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A B S T R A C T

Characterising steel corrosion at the steel-concrete interface and linking it to concrete damage is challenging
due to limitations of current non-destructive techniques. This study combines electrical resistance measure-
ments, full-field image-based analyses and analytical techniques to comprehensively characterise steel corrosion
and damage in small-scale specimens.

X-ray and Neutron Computed Tomography of two reinforced mortar samples, before and after accelerated
corrosion, were used to examine corrosion morphology, interfacial voids, and estimate volumetric strain in
the corrosion layer. Inductively Coupled Plasma Mass Spectrometry was employed to measure iron isotope
concentrations in water surrounding the specimens.

The results revealed delayed transport of corrosion products relative to mortar cracking. The volumetric
expansion coefficients of corrosion products (3.84 and 3.90) align with previous research, and the risk of pitting
corrosion correlated with the void size. Overall, the measurements obtained through the various techniques
closely aligned with visual observations, providing a robust dataset for calibrating corrosion models.
1. Introduction

Assessment of steel corrosion in Reinforced Concrete (RC) structures
poses a significant challenge in the field of civil engineering. In the case
of chloride-induced corrosion, which is typical for structures located
in a marine environment or subjected to de-icing salts, chloride ions
diffuse into the concrete cover and disrupt the passive film that initially
protects the reinforcement against oxidation [1]. Once depassivated,
steel corrosion becomes active in the presence of oxygen and water [2].

The oxidation process leads to reduced cross-sectional area of the
steel, potentially impacting its load-bearing capacity, tensile ductil-
ity [3] and fatigue performance [4]. Additionally, the formation of
corrosion products at the Steel-Concrete Interface (SCI) results in a
volume increase, which may lead to cracking of the concrete cover due
to the significant pressure exerted.

These cracks potentially accelerate further deterioration of the SCI,
by providing pathways for ingress of aggressive agents, such as chlo-
rides. When cracking occurs in anchorage regions, the bond strength is
reduced, subsequently affecting the anchorage capacity of the structure.
Therefore, understanding of the mechanisms and physical processes of
steel corrosion in RC structures is crucial for effectively predicting their
durability and long-term performance.

∗ Corresponding author.
E-mail address: andreas.alhede@chalmers.se (A. Alhede).

Extensive research efforts have been invested in developing mod-
els to predict the corrosion and cracking process, at various level
of detail (see for example [5–8]). However, these models often are
phenomenological relying on non-physical model parameters that sig-
nificantly affect their outputs. While these models are calibrated to
specific experimental conditions and provide reasonable outputs for
those conditions, their performance generally declines when applied to
different experiments [9]. This is due to the calibration being tailored
to the original conditions, which limits the broader applicability of the
models.

Experimental data is required to better understand the processes
adjacent to SCI, so as to overcome the aforementioned modelling
limitations, and develop physics-based models for steel corrosion in
RC. A significant challenge, however, lies in the destructive nature of
most experimental techniques, complicating the evolution of corrosion
characteristics and the influence of the multiple driving factors at the
SCI.

Previous studies on the composition of corrosion products in RC
have identified oxides such as goethite, lepidocrosite, magnetite and
maghemite [10,11]. These corrosion products exhibit varying free vol-
umetric expansions, ranging from 2 to 6 times the volume of the
https://doi.org/10.1016/j.cemconres.2025.107792
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consumed steel [2]. Thus, the types of oxides formed significantly
ffects the pressure exerted on the concrete cover and is consequently

an essential factor to understand for accurate modelling of the corrosion
and cracking process.

Beside understanding how different corrosion products influence
pressure build-up at the SCI, it is also crucial to investigate their
morphology. Previous destructive research suggests that macroscopic
interfacial voids may increase the risk of pitting corrosion. In partic-
ular, the size of these voids appears to correlate with a higher risk
of corrosion initiation [12,13]. Additionally, the moisture conditions
within these voids have been shown to affect the risk of corrosion
initiation [14,15].

Numerical studies on the corrosion and cracking processes in RC
urther indicate that transport of corrosion products through cracks
nd pore networks influences the extent of structural damage [7,16,

17]. Although direct experimental data on this transport process are
imited, the presence of corrosion stains on the surface of reinforced
oncrete specimens (see for example [16,18,19]), suggests that under-
tanding the transport of corrosion products is important for addressing

progressive deterioration.
In addition to quantifying properties of corrosion and its associated

processes that serve as input for corrosion models, validation of these
models is essential to ensure their accuracy. Validation can be achieved
by, for example, comparing experimental results and modelling predic-
tions on the time-to-corrosion-cracking [5], crack patterns [7], crack

idth versus steel loss [8] and bond performance [6]. To validate these
numerical models, it is crucial to obtain high quality experimental
data which describe the evolution of corrosion within the specimen,
capturing also damage and fracture in the three-dimensional (3D)
space.

In recent years, X-ray and Neutron Computed Tomography (XCT
nd NCT) have been increasingly employed for studying cementitious
aterials [20,21]. These non-destructive methods provide 3D, and even
D (3D + time), image data of the sample for subsequent qualitative
nd quantitative analyses. Complementary information of the sample

is obtained, by integrating XCT and NCT data in multimodal analy-
ses, exploiting the distinct interactions of X-rays and neutrons with
matter [22,23].

In the domain of concrete, the integrated use of XCT and NCT has
enabled the identification of relevant material phases such as cement
paste, sand and aggregates, steel and corrosion products, as well as
determination of corroded sections in the steel [24–27]. Furthermore,

CT and NCT can be used as a base for computational analyses for
arious purposes.

For instance, previous studies on characterisation on the type of
corrosion products within the samples quantified the volumetric expan-
sion coefficient to 3.90 [28] and 3.91 [25] under accelerated corrosion
conditions. The close agreement between these two independent studies
highlights the consistency of the findings. For natural corrosion, slightly
higher values of 4.13 and 4.24 were reported [25]. Further research is
needed to verify these findings for different conditions, and to improve
their statistical significance.

While XCT and NCT provide data on the evolving internal structure
f the sample, there is no information about materials transported
rom the specimen. A logical next step would be to characterise the
omposition of the water surrounding the samples to identify corrosion
roducts. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) of-
ers a precise measure of the elemental composition of a substance [29].

Therefore, ICP-MS is used in the current study to quantify the amount
of corrosion products transported out of the specimen by analysing
the concentration of iron isotopes in the surrounding water during the
accelerated corrosion process. Furthermore, by combining ICP-MS with
electrical resistance measurements, the relationship between transport
of corrosion products and the development of concrete cracking can be
studied.
2 
Table 1
Material composition and strength of the different mortars.

Mortar B Mortar C
Specimen IDs NX10B, TC10B1-3 NX10C, TC10C1-3

Mortar composition
Cement [k g m−3] 480
Water [k g m−3] 240
Sand [k g m−3] 1500
NaBr [% by mass of cement] 3 –
NaCl [% by mass of cement] – 3

Material strength
Compressive strength [MPa] 33.9 ± 0.25 35.6 ± 1.2
Tensile strength [MPa] 3.0 ± 0.2 3.3 ± 0.2
Fracture energy [N m−1] 60.9 ± 4.2 69.2 ± 8.2

The aim of the present research is therefore to characterise steel
corrosion and to quantify damage in small-scale laboratory-made spec-
mens under accelerated corrosion conditions. This is achieved by

monitoring the accelerated corrosion experiments with a combination
of electrical resistance measurements, image-based approaches (NCT
and XCT) and analytical techniques (ICP-MS). The work aims to achieve
and correlate the following analyses:

• To quantify the free volumetric expansion coefficient of the cor-
rosion products;

• To analyse the corrosion morphology and its relation to mortar
cracking and macroscopic interfacial voids;

• To study the effect of macroscopic interfacial void size on the risk
of pitting corrosion in these regions;

• To estimate the volumetric strain in the corrosion layer;
• To measure corrosion-induced damage within the mortar cover;
• To investigate the effect of transport of corrosion products

through mortar cracks during the accelerated corrosion process.

2. Specimens and methods

The experimental campaign involved two series of specimens, NX10
and TC10. The NX10 specimens were studied through combined Neu-
tron and X-ray Computed Tomography (NCT and XCT), acquired before
and after accelerated corrosion. Details about the NX10 series are
urther elaborated in Section 2.1. The TC10 specimens were designed

to study the interaction between mortar cracking and transport of
corrosion products from these cracks during the accelerated corrosion
process. For the chemical analysis of transported corrosion products,
nductively Coupled Plasma Mass Spectrometry (ICP-MS) was used.
urther information on the TC10 series is provided in Section 2.6.

All cylindrical specimens measured 26 mm in diameter and 30 mm
in length. Each specimen contained a centrally positioned, plain steel
rod with a diameter of 6 mm. The steel rods were manufactured from
n 8 mm ribbed reinforcement bar, whose ribs were removed using a
athe. The cement used was of type CEMII/A-LL 42.5R [30], and the
and was made from crushed stone, and was ranging from 0 to 6 mm
n size. A superplasticiser was added to ensure a proper workability of
he fresh mortar mixes. All mortar specimens, including those for the
X10 and TC10 series as well as the strength tests, were compacted

using a vibrating table to ensure uniform density and reduce entrapped
air. The composition and strength parameters of the two mortars used
in the experiment are specified in Table 1.

To prevent the formation of a thin oxide layer around the steel
bars, which initially protects against corrosion [2], sodium bromide
was added to mortar B (and corresponding specimens NX10B, TC10B1-
3). Specimens NX10C and TC10C1-3 (mortar C) were instead cast with
sodium chloride. The use of different types of salts was motivated by
their different neutron attenuation coefficients. Chlorides, with large
neutron attenuation [23], tend to increase the noise level in the NCT
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Fig. 1. Drawing of the sample geometry and timeline of the experimental campaign
or specimens in series NX10.

scans. Consequently, some of the specimens were cast with sodium
bromides, which exhibit lower neutron attenuation, to investigate the
impact of different salt additives in mortar mixes on the quality of the
NCT data.

The strength properties of the material were measured 28 d after
asting. The compressive strength was measured following the guide-

lines in [31] using three cylindrical specimens, each with a diameter
of 100 mm and a length of 200 mm. The fracture energy was mea-
sured through a wedge splitting test [32], conducted on three cubic
pecimens with a side length of 150 mm, using displacement-controlled
oading at a rate of 0.2 mm s−1. The tensile strength was estimated
ased on the wedge splitting tests. Specifically, for each specimen
n the series, the tensile strength was estimated through an inverse
ross-sectional analysis of the uncracked specimen. In this analysis, the
ensile stress directly beneath the notch tip was estimated using the
plitting force from the wedge splitting test.

2.1. Neutron and X-ray computed tomography

Two cylindrical reinforced mortar samples, NX10B and NX10C,
were manufactured and Neutron and X-ray Computed Tomography
(NCT and XCT) were acquired at the NeXT Instrument at the Insti-
tut Laue-Langevin [33] at two different stages - prior to and after
ccelerated corrosion, see Fig. 1.

After casting, the specimens were immersed in water for curing and
toring until the first scans with NCT and XCT, carried out 77 d after

casting. Although this period is not negligible for the possible forma-
tion of natural corrosion, no corrosion products were observed in the
imaging data from the first scan. Therefore, any spontaneous corrosion
that may have formed during this time was below the resolution of the
imaging data. Prior to the second scan, carried out 245 d after casting,
he specimens were subjected to accelerated corrosion.

The neutron instrument was configured with a nominal voxel size
f 16.8 μm and a field of view of 32 mm × 32 mm. This was achieved
y coupling a 160 mm Heliflex lens with a 50 mm Canon f./1.2 lens in
n infinity-corrected optics setup. Images were acquired with a Hama-
atsu Orca 4V3. A 20 μm Gadolinium scintillator and a 10 mm pinhole,
ositioned 10 m from the sample, were used to produce a neutron
enumbra similar to the voxel size, resulting in a true resolution close
o 20 μm. A total of 1216 projections were acquired with a parallel
eam over a 360◦ rotation of the sample, with each projection being
he median of 3 individual radiographs, each 5 s long. A filtered-back
rojection algorithm was used for tomographic reconstruction.

The X-ray source operated at a current of 130 μA and a voltage of
40 k V. The nominal voxel size was of 18.7 μm with a field of view
f 32 mm × 40 mm. 1216 cone-beam projection were acquired over a
3 
Fig. 2. Electrical resistance measurements of the specimens during the accelerated
orrosion process.

360◦ rotation of the sample, each the result of the average of seven
individual radiographs. A copper filter was placed in front of the X-ray
source, to reduce beam hardening artifacts, caused by lower-energy X-
rays. Furthermore, the image intensities were normalised in the XCT
data, to correct for the beam hardening in the reconstructed dataset,
using the method outlined in [34].

2.2. Accelerated corrosion

Corrosion of the steel bars was induced using impressed current.
pecimens cast with sodium bromide, NX10B and TC10B1-3, were
laced in separate plastic containers filled with a water solution con-

taining 3% sodium bromide, while specimens cast with sodium chlo-
ride, NX10C and TC10C1-3, were immersed in a water solution con-
taining 3% sodium chloride. The positive terminal was connected to the
einforcing steel (the anode) and the negative terminal was connected

to a copper mesh (the cathode) surrounding the specimen to close the
electrical circuit. In order to mimic the process of natural corrosion,
the current density was set to 50 μA cm−2, which is considered accept-
able [35]. The current was kept constant for a period slightly less than
100 h using a custom-made constant current source that adjusted the
lectrical potential when the resistivity in the sample changed. The

electrical resistance in the circuit was monitored by logging of the
electrical potential, and the measurements are shown in Fig. 2.

2.3. Volumetric expansion coefficient of corrosion products

The volumetric expansion coefficient of corrosion products in the
mortar samples was evaluated from the XCT. For this estimation,
macroscopic interfacial voids partially filled with corrosion products
were identified. The volume loss of steel was estimated by calculating
the difference between the initial volume obtained from the tomogra-
phy scan before corrosion and the remaining volume measured from
the scan after corrosion. A similar approach was employed to estimate
the volume of corrosion products in voids, where changes in greyscale
values within the voids were analysed.

These changes correspond to changes in the density of the material
accumulated within the void, as X-ray attenuation generally increases

ith the density of the material. These variations in greyscale levels,
llustrated in Fig. 3, were ascribed to the accumulation of corrosion
roducts. The estimation was performed in all dimensions of the 3D
ataset, considering all cross-sectional images in the 2D space con-
aining this void. By computing the volume loss of steel, 𝛥𝑉𝑠,𝑝𝑜𝑟𝑒, and

the volume of uncompressed corrosion products, 𝑉𝑐 ,𝑝𝑜𝑟𝑒, the volumetric
expansion coefficient, 𝜂, was calculated as

𝜂 =
𝑉𝑐 ,𝑝𝑜𝑟𝑒
𝛥𝑉𝑠,𝑝𝑜𝑟𝑒

(1)
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Fig. 3. Horizontal slices of X-ray Tomographies revealing partially filled voids at the
SCI, used for estimation of the volumetric expansion coefficient. Top and bottom rows:
before and after corrosion, respectively. (a) NX10B and (b) NX10C.

2.4. Volumetric strain in the corrosion layer

The XCT and NCT datasets were spatially aligned by computing a
linear transformation matrix for each dataset. This alignment process
was validated by calculating the isotropic strain tensors derived from
these transformation matrices. The resulting isotropic strains were
found to be small, less than one percent for all datasets, indicating
successful alignments.

Following the alignment process, phase segmentation of each sam-
ple was performed. This segmentation facilitated the estimation of
the volumetric strain in the corrosion layer, based on the relationship
between the volume of compressed corrosion products and their free
volume expansion, as introduced in [26]. This volumetric strain was
calculated using the expression

𝜀𝑣 =
𝑉𝑐 𝑐

𝜂 𝛥𝑉𝑠 − 𝑉𝑐 𝑎
− 1 (2)

where 𝑉𝑐 𝑐 represents the volume of compressed corrosion in the sample,
𝜂 is the volumetric expansion coefficient of corrosion products (detailed
in Section 2.3), 𝛥𝑉𝑠 denotes the volume loss of steel and 𝑉𝑐 𝑎 is the
volume of uncompressed corrosion products accumulated in voids. It
is worth noting that in the derivation of this expression, it is assumed
that no corrosion products are transported out of the specimen. This
assumption and its implications are further discussed in Section 3.2.

To estimate the variation of the volumetric strain in the corrosion
layer, the sample was divided into radial and axial segments. Specifi-
cally, the sample was partitioned into sections of fixed angular spans
around the circumference (𝛥𝜃 = 𝜋

16 ) and over a specific length (𝑑 𝐿 =
0.25 mm) along the steel bar.

2.5. Digital volume correlation

A Local Digital Volume Correlation (DVC) [36] was performed
on the tomographies, in order to measure deformations within each
sample. For these DVC analyses, the neutron data was considered, due
4 
to the higher contrast between the constituting phases (pores, cement
paste and sand), compared to the XCT. In a Local DVC, the refer-
ence (uncorroded) configuration of the sample is divided into regular
subsets. Each subset was then cross-correlated with the corresponding
subset in the deformed (corroded) configuration of the sample. This
cross-correlation aims to find a displacement function for each subset
that describes the transformation from the reference to the deformed
configuration. This function is solved iteratively by minimising the sum
of the squared image residuals in the subset. This cross-correlation was
performed independently for each subset, without imposing continuity
between them.

Each subset, representing as a region in the sample in the 3D space
of a predefined size, forms a unique pattern of voxels with different
greyscale values. The size of this subset is an important parameter, as
a smaller subset contains fewer voxels, increasing the uncertainty of the
measured displacement, but a too-large subset will fail to capture local
deformations.

To ensure convergence, the subset size was optimised, and a size
of 81 × 81 × 71 voxels was chosen in the following. At this size,
the convergence ratio was 88% and 83% for specimen NX10B and
NX10C, respectively. A correction was made for subsets where the
cross-correlation was unsuccessful. For these subsets, the displace-
ment was interpolated from nearby subsets using an inverse-distance
weighting algorithm to compute the strain field. Prior to this strain
calculation, a median filter with a 2 × 2 × 2 stencil was applied to
the displacement field.

2.6. Inductively coupled plasma mass spectrometry

While the image data of samples NX10B and NX10C provided
information on the propagation of corrosion and deformations inside
the specimens, the transport of corrosion products out of the specimens
remained unknown. Therefore, to investigate the effect of the transport
of corrosion products, Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) was performed to measure the concentration of iron isotopes
in the water solution surrounding the specimens during the accelerated
corrosion process.

This technique is an elemental analysis method that measures the
concentration of elements in the sample [37]. Shortly described, the
ICP-MS technique involves the following steps: Firstly, the water in the
sample is turned into a fine aerosol mist. Secondly, the aerosol mist is
introduced in a high-temperature plasma, which ionises the elements
in the sample. Thirdly, the ions are directed into a mass spectrometer,
where they are separated based on their mass-to-charge ratio. Lastly,
the separated ions are detected and counted, providing insight on their
relative quantities.

In this study, ICP-MS was used to measure the concentration of
the isotope Iron-57, based on practical considerations. The isotopic
composition of non-radioactive naturally occurring elements, such as
Iron-57, was expected to remain consistent between standard tests
and the present samples. This ensured that any observed variations in
Iron-57 abundance primarily reflected changes in the concentration of
iron isotopes rather than the isotopic compositions. Moreover, Iron-57
was selected due to its reduced susceptibility to spectral interference
compared to other iron isotopes, which simplified the analysis process
and enhanced the measurement accuracy.

For specimens NX10B and NX10C, a single water sample was taken
at the end of the accelerated corrosion period. For specimens in test
series TC10B and TC10C, the concentration of Iron-57 was monitored
by taking water samples at multiple intervals during the corrosion
process. The water sampling strategy was as follows. Before applying
any current to the specimens, one water sample was taken from each
specimen to measure the initial concentration of Iron-57 in the water.
Thereafter, electrical current was applied, and water samples were
taken every working day. A single volume pipette was used to sample
1 mL from the saline water solution for each water sample collected.
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Deionised water was added to the containers to ensure that the volume
of water surrounding the specimens, hence the concentration of salt, re-
mained stable throughout the accelerated corrosion period. The water,
in which each specimen was immersed, was carefully mixed to evenly
disperse any sedimented corrosion products, to ensure a representative
measure of the concentration of Iron-57. Subsequently, after water
samples were taken, the samples were diluted by adding 24 mL of
deionised water, resulting in a dilution factor of 1:25. The dilution
was necessary to prevent salt from suppressing signals in the ICP-MS
analysis [38]. Lastly, 1% of nitric acid was added to the collected

ater samples to make sure that all particles of corrosion products
ere dissolved. The water samples were sealed and stored at a constant

emperature of 8 ◦C until the ICP-MS was performed.

3. Results and discussion

In the following section, the results from the study are presented.
tarting with the sample preparations, the use of sodium bromide in the
resh mortar mix for NX10B had no clear effect on the noise level in the
CT scan compared to NX10C, which was cast with sodium chloride.
lthough the attenuation of neutrons by bromide is less than that by
hloride, noise was observed in the NCT due to the high moisture
ontent within the specimen, masking any potential relative effects of
romide or chloride on the quality of the NCT scan. This highlights a
rade-off in the current application: while drying the specimens prior to
canning could have reduced the attenuation of neutrons by hydrogen,
mproving image quality, it carries the risk of inducing shrinkage
racking. In this case, the decision was to scan the samples without
rior drying, which resulted in higher moisture content that decreased
he signal-to-noise ratio of the NCT scan.

The electrical resistance measurements of specimens in the NX10
series (Fig. 2), clearly show a drop in electrical resistance, indicating
cracking of the mortar. For NX10B, the resistance increased slightly
during the initial hours of impressed current and remained stable
hereafter, until a sudden drop after 37 h. Subsequently, the resistance

gradually decreased.
The resistance of NX10C increased slightly for a period of 47 h before

dropping. Unlike NX10B, the resistance of NX10C partially recovered
before a second drop occurred. This might be attributed to a gradually
developing crack pattern that fully propagated through the cover at the
time of the second drop in resistance.

After the accelerated corrosion process, the samples were visually
nspected but no surface cracks could be identified in any of the spec-
mens. Furthermore, no signs of corrosion products were observed on
he surfaces of the specimens or in the water surrounding the specimens
uring the accelerated corrosion process.

The results align with other observations from the experiment.
Although no cracks could be seen on the surfaces of the specimens, the
acquired neutron and X-ray scans revealed cracking in both scanned
specimens, as had been indicated by the electrical resistance mea-
surements. The locations of these cracks are consistent with increased
damage in the mortar as deduced by DVC analyses (Section 3.5). In
addition, ICP-MS analyses (Section 3.2) confirmed that the transport
f corrosion products from the specimens at the time of the second
omography scans had a negligible influence.

3.1. Steel corrosion, cracking and macroscopic interfacial voids

The reduction in radius of the steel bar was evaluated using the
phase-segmented image data and is shown in Fig. 4a & b, expressed as
a function of the angular and axial positions in the bar for specimens
NX10B and NX10C, respectively. In these figures, the loss in steel radius
is represented by greyscale colourmaps. Additionally, the position of
macroscopic interfacial voids is marked by a coloured overlay. The
contour lines in the figure represent the extent of these voids in

ontact with the steel, while their colours are proportional to their total
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volume. Finally, the plus signs in the figure mark the location of cracks
n the mortar in the vicinity of the steel.

The figure highlights how the corrosion morphologies are non-
niform, and are concentrated near cracks and in regions containing
acroscopic interfacial voids. For NX10B, the average loss in steel

radius for the corroded regions is 39 μm, while the highest loss in steel
radius is 0.4 mm, located in a corrosion pit at a distance of 16.2 mm from
the left bar end and at an angle slightly smaller than 3𝜋

4 rad. The size
of the void at this pit is 0.75 mm3.

For NX10C (Fig. 4b), corrosion is localised between two longitudinal
racks in the mortar. Similar to NX10B, pitting corrosion is observed in
egions with macroscopic interfacial voids. The average loss in steel
adius for the corroded regions of NX10C is 52 μm, somewhat higher
han for NX10B. The highest reduction in steel radius (0.32 mm) is found
n a pit, 22 mm from the left bar end at an angle of approximately 𝜋 rad.
s with NX10B, this pit is also located in a region with a macroscopic

nterfacial void, although the size of this void is significantly smaller
0.25 mm3).

It should be noted that, while highly informative, this information
is acquired only at two separate points in time and is not sufficient for
studying the continuous progression of corrosion before the initiation
of the cracking of the mortar. Uncertainty remains whether corrosion
initiated within macroscopic interfacial voids, leading to cracking as
pits expanded beyond these voids, if corrosion at the SCI alone gener-
ated the expansive pressure causing mortar cracking, or if both factors
interacted.

An interesting observation in the figure is that not all macroscopic
interfacial voids contain corrosion, possibly due to varying moisture
content within these voids. Angst et al. [14] suggested that the moisture
condition influences where pitting corrosion occurs. Fully or partially
saturated voids tend to increase the risk of corrosion initiation within
the void, while air-filled voids or those not in direct contact with the
steel may lead to corrosion outside the void.

Previous studies have demonstrated that in situ NCT can effectively
e employed to detect distinct phases of water accumulation in frac-
ured porous media [39] and analyse moisture distribution in concrete

exposed to high temperatures [24]. In the present study, however, no
significant differences in greyscale values (i.e., neutron attenuation)
between voids prior to corrosion were observed. While this lack of
significant variation could suggest similar moisture levels across voids
before the onset of corrosion, high noise levels in the datasets may have
masked any discernible differences. Consequently, further investigation
into this aspect was not feasible. Future research should aim to monitor
and quantify moisture content within macroscopic interfacial voids to
better understand its impact on corrosion initiation, ensuring improved
data quality to mitigate the effects of noise.

Changes in attenuation were assessed by analysing the residual
mage field from the before and after corrosion scans, as detailed in

Section 2.3. Macroscopic interfacial voids were ordered by size as
illustrated in the histogram in Fig. 5. In this diagram, the total number
of macroscopic interfacial voids is shown in blue, representing voids
hat did not contain any corrosion products at the time of the initial
omography scans. The red bars indicate the voids that were completely
r partially filled with corrosion products after the second tomography

scans.
For NX10B, in Fig. 5a, 29 macroscopic interfacial voids where

present at the SCI, out of which 22 (76%) had a volume smaller than
0.1 mm3. After the corrosion propagation period, corrosion products
ad accumulated in 12 of these voids (55%). Only 24% of the voids
t the SCI had a volume larger than 0.1 mm3, however, almost all
f these larger voids contained corrosion products in the subsequent
omography scan.

Although the largest macroscopic interfacial void for NX10C
Fig. 5b) is smaller than that for NX10B, the ratio of voids smaller than
.1 mm3 is 78%, which is very close to the ratio for NX10B. Despite

this similarity, only 24% of these smaller macroscopic interfacial voids
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Fig. 4. Loss in steel radius, in greyscale, macroscopic interfacial voids, in colour, and location of mortar cracking at the SCI marked with plus-signs. The plotted size of the voids
corresponds to the contact area with the steel while the colour represents their total size. (a) NX10B and (b) NX10C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
Fig. 5. Distribution of macroscopic interfacial void sizes at the SCI for (a) NX10B and (b) NX10C, showing empty voids (in blue) and voids containing corrosion products after
the corrosion period (in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
were prone to accommodate corrosion products, a significantly lower
percentage than for NX10B. The trend of corrosion accumulation in
voids larger than 0.1 mm3 was similar to that in NX10B, except for voids
sized 0.1 to 0.2 mm3, where none contained any corrosion products after
the second scan. These results are consistent with prior research, where
it was found that the risk of corrosion initiation in voids at the SCI
increases as the void size increases [12,13].

3.2. Transport of corrosion products through cracks during accelerated
corrosion

Figs. 6 and 7 show the electrical resistance measurements (solid
line, left-hand axes) and the concentration of Iron-57 in the water
surrounding the specimens (dashed line, right-hand axes), as a function
of time during the corrosion process, for specimens TC10B1-3 and
6 
TC10C1-3, respectively. In these figures, the concentration of Iron-57
has been estimated using linear interpolation between the measurement
points (circular markers), while the electrical resistance was monitored
at a frequency of 20 measurements per hour. The figures also include a
single measurement of the Iron-57 concentration, taken before the sec-
ond tomography scans, for comparison. Top-view images along time are
added for some of the specimens to visually support the interpretation
of the transport of corrosion products.1

During the first four days of the experiment, the concentration of
Iron-57 remained low for all specimens except for TC10B2, where the

1 In the top-view images of specimen TC10C2 (Fig. 7), a red electrical
cable can be seen in the upper right corner. This cable might be mistaken
for corrosion products; however, it is part of the experimental setup and does
not represent actual corrosion.
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Fig. 6. Electrical resistance and Iron-57 concentration in the water surrounding specimens TC10B1-3 as a function of time. A single Iron-57 measurement (square) from the
surrounding water of specimen NX10B at the time of the second tomography scans is also shown. The figure also reports top-view images of TC10B1-2 at 2, 4, 6 and 9 days of
accelerated corrosion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
concentration started to increase already after two days of impressed
current. The top-view image of TC10B2 confirms the transport of cor-
rosion products out of the specimen at this time, as corrosion products
were visible on the top surface of the specimen.

For all other specimens, the concentration of Iron-57 in the water
started to increase after four days of impressed current. This observa-
tion is also supported by the top-view images, which show corrosion
products in the water and on the surface of the specimens from day
four and onwards. By the final day, the concentration of Iron-57 was
higher for specimens in the TC10B series compared to TC10C.

It should be noted, however, that the length of the corrosion period
varied slightly for the different tests. For specimens TC10B, the accel-
erated corrosion period lasted for ten days, while the period for TC10C
lasted for nine days. The average concentration of Iron-57 isotopes,
after nine days, was 1.12% for TC10B, while the average concentration
for TC10C was significantly lower at 0.56%.

The electrical resistance measurements for the TC10B specimens
(Fig. 6) dropped rapidly during the initial day of impressed current.
Additionally, noticeable drops in resistance signals were observed af-
ter four and seven days for each specimen, indicating the presence
of interference. This suggest that the TC10B specimens may have
been connected to the same current source, affecting their individual
resistance readings.

Interestingly, a delay in the increase of the concentration of Iron-
57 is observed when compared to the initiation of the crack in the
mortar. This delay was likely due to a combination of factors: the initial
crack width may have been insufficient for corrosion products to be
transported out of the specimen, and there may have been a time delay
associated with the transport of these corrosion products through the
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crack. A previous study employing non-linear ultrasonic technique has
also suggested a possible delay in the transport of corrosion products
relative to mortar cracking [40].

At the time of the second tomography scans, the concentration of
Iron-57 in the water was low for specimens NX10B and NX10C. This
low concentration supports the assumption that the transport of corro-
sion products through cracks was negligible during the period prior to
the scan and corroborates the assumption made when computing the
volumetric strain in the corrosion layer.

3.3. Volumetric expansion coefficient of corrosion products

The volumetric expansion coefficient of the corrosion products was
quantified from the XCT data using Eq. (1). For this quantification,
the partially filled voids shown in Fig. 3 were analysed. The selection
of partially filled macroscopic interfacial voids was crucial, as the
methodology for quantifying this coefficient (Section 2.3) relies on the
volume balance between the (bulk) volume of accumulated corrosion
products in the void and on the volume loss of the neighbouring steel. If
the voids are completely filled with corrosion products, the estimation
of the bulk volume is affected by the possible compaction of corrosion
products within the void. This was not the case for the voids considered
here.

The volumetric expansion coefficient of corrosion products was
determined to be 𝜂 = 3.90 for NX10B, and 𝜂 = 3.84 for NX10C.
These values suggest that the corrosion products could be either Iron(II)
hydroxide, Fe(OH)2 (𝜂 ≈ 3.75), or Iron(III) hydroxide, Fe(OH)3 (𝜂 ≈
4.1) [2], or a mix of both. The values are higher than the reference value
of around two, which is often assumed in the modelling of the corrosion
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Fig. 7. Electrical resistance and Iron-57 concentration in the water surrounding specimens TC10C1-3 as a function of time. A single Iron-57 measurement (square) from the
surrounding water of specimen NX10C at the time of the second tomography scans is also shown. The figure also reports top-view images of TC10C1-2 at 2, 4, 6 and 9 days of
accelerated corrosion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
and cracking process. However, the coefficients found in the present
paper closely align with previous research quantifying this factor from
image-based data and accelerated corrosion conditions, see [25,28].

It is important to stress that the estimation of the volumetric expan-
sion coefficient of corrosion products within a macroscopic interfacial
void might not be representative of the entire sample. It has previously
been reported that various types of corrosion products have been
formed within a single specimen [10], potentially attributed to varying
environmental conditions within the sample.

3.4. Volumetric strain in the corrosion layer

Fig. 8 illustrates the volumetric strain in the corrosion layer, es-
timated using Eq. (2) and the volumetric expansion coefficient of
corrosion products determined in Section 3.3 for each sample. The
black contour lines mark the contact area of macroscopic interfacial
voids with the steel, following a similar procedure to that in Fig. 4.

The volumetric strain in the corrosion layer is relatively large for
both specimens, with values ranging from approximately −0.6 to −0.8
for most regions. It is important to emphasise that these observed strain
magnitudes are strongly influenced by the type of corrosion products
formed within the sample. This aspect is considered in Eq. (2) by
the volumetric expansion coefficient of corrosion products, which was
found to be relatively high in this study. For a lower volumetric ex-
pansion coefficient, the measured strains would have been significantly
reduced, as demonstrated in [26].

In vicinity of some macroscopic interfacial voids, the values are
non-zero, which is unreasonable under the assumption that corrosion
products expanded freely in these regions. These non-zero values of
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the volumetric strain of corrosion products near macroscopic interfacial
voids were due to numerical errors when the region containing these
voids were divided into multiple elements. Additionally, it should be
noted that the partial volume effect, common in imaging, may have
introduced some uncertainty in the measurement of the volumetric
strains within the sample.

The average volumetric strain for the entire sample was 𝜀𝑣 = −0.69
and 𝜀𝑣 = −0.68 for NX10B and NX10C, respectively. Although these
values are large, they are consistent with previous research findings
computing the volumetric strain from the same methodology of phase
segmentation and measures of volume balances [26].

3.5. Deformations within the cover of the mortar

Fig. 9 presents renderings of the XCT of the two specimens after the
accelerated corrosion process (top) and the corresponding filtered dis-
placement fields (bottom). Surface cracks are visible in both specimens.
In this view, the crack in specimen NX10B can be seen to propagate
longitudinally, while specimen NX10C exhibits a crack propagating
in the transverse direction. The latter observation is noteworthy and
unexpected, as corrosion-induced cracks typically propagate in the lon-
gitudinal direction of the steel. The presence of cracks in the specimens
correlates well with the observed behaviour of the electrical resistance
measurement (Fig. 2), where sudden drops, indicating a sudden change
in resistivity of the samples, were recorded.

The displacement field of NX10B reveals the presence of the longi-
tudinal crack. The width and orientation of this crack varies along the
specimen. Similar local damage was also observed for NX10C.
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Fig. 8. Volumetric strain in the corrosion layer for (a) NX10B and (b) NX10C (coloured) and the location of macroscopic interfacial voids (black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Rendering of the XCT acquired after corrosion (top) and displacement field
(bottom) for (a) NX10B and (b) NX10C. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

In Fig. 10, the orientation of the cracks at the surface of the two
specimens are shown for a 3D rendering of each specimen. Arrows mark
the location of mortar cracks as visible from the images. Furthermore,
two cross-sectional slices of each specimen are shown along with the
corresponding distribution of first principal strains (mid and bottom,
respectively). For specimen NX10B and cross-section A–A, one radial
crack is visible, and strain localisation can be seen in correspondence
with this crack, which confirms the reliability of the DVC results. For
cross-section B-B, the crack is partly identifiable at the surface and is
hard to identify in the cross-section.

For specimen NX10C, a transverse crack is observed in between two
longitudinal cracks, which are not as clearly visible. It is reasonable
to assume that this transverse crack formed as to accommodate the
dominant longitudinal cracking, most likely induced by a local weak-
ness in the mortar. Similar to NX10B, strain localisation was measured
in regions where cracks could be identified from the image data. The
results from the DVC are consistent with previous studies [26,41],
supporting the methodology as such for measuring corrosion-induced
deformations.
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4. Conclusions

This study demonstrated a high level of consistency between a
variety of complementary measurements and visual observations. Elec-
trical resistance measurements indicated mortar cracking, although no
cracks were visible to the naked eye. However, this cracking was
confirmed through X-ray and Neutron Computed Tomography imaging
which was further corroborated by the strain fields computed with
Local Digital Image Correlation. A delay in the transport of corrosion
products relative to the cracking was observed, which was corroborated
by analytical measurements of the concentration of Iron-57 in the
surrounding water used during the accelerated corrosion process.

The main findings of this work are:

1. The study evaluated the volumetric expansion coefficient of cor-
rosion products in partially filled macroscopic interfacial voids,
providing essential input data for modelling of the corrosion and
cracking process. This coefficient was estimated to 3.84 and 3.90
for the two specimens, which aligns well with previous research
findings on accelerated corrosion conditions.

2. The research highlighted a possible trend between pitting corro-
sion and macroscopic interfacial voids, where the risk of corro-
sion was observed to increase with void size.

3. Corrosion products were visually observed to be transported out
of the specimens after cracking of the mortar occurred, albeit
with some delay. This can likely be ascribed to the limited crack
width. Inductively Coupled Plasma Mass Spectrometry and the
electrical resistance measurements confirmed this observation.
This validates the assumption made when estimating the volu-
metric strain in the corrosion layer, where the influence of this
transportation was assumed to be negligible.

4. Phase segmentations of the samples were achieved using mul-
timodal X-ray and Neutron Computed Tomography. Through
this segmentation, the volumetric strain in the corrosion layer
was estimated based on a relationship between the volume of
compressed corrosion products and their free volume expansion.
The average volumetric strain was found to be relatively high in
both samples (𝜀𝑣 = −0.69 and 𝜀𝑣 = −0.68).

The data collected in this study provides opportunities for calibrat-
ing numerical models of the corrosion and cracking processes. Future
experimental research should involve conducting multiple scans of
the samples at various stages throughout the corrosion process. This
approach will enable a more detailed, time-resolved study of steel
corrosion in reinforced concrete.
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Fig. 10. Illustration of the orientation of mortar cracks at the surface (top), cross-sectional slices at different locations in the samples (mid) and the corresponding distribution of
the first principal strain for (a) NX10B and (b) NX10C. Please note the different scales in the colourbars. (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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