 MgO TiO2 P2O5 CO2 LOI Na2O 

Mass % 65.6 24.8 2.9 2.3 2.2 0.8 0.1 0.2 0.2 0.7 0.7  
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water level, see Fig. 1. While the average tide is only 0.10 m, normal 
water level variations due to wind are ±1.10 m, and extreme variations 
are ±2.00 m [17]; see Fig. 2. 

2.3. Investigations 

After nine years of exposure, the panel was lifted out of the seawater 
and cleaned using a high-pressure washer to remove any sea life from 
the surface. Subsequently, the panel was wrapped in plastic and trans
ported to the Danish Technological Institute, where six cores (Series 1) 
were drilled. Before further investigation, these cores were wrapped in 
plastic and stored at room temperature. After coring, the panel was 
again wrapped in plastic and transported to the Chalmers University of 

Fig. 1. Dimensions of the panel, location of mean water level, the two horizontal cracks, and cores extracted for this study: Series 1: cores C3 and C6 include parts of 
conventional reinforcing bars, cores C1, C2, C4 and C5 include parts of instrumented reinforcing bars; Series 2: numbering of cores. #1–7, numbering of rebar 
sections: IR 1–4, instrumented rebars: #3 and #5. All measures in mm. 

Table 3 
Surface crack width in (mm) before and during early exposure of the panel. The 
three measuring points were distributed approximately evenly along the crack 
path.   

Crack 1 0.70 m from top, tidal 
exposure 

Crack 2 1.50 m from top, 
submerged exposure 

Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 

Oct 2010  0.23  0.18  0.24  0.26  0.22  0.31 
Apr 2012  0.35  0.28  0.32  0.33  0.38  0.40  

Fig. 2. Water level variation from January 2012 to January 2018. Zero (0) 
corresponds to the mean water level [9]. 
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Technology in Gothenburg, Sweden. 
Table 4 summarizes the investigations undertaken, and Fig. 3 illus

trates the sub-sectioning of cores from Series 1 for the μ-XRF analysis 
(shortened to μ-XRF in the remaining text) and carbonation test of the 
crack face as well as the positions of the thin sections. The six Series 1 
cores (ø100 mm) were drilled in cracked areas of the three middle bars 
(one conventional and two instrumented) for detailed crack morphology 
and composition analysis using visual inspection, μ-CT, μ-XRF, and 
petrography. At Chalmers, the panel was visually investigated, addi
tional cores (Series 2) were extracted, and the remaining reinforcement 
was excavated to identify any corrosion there might be. Table 5 sum
marizes the Information obtained from the techniques applied for crack 
morphology characterization in the present study. Note that cracks near 
the rebar could not be (entirely) detected (or therefore quantified) by 
μ-CT due to a combination of low resolution and image noise, artefacts 
associated with the scanning, see Fig. 4. 

2.3.1. Investigation of Series 1 cores 

2.3.1.1. Visual inspection. A standard crack-width ruler was used to 

determine crack widths on the cylindrical surfaces of the two cores (C1 
and C4), subsequently investigated using μ-XRF. 

2.3.1.2. X-ray micro-computed tomography (μ-CT). X-ray micro- 
computed tomography (μ-CT) was undertaken to characterize crack 
morphology on all six cores (C1–C6). The μ-CT was performed at the 3D 
Imaging centre at DTU using an ‘XT H 225 ST’ scanner from Nikon 
Metrology. Each core was investigated with three overlapping CT scans 
to cover the full height of the core. The μ-CT system was set up with the 
X-ray source in reflection geometry, and all scans were made with 
200 kV high voltage and 75 W power and using 1 mm of tin as a filter 
between the source and the specimen. Given the cone-beam geometry, 
the efficient pixel size was 116.64 μm. The detector was binned to a size 
of 1024 times 1024 pixels. Each projection image consists of four frames, 
and projections were acquired over 360 degrees in 1571 steps, each with 
an exposure time of 1 s resulting in 1571 projection images. Each data 
set was reconstructed to a 3D volume using the Nikon Metrology soft
ware ‘CT Pro 3D version 3.1.5098.29005’, which is based on an FDK 
implementation of a filtered back-projection algorithm [18]. Segmen
tation and image analysis was undertaken is described below in Section 
2.4. 

2.3.1.3. Petrography. Petrography was undertaken on two instru
mented reinforcing bars (C2 and C5). Two thin sections were prepared 
from each core, i.e., C2 and C5, to cover almost the entire crack length 
from the exposed surface to the reinforcement. The cores were cut 
transversal to the crack plane (see Fig. 3) using a rock saw and limited 
amounts of cooling water. The relevant concrete pieces were impreg
nated with fluorescent epoxy before lapping and thin section prepara
tion. The thin sections were investigated using optical polarizing 
microscopy including a fluorescent light mode to characterize the extent 
of leaching and carbonation inside the crack, quantify the changes in 

Table 4 
Overview of investigations undertaken. The reinforcing bars are numbered from the right (facing the cracked surface). Information on the location of cores, exposure, 
and reinforcement type, is given in Fig. 1.   

Cores Series 1 Panel 

C1 C2 C3 C4 C5 C6 Cores Series 2 Panel in general 

Exposure Tidal X X X      
Submerged    X X X   

Reinforcement Conventional   X   X   
Instrumented X X  X X    

Crack morphology Visual inspection X   X   X  
μ-CT X X X X X X   
μ-XRF X   X     
Petrography  X   X    

Composition μ-XRF X   X     
Petrography         
Carbonation test X   X     
Chloride test        X 

Corrosion state Visual inspection X X X X X X X X  

Fig. 3. Schematic illustration of sub-sectioning of cores from Series 1. Exposed surface to the left. Full length of cores (thickness of panel) 200 mm.  

Table 5 
Information obtained by the techniques applied for crack morphology charac
terization in the present study.  

Technique Resolution Dimensions Open 
crack 

Entire 
crack 

Self-healing 
products 

μ-CT 116 μm/ 
pixel 

3D X – – 

μ-XRF 80 μm 2D X X X 
Petrography 1 μma 2D X X X  

a Fluorescent light; 200× magnification. 
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porosity, describe the mechanical damage, and characterize secondary 
phases formed in the crack. 

2.3.1.4. Micro X-ray fluorescence spectrometry (μ-XRF). Micro X-ray 
fluorescence spectrometry (μ-XRF) mapping was undertaken on cores C1 
and C4 using the scanner at the Department of Structural Engineering, 
NTNU in Trondheim, to determine the elemental content of chlorine and 
other selected elements in the cement paste. Shortly before the scanning, 
the cores were cut transversal to the crack planes (see Fig. 3) using a rock 
saw and limited amounts of cooling water. The μ-XRF elemental map
ping of the concrete was performed with an M4 Tornado instrument 
from Bruker. The settings for data collection were 50 kV accelerating 
voltage, 600 μA current, spot size 20 μm, 80 μm distance between each 
pixel, 2 ms/pixel acquisition time, and 20 mbar vacuum atmosphere. It 
should be noted that the scans are not directly comparable because no 
reference samples were used to calibrate the measurements. 

2.3.1.5. Carbonation detection. The carbonation depth was detected in 
the non-cracked bulk concrete and along the crack plane (see Fig. 3) on 
cores C1 and C4 using a rainbow indicator. 

2.3.1.6. Inspection for reinforcement corrosion. Reinforcement corrosion 
was assessed visually on cores C1–C6 by inspecting the steel surface and 
the reinforcement imprint in the concrete. The reinforcement was 
removed carefully from the concrete with a hammer and chisel (cores C2 
and C4) or using a saw for cutting wedges and then hammer and chisel 
(cores C1, C3 and C5–C6). Subsequently, the pieces of instrumented 
rebars were split longitudinally for internal inspection. 

2.3.2. Investigations on panel and Series 2 cores 

2.3.2.1. Visual inspection of panels and crack pattern characterization. 
Upon arrival at Chalmers, the panels were visually inspected, and the 
crack patterns were characterized. To allow for a detailed investigation 
of the crack morphology, ø100 mm cores (Series 2) were extracted from 
each location of cracks crossing reinforcement (i.e., rebar #1, #2, #6, 
and #7 in both the tidal and submerged zones). The drilling was un
dertaken at minimum speed to limit further mechanical damage. The 
surface crack width is an average of four measurements taken at a 
20 mm distance in the cored areas. An electronic microscope was used 
on the panel surface, and the pictures were scaled against 1 mm. A 
mechanical microscope was used on the cylindrical surfaces of cores, 

Fig. 4. Schematic illustration of detection limit for quantitative analysis of μ-CT scans due to low resolution and image noise, artefacts associated with scanning near 
rebars. Left: a representative crack with identification of limit for image segmentation. Right: the crack depths at the detection limit and the cover depth for all six 
cores (Series 1) investigated. 

Fig. 5. Schematic illustration of a) an XZ planar view of typically-merged μ-CT scans, b)–e) the process followed to segment the crack in 3D space using the relevant 
modules available in Avizo, and f) a representative screenshot of the 3D crack volume illustrating the crack from a specific angle. Images of core C1. 
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and crack widths were measured every 20 mm. The estimate error is 
±0.05 mm when using either an electronic or a mechanical microscope. 

2.3.2.2. Chloride ingress detection. A colorimetric test for free chlorides 
was undertaken on split cores (Series 2 cores from rebars #1, #2, #6, 
and #7). The cores were split along the crack using a wedge and a 
hammer and sprayed with silver nitrate (0.1 N AgNO3, corresponding to 
approx. 0.1 % of concrete [19]). 

2.3.2.3. Inspection for reinforcement corrosion. The remaining rebars 
were removed using a rock saw, cutting vertically at approximately 1 cm 
from the rebars and using a small hammer and chisel to remove the 
remaining concrete. The rebars were then cleaned by sandblasting, and 
then the extent of corrosion was determined by visual inspection. 

2.4. Crack segmentation from μ-CT scans 

The μ-CT data acquired for the six cores from Series 1 (C1–C6) were 
analysed to characterize the qualitative and quantitative crack 
morphology. Data visualization and image analysis software Avizo was 
employed to perform the μ-CT data analysis. Vertical stitching was 
conducted during scanning to envelop the entire core volume within the 
available field of view, producing three different stacks of images per 
core. These three different datasets per core were initially converted 
from 32-bit to 16-bit using ImageJ to minimize computational cost and 
were then merged using image registration techniques to create and 
visualize the entire core volume, as shown in Fig. 5. A consistent 
methodology was conceived and applied to all samples to enable com
parison. Intensity thresholding was performed primarily to segment the 
voids from concrete aggregate and hardened cement paste in charac
teristic 2D XY planar ortho-slices. Pores and cracks, both included in the 
voids phase, have identical values in the corresponding intensity histo
gram, requiring additional processing to enable crack isolation. Label 
analysis followed by sieve analysis – both modules available in the Avizo 
image segmentation toolset – separated the crack from the pore 
network. Final polishing of the crack volume was performed by 
employing “brushing” tools – a user-defined approach available in 
Avizo. 

The methodology applied is illustrated in Fig. 5 across a 3D profile of 
a representative crack and was implemented for all samples investi
gated. The selection of appropriate intensity thresholding range was 
consistent on all occasions to facilitate comparison. Image segmentation 
employed to separate cracks failed to provide quantitative data at crack 
depths near the rebar due to noise artefacts present in the corresponding 
image datasets induced by the steel rebar. Data were therefore, collected 
from zero crack depth to the image segmentation detection limit (see 
Fig. 3). It should be noted that visual observation of μ-CT images near 
the steel rebar confirmed that the cracks had fully penetrated the con
crete cover. 

The following metrics were selected for crack characterization:  

• Crack area: the area of a crack in a given XY plane; the XY-planar 
crack area used describes the crack at a given depth (see Fig. 5a); 
(mm2).  

• Effective crack length: the actual length of the crack (mm), measured 
using a digital ruler available in the Avizo toolset; (mm).  

• Nominal crack length: the length of the secant between the two 
points of the crack where the exposed surface and the cylindrical 
surface meet; (mm).  

• Equivalent crack width: the crack area at a specific crack depth 
divided by the corresponding effective crack length. No errors were 
calculated; (mm).  

• Measured mean crack width: an alternative methodology to derive 
crack width using the digital ruler available in the Avizo toolset. The 
digital ruler was used to measure the crack width at 10 locations 

across the crack (XY plane) at given crack depths. A mean value was 
recorded, and the standard deviation was calculated; (mm).  

• Crack tortuosity: the ratio between the effective crack length and the 
nominal crack length in a given XY plane; (− ). 

Since the cracks formed at distinct locations within the sample’s 
volume, normalization is required to achieve a valid comparison be
tween the cores. Two different methodologies were applied. The first 
method was based on the XY planar crack area, known at every crack 
depth down to the detection limit. Representative 2D XY plane pro
jections were selected across the crack depth (i.e., Fig. 4b), and the 
corresponding effective crack length was measured. The ratio between 
the XY planar crack area and effective crack length, i.e., the equivalent 
crack width, was determined at specific crack depths. The second 
methodology included direct measurements of crack width across the 
effective crack length at different crack depths. A mean value (mean 
crack width) was calculated at each crack depth. Only a proportion of 2D 
XY projections was used for calculations. 

Crack tortuosity was also calculated from the acquired tomographic 
datasets. Using the available toolset for digital measurements, the 
effective crack length was determined in distinct sample XY planar po
sitions. The nominal crack length was also measured in the same planes. 
Tortuosity was calculated as the ratio of effective crack length to nom
inal crack length. 

3. Results 

3.1. Visual appearance of panels 

Seashells were found attached to the submerged part of the panel 
when it was extracted from the exposure site, but apart from traces of 
biological growth, the panel appeared undamaged after cleaning. 

3.2. Crack morphology 

3.2.1. Visual determination 
The cracks were in general visible, but the crack width was difficult 

to measure using the naked eye. Visually determined crack morphology 
(aided by an electronic/mechanical microscope) on the panel, the Series 
2 cores, and the Series 1 cores C1 (tidal exposure) and C4 (submerged 
exposure) are summarized in Table 6 and Table 7, respectively. While 
the surface crack widths given in Table 6 were determined on the 
exposed panel surface, the numbers given in Table 7 were determined on 
the cylindrical surfaces of the two cores (C1 and C4) which were sub
sequently split (see Fig. 3) and investigated using μ-XRF. 

3.2.2. Petrography 
Fig. 6 shows impregnated pieces cut off after thin sectioning pre

pared from cores from the tidal (C2) and submerged (C5) exposure zones 
of the panel. Open cracks are observed to reach the reinforcement level 
in both cores. 

One crack is seen in core C2 from the surface of the concrete to the 
imprint of the rebar. The crack traverses aggregate and occasionally 
splits into smaller cracks. The main crack has a width of 60–80 μm at the 
surface and narrows to 15 μm at the rebar. The cracks are generally 
open, but the main crack is bridged by calcite for the last 0.2 mm up to 
the surface. 

The initially introduced crack in core C5 is seen from the surface of 
the concrete to the imprint of the rebar. An empty crack, possibly formed 
when the rebar was removed from the concrete, has been generated 
along this crack. The initial crack traverses aggregate and occasionally 
splits into smaller brittle cracks. The main crack has a width of 200 μm at 
the surface and narrows to 13 μm at the rebar. The initial cracks are 
generally open, but the main crack is bridged by calcite for the last 3 mm 
up to the surface. 
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3.2.3. μ-CT 
All the cracks were positioned almost perpendicular to the exposed 

surface, and visual observation of μ-CT images near the steel rebar 
confirmed that the cracks had fully penetrated the concrete cover. 
However, due to the detection limit, the cracks could not be quantified 
in the vicinity of the rebars (see Fig. 4). The quantification given below 
therefore only covers part of the cracks. As supplementary material, 
crack volume 3D profiles are also given.-- 

The distribution of XY planar crack area across the crack depth is 
given in Fig. 7 for all six cores of Series 1. The results indicate fluctua
tions for all cores, among which C5 showed the lowest maximum crack 
area. A common trend is observed from the exposed surface to the 
greatest depths for all cores investigated: 

- The crack in the top part of the cores (~0–10 mm crack depth) ex
hibits an initial increase in the XY planar crack area (i.e., the crack 
widens) from the exposed surface and down.  

- The trend of growing crack area with crack depth reverses at depths 
beyond approximately 10 mm.  

- The crack is narrow (or below the detection limit) in the vicinity of 
the rebar (large crack depths). This behaviour is generally to be 
anticipated since the cracks were initially introduced due to bending 
in the concrete slab. 

The cores could not be compared based on the XY planar crack area 
since the crack locations differ among the cores. As explained in Section 
2.4, therefore, two different methodologies were adopted to compare 
the cores: a) the equivalent crack width, and b) the measured mean 
crack width. 

The measured mean crack width method is strictly user-defined since 
manual measurements were made. The available resolution, which was 

considerably limited because the entire sample thickness had to be 
probed, affected the reliability of the high-sensitivity crack width mea
surements (typical crack width ~ 2–3 pixels). Corresponding error bars 
have been included to take account of the potential variation in the 
measurements performed. 

The results enable a comparison of the crack geometry between all 
six cores investigated, cancelling the effect of crack location in the core. 
Except for core C2, an increase in equivalent crack width is observed 
during the transition from the exposed surface down to 10 mm of crack 
depth, which agrees with the results shown in Fig. 7. While fluctuations 
are also present, a general trend of decreasing crack width values is 
observed beyond 10 mm crack depth. Fig. 8 compares the two different 
methodologies adopted. Good agreement can be observed, considering 
the limitations related to the resolution. 

Finally, crack tortuosity was also investigated using the available 
μ-CT image dataset. Representative 2D XY plane projections (five per 
core) were used to calculate the effective and the nominal crack length 
(Section 2.4) in the XY plane. The results are illustrated in Fig. 9. 
Numbers close to 1.00 might be explained by self-healing, closing part of 
the crack and reducing the effective crack length. 

3.3. Precipitation in cracks 

3.3.1. Visual inspection 
Localized white precipitation was observed to depths of 100 mm in 

both visually inspected cores from Series 1, i.e., C1 (tidal) and C4 
(submerged); see Table 7. The chemical composition of the white pre
cipitate was not directly characterized, but μ-XRF mappings on the cut 
surface gave an indication of magnesium and calcium-rich phases inside 
in the crack. The type of white precipitate observed is typical for cracked 
concrete in a marine environment. The white precipitate usually con
tains brucite (Mg(OH)2) and calcite (CaCO3), but precipitation of 
ettringite (Ca₆Al₂(SO₄)₃(OH)₁₂⋅26H₂O) has also been observed [20]. 
Precipitation of magnesium has been observed as far as 100 mm from 
the exposed surface inside a crack after 50 years of marine exposure 
[21]. 

3.3.2. Petrography 
The petrographic investigations indicate that the cracks are still 

open, as seen in fluorescent light mode (Fig. 6), but various deposits are 
seen on the crack faces and in the crack. These deposits were identical in 
the two tidal (C2) and submerged (C5) exposed cores and were as fol
lows from the exposed surface and inwards in the crack: calcite, fol
lowed by brucite, and deeper inside the cracks, first portlandite (calcium 
hydroxide, Ca(OH)2) and then ettringite. These observations are similar 
to observations made on cores from the cracked beams of three different 
types of infrastructure concrete after 25 years of marine exposure [20]. 
Table 8 summarizes the findings from the petrographic study and shows 
the depths from the surface to which the deposits were observed. The 
petrographic study also showed shallow and uneven carbonation of the 
outer exposed surfaces (C2: 0–1.2 mm, C5: 0–2 mm), as well as shallow 
carbonation along the crack faces at greater depths from the exposed 
surfaces (C2: 0.8–20 mm, C5: 3–8 mm) and carbonation in part of the 

Table 6 
Crack morphology after nine years of exposure determined on panel (using electronic microscope; ±0.05 mm) and Series 2 cores (using mechanical microscope; 
±0.05 mm).  

Location, bar # Crack 1 tidal exposure Crack 2 submerged exposure 

1 2 6 7 1 2 6 7 

Surface crack width (mm) 0.32 0.28 0.11 0.36 0.10 0.10 0.20 0.03 
Crack depth (mm) 100 120 100 80–130 100 120 80 60–80 
Crack width at rebar/max depth (mm) 0.10 0.30 0.02 0.05 0.15 0.20 0.04 0.14 
Average crack width (mm) 0.47 0.30 0.18 0.18 0.15 0.20 0.04 0.15 
Standard deviation, crack width (mm) 0.34 0.20 0.20 0.14 0.06 0.12 0.38 0.21 
Free chloride detected at rebar Yes Yes – No Yes No – No  

Table 7 
Visually determined crack morphology on cylindrical surfaces of cores C1 (tidal 
exposure) and C4 (submerged exposure) from Series 1 using a common crack- 
width ruler. Positions A and B indicate the two positions on the cylindrical 
surface where the crack can be observed.  

Core  Position A Position B 

C1 Visible crack 
depth mm) 

175 135 

White precipitate Localized, up to a depth 
of 60 mm 

Localized, up to a depth 
of 100 mm 

Crack width (mm) 0–20 mm depth: ≤0.8 
20–40 mm depth: 
0.20–0.25 

0–20 mm depth: <0.5 
20–30 mm depth: <0.2 
90–100 mm depth: <0.2 

C4 Visible crack 
depth (mm) 

110 100 

White precipitate Localized, up to a depth 
of 100 mm 

Localized, up to a depth 
of 75 mm 

Crack width (mm) 0–8 mm depth: <1 
15–45 mm depth: 
0.2–0.3 
>45 mm depth: ≤0.1/ 
uncertain 

0–35 mm depth: <1 
35 mm depth: 0.15 
>35 mm depth: ≤0.1/ 
uncertain  
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rebar imprint in the submerged core (C5). Finally, the paste appeared 
fully de-calcified with increased porosity in the outer exposed surfaces to 
depths of 7 mm in C2 and 5 mm in C5.  

3.3.3. μ-XRF 
Mg was visible within the first 10 mm of the cracks in both cores (C1 

and C4) investigated using μ-XRF (see Appendix 1). 

3.4. Composition of concrete 

3.4.1. Free chloride content 
Free chlorides were observed in some but not all places at the 

steel–concrete interface in the vicinity of the transversal crack and were 
affected by slip and separation (see Table 6). 

3.4.2. Carbonation 
At the cut surface, the concrete did not show visual/macroscopic 

signs of carbonation (Fig. 10, left), which is similar to the petrographic 
analysis showing only shallow (1–2 mm) carbonation. The concrete 
surface colour was violet to blue, indicating a pH between 11 and 13. 
However, a carbonation front of about 20–30 mm was detected when 
the concrete was split along the crack face. This is also in line with the 
observations made in the petrographic analysis that showed carbonation 
along the crack face to a depth of 20 mm for core C2 (tidal exposure). 
The colour of the concrete was green in the outer 20–30 mm, indicating 
a pH of around 9 (Fig. 10, right). Furthermore, the carbonation of the 
upper part of the crack face coincided with a white precipitate. The 
carbonation depth appeared deeper along the cylindrical outer surface 
of the core (Fig. 10, right), suggesting carbonation during storage 
(approximately six weeks wrapped in plastic and stored at 5 ◦C). How
ever, this is not in agreement with the lack of/limited carbonation on the 
exposed surface (Fig. 10, left), so it is assumed to be an artefact. Note 
that the petrographic analysis showed less carbonation along the crack 
face (to a depth of 8 mm) for the submerged exposed core (C5) than for 
the core from tidal exposure (C2). The petrographic analysis also 
showed shallow carbonation of part of the rebar imprint in core C5 
(submerged exposure), which was not observed in the visual/macro
scopic investigation. Similar observations were made for core C1 (tidal 
exposure) and C4 (submerged exposure). 

Fig. 6. Fluorescent impregnated thin sections (two per core) showing impregnated (green) cracks in cores C2 (tidal exposure) and C5 (submerged). The exposed 
surface is to the left in the left-hand thin sections, and the imprint after the rebar is to the right in right-hand thin sections. The dimensions of the fluorescent 
impregnated pieces cut off from the thin sections are 30 × 45 mm2. 

Table 8 
Microstructural features (deposit/mineral phases found in the cracks) deter
mined by petrography on thin sections from cores C2 (tidal exposure) and C5 
(submerged exposure).  

Core Depth (mm) Deposit/mineral phases found in the cracks 

C2 0–0.2 Bridging with calcite at crack mouth, partially closing the 
crack 

0.2–0.8 Lining of crack faces with pure calcite 
0.8–3 Lining of crack faces with a mixture of calcite and brucite 
3–4 Lining of crack faces with mainly brucite 
4–22 Crack is mainly empty 
22 to rebar 
imprint 

Rather large crystals of calcium hydroxide and ettringite 
are randomly precipitated in the crack to the position of 
the rebar 

C5 0–3 Bridging with calcite at crack mouth, partially closing 
crack 

3–4 Lining of crack faces with a mixture of calcite and brucite 
4–20 Crack is mainly empty, but difficult to observe due to the 

later cracking 
20–22 Large calcium hydroxide crystals are observed in the crack 
22–25 Crack almost filled and closed with calcite 
25 to rebar 
imprint 

Rather large crystals of calcium hydroxide are randomly 
precipitated in the crack  
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3.4.3. Elemental mapping 
Elemental maps for Ca, Si, Al, Na, K, Mg, Cl and S in cores C1 and C4 

are shown in Appendix 1. Due to the experimental setup, the maximum 
width of a scan was 180 mm, and the cores were therefore not scanned at 
their full length (200 mm). Moreover, it should be noted that the in
tensities were normalized to the highest measured counts in each 
elemental map (each picture). Therefore, the same colours do not 
necessarily mean similar concentrations. Furthermore, that the appar
ently high sulphur content in part of the steel–concrete interface of core 
C1 is an artefact due to mechanical damage during sample preparation. 

3.5. Corrosion state 

3.5.1. Conventional reinforcing bars 
When we investigated all the steel reinforcement in the panel (except 

the parts present in already extracted cores), none of the reinforcement 
bars showed significant signs of corrosion, irrespective of their prox
imity to cracks, and no corrosion pits were visible to the naked eye after 
sandblasting. The only corrosion observed was in a tying wire con
necting a reinforcing bar to a spacer. 

Neither was significant corrosion observed on the surface of the steel 
in the extracted cores. After the concrete cores were cut (for μ-XRF), 

Fig. 7. Measured XY planar crack area distribution across the crack depth for each core investigated using μ-CT. (For interpretation of the references to colour in this 
figure legend , the reader is referred to the web version of this article.) 

Fig. 8. Comparison between the two methodologies adopted to quantify crack widths from μ-CT scans.  
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there were no indications of corrosion at the rebar–concrete interface. 
The bond between rebar and concrete appeared good, and the rein
forcement condition generally appeared very good. One minor corrosion 
spot was found on the reinforcement of core C1 close to the crack 
(Fig. 11). The corrosion spot appeared only superficial and had a length 
of about 5 mm. Furthermore, a white precipitate was found on one side 
of the reinforcement surface in core C1 (Fig. 11, right). 

3.5.2. Instrumented reinforcing bars 
We found that 7 out of 20 pins embedded in the instrumented rebars 

investigated at Chalmers were no longer electrically disconnected from 
each other. Furthermore, crevice corrosion was consistently found in all 
the extracted pins. Similar observations were made for the instrumented 
rebars present in cores C1 and C2 (Series 1), for which a large amount of 
corrosion products was found inside the hollowed bars. 

4. Discussion 

This study aimed to investigate further the impact of cracks on the 
corrosion of conventional steel reinforcement in marine-exposed 
cracked concrete and to explain the observed monitoring data. The 
panel investigated was instrumented, and monitoring data from more 
than five years of exposure indicated reinforcement corrosion measured 
on instrumented rebars positioned at a depth of approximately 85 mm 
and crossed by bending cracks [9]. The apparent active corrosion 
appeared at unexplained cyclic intervals and called for the present 
investigation. A central part of the study was the characterization of the 
crack morphology and the corrosion stage of the reinforcement because 
most of the current literature indicates rapid corrosion initiation in the 

presence of cracks. This section therefore starts with a short discussion 
on the applicability of the applied methods for the characterization of 
crack morphology before discussing the state of the reinforced concrete 
panel after nine years of marine exposure. 

Besides visual inspection, three techniques were used to characterize 
the crack morphology: μ-CT, μ-XRF, and petrography. None of these 
techniques can provide all the required information by itself, but 
detailed information on the crack morphology, ingress and possible 
phase changes can be derived from a combination of the various tech
niques. When comparing the obtained data, it should be noted that be
sides providing different information, the methods were applied at 
different locations of the panel. 

Destructive techniques, such as μ-XRF, petrography, and extraction 
of material for visual inspection require sample preparation, including 
cutting plane surfaces and preparing fluorescent-impregnated thin sec
tions, while also providing 2D information on the elemental mapping, 
crack morphology, phase changes, and corrosion stage of the rein
forcement. Non-destructive μ-CT, on the other hand, provides a 3D 
image of the core and crack, but low resolution and image noise artefacts 
associated with the scanning hamper the detection and quantification of 
cracks near the reinforcement. Moreover, while μ-CT provides a char
acterization of the open crack, both μ-XRF and petrography provide 
information on the original crack, the open crack, and possible self- 
healing products. 

Fig. 12 gives a comparison between results obtained from μ-CT and 
petrography data for cores C2 (tidal exposure) and C5 (submerged 
exposure). 

4.1. Crack morphology and self-healing 

Both CT scans and impregnated thin sections illustrate the crack 
morphology. The impregnated thin sections show that open cracks 
penetrate the entire cover and reach the steel reinforcement (Fig. 6). 
Similar observations were made on the CT scans, but due to low reso
lution and image noise artefacts associated with the scanning, the crack 
morphology could not be quantified in the vicinity of the rebars based on 
the CT images. The cracks appear finer in the 10–20 mm closest to the 
reinforcing bars, which is in line with the CT scans. 

The two cracks were produced using three-point bending and were 
therefore expected to be tapered (V-shaped). The surface crack width 
was initially 0.22–0.31 mm (Table 3). After nine years of exposure, the 
surface crack widths measured on the panel were, on average, 0.27 mm 
(range 0.11–0.36 mm) in the tidal zone and 0.11 mm (range 
0.03–0.20 mm) in the submerged zone (Table 6). This difference may be 
due to possible self-healing in the near-surface region of the crack in the 
submerged exposure [20]. If there were no self-healing, we would 
expect a tapered crack with the largest crack width at the exposed 

Fig. 9. Crack tortuosity distribution across crack depth for all six cores inves
tigated using μ-CT. (For interpretation of the references to colour in this figure 
legend , the reader is referred to the web version of this article.) 

Fig. 10. Carbonation detection on core C1. Left: freshly cut concrete core sprayed with rainbow indicator; Right: crack face sprayed with a rainbow indicator (left 
side: cut surface; right side: outer cylinder surface). (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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surface. After nine years of submerged marine exposure, the observation 
a of reduced crack area can be explained by the precipitation of calcite, 
brucite and portlandite crystals, partly closing the crack near the 
exposed surface. If we generalize the findings from this study and 
consider a vertical surface, it should be noted that horizontal cracks (as 
in this study) are expected to have a greater ability to self-heal than 
vertical cracks [21]. 

We observed more variation between cores in the same exposure 
zone than in the detected crack area using μ-CT, but also, as expected, 

the greatest crack area was observed in a core from the tidal exposed 
part of the panel (C3) and the smallest crack area was observed in a core 
from the submerged part of the panel (C5). 

4.2. Ingress and elemental changes 

The petrographic study showed that the first 5 mm of the paste was 
fully de-calcified with increased porosity in the tidal and submerged 
zones. If the elemental maps of Mg, S and Cl obtained by μ-XRF (Fig. 13) 

Fig. 11. Minor corrosion spot detected in C1; Red circle: Spot on reinforcement bar; Red arrow: Spot in the concrete imprint; Crack marked in white. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Comparison of crack characterization using μ-CT (equivalent crack width (dotted line) and measured mean crack width (solid line), data from Fig. 8) and 
zones identified using petrography (data from Table 8) for cores C2 (tidal exposure) and C5 (submerged exposure). (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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are combined, a clear elemental zonation as reported by Jakobsen et al. 
[22] can be observed, with a thin Mg-rich surface layer, followed by a 
layer of about 0.5 cm enriched in S, followed by Cl. Fig. 13 shows that 
precipitation of Mg-rich phases was detected within the first 10–15 mm 
in both cracks. This is in line with observations reported of cracked 
concrete beams after 25 years of marine exposure in northern Norway 
[20]. 

The chloride ingress in core C1 (tidal exposure) and core C4 (sub
merged exposure) is shown in Fig. 14 with relative intensities. The 

intensities are normalized to the highest measured counts in each 
elemental map (each picture). This means that the same colours do not 
necessarily mean similar concentrations. As no calibration samples were 
available, it is impossible to draw any quantitative conclusions from the 
measurements. However, quantitative chloride profiles are available for 
a companion non-instrumented concrete panel after ten years at the 
same field station showing comparable ingress in tidal and submerged 
exposure [23]. 

Fig. 13 shows how the elemental zonation of Mg, S and Cl is also 

Fig. 13. Elemental zonation of Mg (blue), S (yellow) 
and Cl (red) in core C1 (left) and C4 (right). Cracked 
and exposed surfaces of panels to the left and im
prints of rebars to the right in both figures. Mg is 
visible within the first 10 mm of the crack. Note that 
the apparent high S content in part of the steel
–concrete interface of core CI is an artefact due to 
mechanical damage during sample preparation. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Fig. 14. Map visualizing chloride ingress depth in relative intensities: core C1 (tidal exposure) at the top and core C4 (submerged) at the bottom. The cracked surface 
of the panel is to the left. Cracks are marked in white. (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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observed around the crack within the first few centimetres, especially in 
core C4 (submerged exposure). Fig. 14 shows the chloride ingress maps, 
in which chlorides appear equally distributed over the whole width of 
the concrete cores except near the crack, where a slightly deeper ingress 
can be observed. Furthermore, chlorides have accumulated in detectable 
amounts along the reinforcement in the vicinity of the cracks. This is in 
line with other investigations that indicate that bending cracking initi
ates some damage (slip and separation) along the reinforcement, which 
then allows for faster ingress [10]. 

If we generalize the findings from this study, it should be noted that 
horizontal cracks on a vertical surface (as in this study) are expected to 
experience less chloride ingress than vertical cracks on a vertical surface 
and cracks on upward-facing horizontal surfaces [21]. 

4.3. Corrosion 

The present data cover seven 1.80 m long reinforcing bars embedded 
in good quality concrete (w/b = 0.40 and cover >75 mm), each crossed 
by two cracks (surface crack widths 0.20–0.30 mm) with 0.80 m dis
tance, one crack exposed in the tidal zone, one located in the submerged 
zone. The investigation showed no significant corrosion on the surface of 
the reinforcing bars in cracked or uncracked areas. Two of the seven 
reinforcing bars passed by the transversal cracks were instrumented 
bars. The apparent periodical corrosion activity identified by monitoring 
open circuit potentials during the first seven years of exposure [9] can be 
explained by extensive corrosion inside the instrumented reinforcing 
bars and on the interior of the pins. This corrosion is expected to be due 
to unintended ingress along cables and shows that the design of the 
instrumented reinforcing bars needs to be adjusted if used for long-term 
monitoring. Potential anodic protection could explain the lack of 
corrosion spots on the surface in contact with the concrete. However, 
with no other weaknesses, the remaining conventional rebars showed no 
impact from the cracks. 

The absence of corrosion might be explained by the combination of 
the crack type (tapered), the crack orientation and location (horizontal 
on a vertical surface) [21], the large cover and the binder composition 
(Portland cement) providing a sustained high hydroxyl ion concentra
tion. The combined impact of chloride and hydroxyl ions on steel 
corrosion in cementitious materials has been recently demonstrated by 
Marcos-Meson et al. [24] for steel fibre-reinforced mortars. Using steel 
fibres and mortar with limited aggregate size limits the potential im
pacts of other characteristics of the steel–concrete interface [25]. The 
potential detrimental impact of through cracks facilitating leaching and 
sustained chloride ingress has been observed for similar cover and dense 
infrastructure concrete resulting in visible but limited corrosion after 
17 years [26]. 

5. Conclusions 

A pre-cracked concrete panel (w/c = 0.40) was exposed to seawater 
for nine years at a marine exposure site in Denmark. Two tapered cracks 
were present with an initial surface crack width of 0.20–0.30 mm. The 

cracks were horizontal; one crack was located in the tidal zone, the other 
in the submerged zone. The following observations were made  

1. The fully submerged crack exhibited decreased crack width due to 
precipitation of calcite, brucite and calcium hydroxide from the 
exposed surface and inwards, causing partial self-healing.  

2. The cracks were observed to facilitate chloride ingress, and chloride 
was detected at the steel–concrete interface.  

3. Corrosion was not found on the reinforcing bars in any significant 
amounts. The absence of corrosion might be explained by the com
bination of the crack type location, the large cover, and the binder 
composition (Portland cement), providing a sustained high hydroxyl 
ion concentration.  

4. Earlier monitoring of open-circuit potentials indicating cycles of 
active corrosion starting 1–2 years after exposure [9] might be 
explained by extensive corrosion in the interior of the corrosion 
sensors in the instrumented reinforcement. The design of the 
instrumented reinforcing bars needs therefore to be adjusted if used 
for long-term monitoring. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cemconres.2022.107070. 
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Appendix 1 

Elemental maps from micro-XRF analysis

Ca map Si map

Al map Na map

K map Mg map

Cl map S map

Fig. A1. Elemental overview maps of core C1, with the cracked surface of the panel to the left. 
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Ca map Si map

Al map Na map

K map Mg map

Cl map S map

Fig. A2. Elemental overview maps of core C4, with the cracked surface of the panel to the left.  
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