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Abstract

Corrosion of steel reinforcement in concrete is a common degradation mechanism occurring in infrastructures worldwide. Even though extensive research
has been conducted over the last decades to accurately predict the influence of steel corrosion on concrete durability, a comprehensive understanding of
several micro-scale processes simultaneously involved in the corrosion mechanism is still lacking. The application of X-ray Computed Tomography (X-ray
CT) can contribute to elucidate these processes, since this technique allows observing the internal status of specimens non-destructively, over time, and
with a spatial resolution in the range of um. Nevertheless, the relatively low sensitivity of light elements (e.g., hydrogen and oxygen) to X-ray CT may hinder
the observation of solution within the cementitious matrix. This consideration is discussed in this letter. The results of this study show that the detection
of solution in macropores (e.g., air voids) through X-ray CT is not limited by the relatively low attenuation coefficient of the fluid per se, but more by the
spatial resolution at which acquisitions are performed and by the dimensions of the porous volume where solution penetrates. The observations reported
in this letter may open several opportunities to further study the influence of the moisture conditions of air voids on several degradation mechanisms of
reinforced cementitious materials (e.g., steel corrosion, freeze-thaw damage), which have been rarely investigated with X-ray CT according to the literature.
The application of these findings could significantly deepen the understanding of several micro- scale processes that affect the durability of reinforced

cementitious materials which still need to be elucidated, as further discussed in the present letter.
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1 Introduction

The construction materials industry is facing several
challenges to reduce its environmental impact, which
currently accounts for more than 8% of the total CO2
emissions due to anthropogenic activities [1]. Both scientific
and industrial partners are working jointly on possible
solutions to reduce the environmental footprint of the
sector [2]. Among them, exploiting the service life of the
built environment to its ultimate state would significantly
lower the consumption of concrete, as well as enormously
reduce the human, materials, and monetary resources
related to the direct and indirect costs pertaining to their
end-of-life management. However, service life models that
can accurately predict the status of the construction materials
over time and, therefore, of the built environment made of
them, are still lacking. To be accurate, service life models
of reinforced concrete structures must consider the
different degradation mechanisms occurring at various time
and dimensional scales inside the construction materials,
and how these mechanisms influence the onsite properties of

the infrastructure. Among the different degradation
mechanisms, corrosion of the steel reinforcement in
concrete is the most common cause of degradation of
reinforced concrete structures worldwide [3], which may
lead to catastrophic structural failures if not properly
prevented [4]. As a matter of fact, corrosion of reinforced
concrete has been widely studied over the last decades
through countless methodologies and techniques [5].
Nevertheless, the heterogeneity of the material, the
complexity of the microscopic physiochemical processes
simultaneously occurring in corroding reinforced concrete
structures, and their multi-scale effects on the material
durability, still hinder the formulation of theories supported
by experimental evidence that could elucidate fundamental
aspects of the whole multi-scale corrosion mechanism.
Hence, substantial progress is still needed in terms of the
scientific understanding of all the coupled properties and
mechanisms relevant to corrosion and corrosion-related
damages [4]. Recent advances in the field of X-Ray Computed
Tomography (X-ray CT) have enabled us to better understand
the process of steel corrosion in the context of porous
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media (in particular, the case of reinforced concrete) and its
consequences on their durability. X-ray CT allows us to
observe multi- scale processes and degradation
mechanisms in-situ at specific points in time within the
concrete matrix, thereby overcoming the opacity of concrete
as well as avoiding any specimen manipulation during the
preparation for destructive analysis. For these reasons, the
number of studies in which X-ray CT has been used to
investigate the corrosion of steel in concrete has been
considerably growing over the last two decades, as shown in
Figure 1. Nevertheless, the relatively low number of published
studies (32 in total, as of now) suggests that the use of
X-ray CT to monitor and analyze steel reinforcement
corrosion in concrete is still in its infancy, and of the full
potential of this technique may not be completely explored
nor exploited yet.
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Figure 1. The number of publications about the application of X-ray
CT to study corrosion of steel in concrete over time (available on
Scopus and Google Scholar). The red line corresponds to the
cumulative curve.

The working principles behind X-ray CT have been widely
described in the literature [6-9], as well as its application to
study the properties of cementitious materials [10] and of the
steel reinforcement corrosion therein embedded [11].
Hence, the basics of X-ray CT will be only briefly touched upon
in this letter. At the same time, considerations about some of
the unexploited potential of X-ray CT will be elaborated, that
is, the possibility of observing the presence of solution in the
macroscopic porous network of cementitious materials.

2  Basics of X-ray CT to study corrosion of steel in
concrete

X-ray CT allows to three-dimensionally image the internal
composition of a specimen, and a typical tomography setup

comprises three main parts: the source of X-rays, the
detector measuring the X-rays after being attenuated by the
sample, and the sample itself (Figure 2).
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Figure 2. Schematic representation of a typical X-ray CT setup
(SOD=source-object distance; ODD=object-detector distance;
SDD=source-detector distance; t=specimen thickness; p=linear
attenuation coefficient; FOV=field of view).

The sample is positioned between the source and the
detector, and the sample stage is allowed to rotate by 360°
during the exposure to X-rays. As a result, the output of a full
X-ray CT acquisition is a set of radiographs (i.e., projections)
taken at different angles. These projections are then
transformed into a 3D volume through a mathematical
reconstruction process [12]. Most of the reconstruction
algorithms rely on Beer-Lambert’s law, which relates the
intensity of the incident X-ray beam generated from the
source to the intensity of the X-ray beam that emerges from
the sample after exposure according to Equation (1):

I(t) = Iye™ (1)

where /g is the initial X-ray beam intensity incident on the
sample, | is the X-ray beam attenuated by the sample (a
fraction of the intensity of the incident beam), i is the linear
attenuation coefficient of the exposed material (cm™?) and tis
the thickness of the exposed specimen (cm).

The linear attenuation coefficient of a material mainly
depends on its density and atomic number, and it varies as a
function of the photon energy that generates polychromatic X-
rays as typically employed in laboratory setups. This
dependency is clearly visible in Figure 3a, where linear
attenuation coefficients of the phases typically found in
reinforced concrete specimens, namely water, dry air,
calcium silicate hydrates (C-S-H), calcium hydroxide (CH),
aggregates (such as sand grains) and iron are reported [13].
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Figure 3. a) Linear attenuation coefficients of the phases typically found in reinforced concrete specimens as a function of the source electron
acceleration voltage. Data obtained from NIST Standard Reference database 126 [13]; b) schematic representation of a filtered X-ray spectrum
generated from a tungsten target (as typically conducted in laboratory setups) with varying electron acceleration voltages at the source (data

obtained from SpekCalc [14-16]).

The different linear attenuation coefficients of the internal
components of the specimen allow to differentiate the
phases present within the scanned volume. X-rays are locally
attenuated by matter depending on its chemical composition,
and this attenuation is eventually translated into a grayscale
value (GSV) characteristic to the respective 2D pixel (or 3D
voxel) of the reconstructed images. In this way, a higher
difference in linear attenuation coefficients results in a higher
likelihood to distinguish and segment the respective phases.
The accuracy of this segmentation is influenced by the
different photon energies at the X-ray source and through the
specimen, which decreases depending on the specimen
thickness and composition [8]. The X-ray beam incident on
the specimen is indeed a spectrum due to the polychromatic
nature of X-rays, as visible in Figure 3b [14-16]. Due to the
change of photon energy through the specimen during the
acquisition, similar phases may interact with different energy
of X-ray depending on, for instance, their position within the
specimen volume. Since the linear attenuation coefficient of
matter depends on the energy of the incident photons,
identical phases interacting with an X-ray beam spectrum
may have a different GSV in the output images, which may
influence the accuracy of their segmentation.

Another key factor to distinguish different components within
one specimen is the spatial resolution of the acquired images.
The spatial resolution can indeed be defined as the optical
quantity that indicates the ability of an imaging setup to
separate close objects [10], and it is inversely proportional to
the voxel size of one image. The spot size of the X-ray source,
the resolution of the detection system (i.e., the geometric size
of a pixel on the detector) and the magnification at which the
acquisitions are performed influence the resolution of the
output images [8]. The magnification depends on the source-
to-object (SOD) and object-to-detector (ODD) distances
(Figure 2), which are directly related to the thickness and
geometry of the analyzed specimen. In acquisitions where the
sample is positioned vertically between the X-ray source and

the detector (Figure 2), the thinner the specimen the shorter
the SOD at which the specimen can be positioned and,
therefore, the higher the resolution [9].

While some components of reinforced concrete specimens
can be generally distinguished using typical X-ray CT setups
(like iron and air, for instance), Figure 3a also clearly shows
that the cement hydration products (e.g., C-S-H and CH) have
very similar linear attenuation coefficients regardless of the
energy to which they are exposed. Hence, while the bulk
cementitious matrix can be clearly detected, an accurate
micro-scale distinction between its different cementitious
hydration products cannot be usually performed. The
detection of the different hydration products is also hindered
by the spatial resolution of the X-ray CT acquisitions generally
performed for reinforced cementitious specimens, as further
discussed later in this manuscript. The linear attenuation
coefficients of CH and C-S-H are also very similar to that of
sand grains (Figure 3), which does not usually allow to clearly
distinguish siliceous aggregates within the cementitious
matrix. Besides increasing the signal-to- noise (SNR) ratio of
the acquisition (which is described later in this manuscript),
their distinction may be possible when aggregates are
relatively coarse and, therefore, with a large interfacial zone
(ITZ). The boundaries between the aggregate particles and
the surrounding cementitious matrix define the aggregates
shape and, in some cases, present areas with relatively high
local porosity. While the characteristics of the ITZ cannot be
resolved, the detection of the aggregates’ boundaries (and,
therefore, of their shape) may help to identify siliceous grains
within the cementitious matrix regardless of their similar
linear attenuation coefficients, as visible in Figure 4.
Generally, X-ray CT images of reinforced concrete specimens
allow observing the status of the steel reinforcement and of
the surrounding concrete, identifying the buildup of corrosion
products, loss of steel cross-section due to corrosion and
corrosion-induced cracks in the matrix [17-18], as visible in
the examples reported in Figure 4.
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Figure 4. 2D cross sections of 20-year-old naturally corroded reinforced concrete specimens illustrating the different sample components: steel
rebar (1), cementitious phases (1), aggregates (ll1), corrosion products (IV), voids (V), and cracks (VI). More information about the specimens can
be found in Rossi et al. [17-18].

Already in the first applications of X-ray CT in reinforced
concrete specimens [19-21], the relatively high attenuation
coefficient of iron (and, generally, of heavy metals) gave the
opportunity to clearly identify the reinforcement, observe the
occurrence of corrosion attacks, and quantify the progressive
development of the corrosion-induced damage. A significant
number of studies have quantified the volume loss of steel
due to corrosion [22-37] as well as measured the geometric
characteristics of the corrosion sites (i.e., 2D cross-section
loss) [17, 38]. Generally, the available studies on the topic had
two main objectives: (i) to monitor the development of
corrosion over time in terms of cross-sectional loss and
consequent concrete cracking [21, 26-27, 29-31, 34, 36-42],
as well as (ii) to study the distribution and transport of
corrosion products in the surrounding concrete matrix [21,
25, 28-29, 32-33, 35-42]. In other cases, X-ray CT was applied
to validate the results of corrosion initiation detection
through acoustic emission [24] and to study the influence that
interfacial defects have on corrosion initiation sites and
buildup of corrosion product [17, 23].

Whilst the imaging potential of X-ray CT to study corrosion of
steel in concrete has been widely confirmed by the studies
available in the literature, similar X-ray linear attenuation
coefficients of certain components of the specimens (e.g.,
sand grains and cementitious phases) and the low sensitivity
of X-rays to light elements (such as hydrogen) are often
considered as limitations of this technique. The former may
hamper an accurate segmentation of the internal components
of reinforced concrete specimens, which is fundamental to
perform representative qualitative observations and reliable
quantitative analyses. The latter is believed to hinder the
detection of solution in cementitious materials, which is more
deeply discussed in the next section. To overcome these
limitations, recent studies investigated the applicability of
bimodal imaging scanning, that is, acquiring volume scans of
one specimen with X-rays and neutrons simultaneously (or
consecutively) [43-45]. The reinforced concrete components
have different ways of interacting with the incident X-rays
and neutrons: while X-rays interact with the electron clouds
of the atom and the X-rays attenuation coefficient of one
element is directly proportional to its atomic number (2),

neutrons interact with the nuclei of elements without
getting  attenuated depending on their atomic
characteristics. Since hydrogen is highly neutron-attenuating,
neutron CT also gives the possibility to image water transport,
as already demonstrated in soil and cementitious materials
[46-48]. Therefore, this methodology allows the
characterization of the internal components of one specimen
with much higher accuracy than that given by the separate
CTs.

2.1 Observing solution with X-ray CT

The low sensitivity of X-rays to light elements may limit the
detection of solution with standard X-ray CT due to the lack of
contrast between the penetrating fluid and the surrounding
matrix in the acquired images, especially in cementitious
porous media because of their complex microscopic porosity
network [10, 48-51]. For this reason, water transport in
cementitious materials has been (successfully) studied with
other methods such as, among others, performing multiple
acquisitions over time and detecting the penetrating fluid
front through arithmetic operations on the image stacks [52],
X-ray dark-field imaging method to enhance the contrast
between saturated and unsaturated portions of the specimen
[53], and thanks to the application of contrast enhancers
mixed within the exposure solution to track its movements
within the cementitious pores [49-51]. While the latter
method is generally not preferred since the contrast agent
may influence the properties of the solution and may react
with the porous material, the former methods require
multiple (at least two) acquisitions to detect fluid ingress
which is generally obtained by subtracting the image stack of
the specimen under dry (controlled) conditions from that of
the specimen undergoing water penetration. In one single
acquisition, distinguishing between portions of the specimen
that have a different degree of saturation may not be possible
due to the relatively low X-ray linear attenuation coefficient
of water [50]. The aim of this letter is to clarify, however, that
the detection of solution in porous media through X-rays is
not a limitation per se, but depends on the size of the pores
(i.e., the porous volume in which the can solution penetrate)
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relative to the spatial resolution of the performed
acquisitions.

Before further discussing the feasibility of observing solution
within cementitious materials, it is worth mentioning that as
water penetrates the porous network of cementitious
materials, the dissolution of hydrate phases (at varying rates)
may result in changes in the chemistry and an increase in the
ionic strength of the pore solution. Cement composition,
hydration time, initial pore solution chemistry, among other
chemical and engineering parameters, influence the
dissolution rate of hydrate phases and consequentially, both
the composition and ionic strength of the penetrating fluid
[54-55]. Therefore, the penetrating fluid may have different
X-ray attenuation properties, when compared to pure water.
However, for the sake of simplicity, the linear attenuation
coefficient of the fluid penetrating the cementitious materials
(to which we refer as “solution” in this manuscript) will be
herein considered as equal to that of pure water due to the
relatively low concentrations of other elements.
Furthermore, the influence of the beam-hardening effects
and of the type and thickness of the material analyzed on the
effective linear attenuation coefficient of the solution [8, 56]
will be neglected, since the voxel object of the analysis
reported later in this study (Figure 7) is considered under ideal
conditions (i.e., isolated from the surroundings and therefore
not influenced by the variations of the incident energy
spectrum). In this way, the (relative) linear coefficient
variations are estimated based on the different porosities and
degrees of saturation only.

The linear attenuation coefficient of the solution penetrating
the cementitious matrix due to exposure to wet-dry cycles or
continuous submersion (as well as that of solution with a
relatively small concentration of other elements such as NaCl
solution simulating seawater) can be considered to be 103
times higher than that of air (Figure 3). Hence, empty pores
(i.e., filled by dry air) have a significantly different (lower)
attenuation than that of pores filled with solution.
Nevertheless, capillary pores have dimensions ranging
between 10 nm and 1 um, which are significantly lower than
the minimum voxel size of X-ray CT acquisitions performed on
reinforced concrete specimens [23] according to the
literature, as visible in Figure 5.

To distinguish capillary pores with X-ray CT, the spatial
resolution of the acquisition must be at least in the range of
the dimensions of the pores. Improving the spatial resolution
of the acquired images is however (generally) not feasible
when studying specimens with realistic geometric
characteristics (i.e., size), with representative elementary
volume and pore space morphology. As visible in Figure 6a,
the majority of the studies report on X-ray CT acquisitions on
specimens with a cementitious cover ranging between 2 and
20 mm and a reinforcement diameter of 2 to 10 mm, resulting
in a voxel size of the acquired images of 5-50 um. Even in the
studies where the geometric characteristics of the specimens
have been reduced to a few mm, the voxel size of the output
image was not lower than around 3 pum [23, 28]. Improving
further the spatial resolution of these acquisitions is limited
by the minimum thickness and density that reinforced

cementitious specimens have, which in turn influences the
optimum X-ray energy at which the acquisition is performed.
Generally, relatively high X-ray energies (e.g., 150 keV and
above) are needed to penetrate heavy metals (such as steel)
[9], while moderate energies in the range of 50-150 keV are
suitable for ceramic materials. The higher the thickness and
density of the specimen, the higher the optimal X-ray source
energy to penetrate the tested material, as suggested by the
relation between acceleration voltages used and the
geometric characteristics of the specimens analyzed in the
literature of X-ray CT on reinforced cementitious materials
[17, 19-45, 58] (Figure 6b).

When observing cementitious materials through X-ray CT
with a voxel size higher than the dimensions of the different
separate phases, each voxel representative of the
cementitious matrix is imaged as a cluster that includes
mainly hydrated cementitious phases (C-S-H and CH), un-
hydrated cement particles, and (capillary) pores. While some
characteristics and components of the specimen can be in the
range on nanometers (e.g., capillary pores, for instance), the
imaged cluster cannot be obviously smaller than the voxel size
of the acquired X-ray image. The volume of solution that can
be absorbed by the cement matrix cluster is equal, under
saturated conditions, to the volume of the pores. In
completely dry conditions, on the other hand, the capillary
porosity would be filled by dry air. This latter scenario is,
however, very unlikely as there will always be a certain
amount of pore solution in the capillary pores of the
cementitious matrix under ordinary conditions. Due to the
relatively low volume fraction of capillary pores in the
cementitious matrix [57], X-ray images of the cement matrix
under dry or saturated conditions do not show appreciable
differences. The theoretical linear attenuation coefficient of
one voxel representative of the cementitious matrix (Umatrix)

has been calculated for different ideal configurations of
capillary porosity (5-20%) and degree of saturation (0- 100%)
according to Equation (2) and as shown in Figure 7:

Hmatrix = (Hnp X Vip) + (Hir20 X Vpores X D0S) + (Hair X Vyores X (1 = DoS))

(2)

where pny, przo and par are the linear attenuation
coefficients (cm™?) of cement hydrate phases water and dry
air, respectively; Viyp is the volume fraction of cementitious
hydrate phases for the considered configurations (80-95%);
Vpores is the volume fraction of total capillary porosity for the
considered configurations (5-20%); DoS is the degree of
saturation of the capillary pores (%), that is, the ratio between
the volume of solution filling the pores (Vsomwtion) and the
volume fraction of the total capillary porosity (Vpores). The
linear attenuation coefficients used in the present calculation
are considered constant and correspond to an electron
acceleration voltage of 60 keV, which is the highest intensity
peak of X-ray spectra of a typical laboratory source at 150 keV
(Figure 3b). The same acceleration voltage has also been used
in the X-ray CT acquisitions reported later in this manuscript.
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As visible in Figure 7, the linear attenuation coefficient of the
ideal voxel representative of the hydrated cementitious
cluster does not considerably vary in relation to its estimated
porosity and its degree of saturation. The highest deviation
from pnp, of roughly 20%, corresponds to the cluster
configuration with the highest porosity (e.g., 20%) and the
lowest DoS (e.g., 0%). However, for more realistic scenarios
where DoS > 50%, these variations are not larger than 14%.

The phases detected with X-ray CT do not have a singular
characteristic GSV, but an interval of the GSV histogram [34,
38], which is used to perform segmentation of the internal
components. In this context, the relatively small variations in
Umatrix With different porosity and DoS may hinder the
possibility of clearly detecting the presence and transport of
solution in capillary pores [50], at least not without prior
calibration of the linear attenuation coefficient of the matrix
under completely dry and saturated conditions [59]. For
example, Michel and Pease [52] studied the ingress of
moisture in cracked cementitious materials through X-ray
attenuation measurements without using contrast enhancer
agents. In their study, the effective linear attenuation
coefficient of the solution penetrating in the porous network
was considered, that is, including the influence of the type of
material in which solution penetrates as well as of its thickness
[56]. In so doing, the moisture ingress front in the porous
network could be observed over time, proving that the
increase in the linear attenuation coefficient of the composite
material due to water uptake only could be detected.
Nevertheless, the results of the moisture content within the
pores (obtained by logarithmically subtracting the X-ray
photons passing through an initially dry specimen to the
beam passing through the same specimen under wet
conditions) were subjected to significant variability (according
to the authors’ discussion). It is also worth mentioning that
observing the moisture ingress front as conducted in their
study required several measurements over time at relatively
short time intervals (e.g., in the range of hours), and that the
measured X-ray attenuation must also be considered as an
average within the specimen thickness. Similar considerations
apply to the results reported by Yang et al. [53], who could
observe water uptake in capillary pores of mortar specimens
through X-ray dark-field radiographs. Frequent acquisitions
and, therefore, the detection of the moisture ingress front
with the same methodology is generally not applicable in X-
ray CT given the water desorption that may occur during the
relatively high exposure time that specimens require to be
tested, which is one of the key factors to have a 3D overview
of the internal status of the specimen as output. While fast
X-ray CT scans may overcome this limitation, the accuracy of
the results may get compromised by the increased noise of
the acquisition [60].

Different considerations arise when considering the presence
of solution in larger porous networks, such as in coarse air
voids within the concrete matrix. Air voids can be clearly
distinguished inside the specimen volume on the basis of the
low X-ray attenuation coefficient of dry air (Figure 3) and the
dimensions of voids, which range from a few um to several
mm (Figure 4). The possibility to observe free solution in air

voids depends on, among other factors, the signal-to-noise
ratio (SNR) of the acquisitions. The SNR is the ratio between
the actual X-ray signal and its fluctuation, and it corresponds
to how clearly the internal components of one specimen can
be distinguished. With an adequate SNR (which can be
improved by increasing the exposure time of the acquisitions)
the difference between the attenuation of air and solution
gives the possibility to observe the latter within voids when
present. Observing solution when localized in very large (mm-
scale) pores using X-ray CT was already mentioned by Yang et
al. [53] and shown in water-saturated mortar specimens [61].
It is worth mentioning, however, that in their study a
synchrotron radiation X-ray CT was used, which provides a
monochromatic X-ray beam with higher flux and intensity
compared to standard X-ray CT. With synchrotron radiation
X-ray CT, the SNR as well as the spatial resolution of the
acquired images are significantly improved, as in Yang et al.’s
work where images with a pixel size of 1.28 um performed at
55 keV were obtained [61]. Similar characteristics cannot be
generally obtained through standard X-ray CT setups, which
are usually more available in laboratories and, therefore,
more widely used. Furthermore, the effectiveness of grating
interferometry phase contrast imaging may be limited when
testing highly contrasting materials like reinforced concrete,
primarily due to the significant differences in the phase
coefficients of the steel and the cementitious phases. Even
though this technique offers unique advantages in enhancing
image contrast for observing moisture transport in certain
scenarios, such as in mortar samples, its application may be
more limited in the context of steel-reinforced concrete.

As a matter of fact, the presence of water in air voids (in the
range of mm) with standard X-ray CT has though been only
scarcely studied [62], and never before in air voids at the
steel-concrete interface (SCl) of reinforced cementitious
specimens. Nevertheless, the results of this study show that
conventional X-ray CT not only provides a practical,
representative, and accessible means to image such
reinforced cementitious materials, but also excels in
capturing critical aspects like water or pore solutions in the
macro-pores (e.g., air voids) at the SCI, making it a more
suitable choice for studying the combined influence that
interfacial defects and their moisture conditions have on the
mechanism of steel corrosion. To confirm this fact, a set of X-
ray CT images of one reinforced mortar specimen is visible in
Figure 8. The reinforced mortar specimen was made with
mixing proportions of 2:5 of Ordinary Portland cement (OPC)
and aggregates (Dmax = 2 mm), respectively, and a water-
cement ratio of 0.45. The diameter of the mortar cylinder was
20 mm, in which a smooth carbon steel rebar with an external
diameter of 6 mm is centrally embedded, resulting in a cover
depth of 7 mm. One initial acquisition of the specimen was
performed in its dry state after 28 days of hydration at
RH>95% and 20°C (Figure 8a-b). After that, the specimen was
kept submerged in 3.5 wt.% NaCl solution and imaged after 8
weeks (Figure 8c) and 14 weeks of submersion (Figure 8d).
The acquisitions at 8 and 14 weeks of exposure (Figure 8c-d)
were conducted after taking the sample out of the exposure
solution and wrapping it with parafilm just before each X-ray
CT acquisition. The X-ray CT acquisitions were conducted at
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the ICON beamline of Paul Scherrer Institute (PSI, Villigen,
Switzerland) [63], with an acceleration voltage of 150 keV to
acquire 1125 projections over 360° of rotation, each one with
an exposure time of 20 seconds. The reconstruction of the X-
ray CT acquisitions was performed using MuhRec [64]. The
outcome of each reconstruction was a stack of 2175 images
with 1791 x 1791 pixels (16 bits) per image, with a final voxel
size of 13.8 um.

The X-ray CT cross-sections depicted in Figure 8b-d show the
ingress of solution in an air void at the SCI at three points in
time. The magnified interfacial void is completely solution-
free after cement hydration (i.e., 28 days after casting, Figure
8b), while it gets progressively filled by solution after 8 weeks
(Figure 8c) and 14 weeks (Figure 8d) of submersion in NaCl
solution. The contact angle of the gas-liquid interface is clearly
visible after submersion in solution (Figure 8c-d), in line with
other studies that elaborated on the evolution of DoS in the
air void-shell system in cementitious materials under
submerged conditions [65]. After both 8 and 14 weeks of
submersion (Figure 8c-d), the air void is partially filled by
solution while the gaseous phase volume shrinks over time in
a single bubble in contact with the steel reinforcement.

To the best of our knowledge, X-ray CT observations detailing
the presence of solution within air voids at the SCI of
reinforced cementitious materials have not been previously
documented in the literature. Among other reasons, the lack
of these data could be due to the fact that most of the X-ray
CT acquisitions of reinforced concrete specimens shown by
other studies have been conducted during the drying phase
of solution wet-dry cycles [25, 32-33, 35-36, 40, 42, 66] or
specimens were dried out in an oven or at room temperature
to reduce any potential inaccuracies related to the presence
of solution inside the specimens during the acquisitions [17,
31, 45]. Rarely, the specimens were kept wrapped during the
X-ray CT acquisitions to maintain their internal moisture
conditions [34], which however did not report any
observation of solution in air voids, most likely because
corrosion of steel reinforcement was accelerated with
impressed current keeping the specimens in a humidity
chamber and not continuously submerged in solution. In
most of the other studies in the literature, it was not specified
if the moisture conditions of the specimens were preserved
[26, 30, 38-39, 41, 44, 58, 67-68].

5 mm

It is out of the scope of the present letter to elaborate on the
mechanism through which air voids get filled by solution,
which would require more quantitative and statistical analysis
on, for instance, more specimens and the saturation degree
of their voids over time, also depending on their exposure
conditions. More analysis in this regard will therefore be
conducted in future studies. Nevertheless, the qualitative
observations herein reported confirm that the presence of
solution in macro-pores or coarse air voids may be more
deeply and quantitatively studied through X-ray CT, which is
of fundamental relevance to elucidate the role that interfacial
air voids and their moisture conditions have on several
degradation mechanisms of reinforced concrete structures,
such as steel corrosion and freeze-thaw damage. The former
topic has been comprehensively discussed by the RILEM TC
262-SCI [69], which hypothesized that partially or completely
filled interfacial voids may create the ideal conditions for
corrosion to onset in a chloride-contaminated environment.
When interfacial voids are completely saturated, the area of
steel directly exposed to the solution would be more prone to
corrosion than the areas covered with cement paste since the
CH-rich matrix would locally buffer the pH during early pitting.
Interfacial air voids partially filled with solution are considered
the worst- case scenario for corrosion resistance, since the
simultaneous presence of electrolyte and oxygen in direct
contact with the steel surface would aggravate the corrosion
initiation process. On the contrary, when interfacial voids are
air-filled (e.g., in dry conditions), the steel reinforcement is
expected to be covered by a thin layer of absorbed water
only, which would drastically reduce the transport of
aggressive ions (e.g., chlorides) to the steel area. The portion
of steel in direct contact with an interfacial void would likely
not be the most sensitive location for corrosion initiation in
this scenario. Nevertheless, air-filled interfacial voids may act
as an oxygen “reservoir” to sustain the cathodic reaction that
may stabilize corrosion attacks in its proximity, hence
promoting corrosion initiation at adjacent areas. Even though
these hypotheses could explain the strong dependency of
steel corrosion initiation on the moisture state of interfacial
air voids, experimental evidence of these theories is still
lacking.

solution solution

Figure 8. X-ray CT cross-sections of one reinforced mortar cylindrical specimen showing water ingress in interfacial voids over time; a) specimen
overview in its dry conditions after 28 days of hydration; b) magnified interfacial air void in dry conditions; c) magnified interfacial air void after
8 weeks of submersion in NaCl solution; d) magnified interfacial air void after 12 weeks of submersion in NaCl solution. In the magnified areas,

the detected solution is indicated by white arrows.
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According to the results of the present study, we believe that
further research through X-ray CT has the potential to
elucidate the impact of the moisture state of macroscopic
interfacial concrete voids on corrosion initiation. Similarly,
settlement and bleeding zones formed during concrete
casting may be air-filled or (partly) solution-filled depending
on their exposure conditions [70]. The occurrence of these
defects may affect both the steel-concrete bond properties
and the steel susceptibility to corrosion onset. Nevertheless,
only limited data on the influence of their moisture conditions
of corrosion initiation is available in the literature [69], which
may therefore benefit from the application of the findings
herein reported in future research. In principle, the
precipitation of corrosion products at the SCl and their
transport in the matrix in relation to the local moisture
conditions could also be studied through X-ray CT, which may
give further insights about the penetration of corrosion
products into the surrounding concrete and the stresses
induced by the corrosion products buildup. Nevertheless, it is
important to bear in mind the limitations of X-ray CT given by
its highest spatial resolution (in the range of um under
standard conditions), which therefore generally exclude the
possibility of resolving nano- or micro-scale mechanisms such
as, for instance, phase transformation of iron (hydr)oxides.

The same methodology may also contribute to studying the
evolution of the DoS of air voids in the bulk concrete matrix
over time and depending on the surrounding exposure
conditions. The DoS of concrete air voids is a crucial
parameter to assess the freezing-thawing resistance of the
mixture since damage due to freeze-thaw occurs when
concrete exceeds its critical saturation threshold (DoScr) as a
function of its air-pore system [71-72]. Even though other
studies already focused on studying fluid absorption in
capillary pores and air voids through neutron radiography and
X-ray CT with contrast-enhancing agents [51, 59], the
detection of solution in air voids with X-ray CT as reported in
the present letter may contribute even further to improve the
current knowledge of the mechanism of freeze-thaw damage
in cementitious materials, as rarely attempted [73].

3  Conclusions and future perspectives

This study reports on the application of X-ray CT to observe
the presence of solution in air voids at the SCI of cementitious
materials. The qualitative results of this study show that the
longer thesubmersion in solution, the higher the decrease of
gas volume within an interfacial air void, whichclusters in one
single air bubble in the case reported herein.

It is worth mentioning that the DoS of concrete air voids is a
key parameter for several degradation mechanisms of
reinforced concrete. For instance, the steel reinforcement
sensitivity to corrosion onset has been reported to be highly
influenced by the presence of interfacial defects and, even
more importantly, by their moisture conditions. The moisture
conditions of air voids may also influence the mechanisms of
corrosion product precipitation and buildup at the SCl as well
as the resistance of cementitious materials to freezing and
thawing. Multiple research possibilities may result from the
capability of X-ray CT to detect solution in concrete air voids

as shown in this study, which may significantly contribute to
elucidating the impact of the moisture state of macroscopic
voids on (reinforced) concrete durability issues.
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