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ABSTRACT Non-destructive monitoring methods are crucial for the management and maintenance
of assets, which include reinforced concrete (RC) structures. Steel reinforcing bar (rebar)
corrosion is one of the main causes of deterioration of engineered reinforced structures
as it decreases their strength and serviceability. The purpose of this study was to use non-
destructive geophysical techniques to detect and monitor rebar corrosion phenomena. To
achieve this, several laboratory tests were performed on RC samples partially immersed
in water containing a 5% of sodium chloride (NaCl) solution. Moreover, an accelerated
corrosion phenomenon was produced by supplying direct current power along the rebar.
Ground-penetrating radar measurements were performed on the concrete surface
using 2.0 GHz centre frequency antennas, self-potential acquisitions, and electrical
resistivity tomography. Even though each technique provided specific information, a data
integration approach, simultaneously using different sensors, would further improve
the overall quality of the diagnosis. The data set collected was used for an integrated
detection approach, effective in observing the evolution of the corrosion process
along the reinforcement bar. Through these laboratory results, a multisensor approach
and an integrated observation proved useful for observing the evolution of corrosion
phenomenon in reinforcement bars, as a consequence of the steel rebar corrosion.

Key words: rebar corrosion monitoring, reinforced concrete, non-destructive testing, ground-penetrating
radar, self-potential, mini-electrical resistance tomography.

1. Introduction

Concrete is one of the most common and popular construction materials due to its high
durability, waterproofness, plasticity, and relatively affordable prices (Venkatesan et al., 2003;
Pacheco-Torgal et al., 2018; Robles et al., 2022). However, concrete in buildings and civil
infrastructures is susceptible to deterioration caused by various sources such as, for example,
mechanical degradation induced by shocks, erosion, settlement, structural overloads, or
physical degradation due to freeze-thaw cycles, thermal variations or chemical degradation
(i.e. alkali-silica reaction, acid attacks, exposure to high temperatures). Among these, the
corrosion of embedded steel reinforcing bars (rebars) is reported to be the primary cause
of concrete deterioration in reinforced concrete (RC) structures (Robles et al., 2022). Steel
rebar corrosion creates enormous economic loss (Ramezanianpour et al.,, 2011), reduces
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service life and durability of the structures, and puts user safety at risk. To guarantee safety,
compliance with an appropriate design and construction of the materials is essential as it takes
into consideration the fact that building materials are subject to deterioration over time. The
annual maintenance costs, imputable to corrosion phenomenon, are over 3% of the world gross
domestic product (Ormellese et al., 2006). Steel rebar corrosion, in RC, can be defined through
multiple phases, starting from corrosion initiation, rust propagation, and corrosion acceleration.
When RC structures are built, the high alkalinity of the concrete (i.e. pH 12~13) produces a
thin passive layer (i.e. iron oxide film, Fe,O,), which covers the reinforcing steel in sound
concrete, thus, significantly reducing the corrosion rate (Robles et al., 2022). When either the
concrete pH decreases, and reaches a certain level, or the concrete chloride ion concentration
exceeds the specific threshold, the protective layer becomes unstable (Ormellese et al., 2006;
Ramezanianpour et al., 2011; Daniyal and Akhtar, 2020; Tuutti et al., 2020; Robles et al., 2022).
An unstable and damaged passive layer of the steel reinforcement causes the initiation and
progression of corrosion in steel. The oxidation of metallic iron causes a 600% increase in the
volume of the original iron (Duffé et al., 2012).

The volume increase enhances the formation of microcracks and internal voids (Daniyal
and Akhtar, 2020), which, in turn, increase concrete permeability, thus accelerating moisture
penetration. When neglected, this can result in serious damage to concrete, which can lead
to further deterioration of the RC structural elements (Robles et al., 2022). When the first
cracks appear on the concrete surface, corrosion has generally reached an advanced stage, and
maintenance action isimmediately required (Bossio et al., 2015; Fornasari et al., 2023). A reliable
inspection method is, therefore, essential at an early stage, i.e. before the functionality of the RC
structure is seriously damaged by steel rebar corrosion (Zaki et al., 2015; Fornasari et al., 2023).

The early detection of rebar corrosion in bridges, tunnels, buildings, and other RC civil
engineering structures is important to reduce the expensive cost involved in repairing the
deteriorated structure, planning the maintenance activities, and preparing effective monitoring
plans that guarantee knowledge of the state of health of the investigated structures.

One of the most promising approaches, which can be adopted to delay the degradation of
existing structures, is the extensive use of non-destructive testing (NDT) methods (Tesic’ et al.,
2021; Fornasarietal., 2023). In the field of engineering, NDT methods are currently widely applied
to investigate RC elements of civil structures and infrastructures (Verma et al., 2014; Capozzoli and
Rizzo, 2017; Tosti et al., 2020; Capozzoli et al., 2021; Fornasari et al., 2022). The high resolution
and repeatability of such methods, together with analyses based on the study of variations of
physical properties, enable identifying defects and fractures caused by induced stresses, intrinsic
inhomogeneities, or structural problems. From this perspective, the use of NDT methods, and the
progress made in recent years in visualising the results obtained with such methods, will lead to
an increased use of advanced NDT methods in the future (Tosti et al., 2020; Capozzoli et al., 2021;
Fornasari et al., 2022). Measuring the free corrosion potential [i.e. self-potential (SP)] of steel
reinforcements on the concrete surface is one of the earliest methods for assessing the corrosion
condition of RC (Hornbostel et al., 2013). This method has been adopted as a standard in a number
of countries, and is widely used (Shevtsov et al., 2022). The use of combined and integrated NDT
techniques is important for inspection, as it overcomes the limitation of measuring instantaneous
corrosion rates and improves estimation of the service life of RC structures. In fact, NDT and rebar
corrosion evaluation are major factors in predicting the service life of RC structures.

Recent studies define the benefits in combining several NDT methods for monitoring steel
rebar corrosion of RC laboratory samples (Bossio et al., 2015; Robles et al., 2022; Fornasari et
al., 2023). Moreover, various methods for accelerating reinforcement corrosion in a concrete
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structure have been used by several researchers (Ramezanianpour et al., 2011; Bossio et al.,
2015; Capozzoli and Rizzo, 2017; Tosti et al., 2020; Capozzoli et al., 2021; TesSic’ et al., 2021,
Fornasari et al., 2023).

In this paper, geophysical acquisitions were made before, during, and after an accelerated
laboratory corrosion test. In the last decade, only a few studies have exploited ground-penetrating
radar (GPR) to observe steel rebar corrosion in the laboratory (Hubbard et al., 2003; Hornbostel
et al., 2013; Hong et al., 2014, 2015; Verma et al., 2014; Bossio et al., 2015; Zaki et al., 2015;
Ohtsu, 2016; Tesic’ et al., 2021; Fornasari et al., 2022, 2023; Shevtsov et al., 2022) and in the
field (Lai et al., 2013; Chang et al., 2022; Tesic’ et al., 2022). For this reason, it is fundamental
to establish the influence that the corrosion process exerts on the GPR signal with accurate
laboratory tests (Robles et al., 2022; Fornasari et al., 2023). All these studies on the use of GPR
for rebar corrosion investigation address the qualitative detection of corrosion. Nevertheless, a
guantitative non-destructive approach, aimed at estimating rebar corrosion in existing concrete,
would be significantly useful in estimating the time required to monitor the service life of each
RC structure (Fornasari et al., 2023). This paper presents new controlled laboratory tests which
focus on the analysis of GPR signals, electrical resistivity tomography (ERT), and SP data changes
as consequences of corrosion. In detail, the GPR data were processed and analysed by taking
into account the signal envelope attribute (Hilbert Transform) applied to A-scan amplitude data.
Moreover, to evaluate quality control and assess the durability of concrete structures, particular
attention has been paid to electrical resistivity measurement techniques. The electrical resistivity
of concrete is known to be sensitive to the degree of saturation and to chloride variations
(Azarza and Gupta, 2017; Robles et al., 2022). The RC degradation process, partially controlled
by the moving of aggressive ions through the concrete microstructure, leads to an increase in
permeability (micro-fractures, cracks, concrete cover detachments), consequently exposing, to
a greater extent, reinforcements to corrosion (Tuutti, 1982; Sbartai et al., 2007; Du Plooy et al.,
2013; Azarza and Gupta, 2017; Robles et al., 2022). Several studies have been conducted to
determine the relationship between resistivity and corrosion risk, and to identify a resistivity
threshold value where corrosion commences (Wong et al., 2019; Robles et al., 2022). This study
presents the ERT investigations performed during the accelerated corrosion test. Lastly, the SP
maps, acquired during the accelerated corrosion test with an unpolarisable electrode on the
concrete sample surface, are also reported. The data collected with different NDT techniques
(GPR, ERT, and SP) were used for an integrated analysis to define the evolution of the corrosion
phenomenon on the reinforcement bar.

2. Materials and methods

2.1. RC laboratory samples

The sample was built with an ultra-fast setting cement compound comprising special binders,
guartz and synthetic additives, which develops high mechanical strength in a very short time. The
mechanical compressive strength after 28 days is greater than 2 N/mm?. The mixture proportion
is 1 kg of product per 22% of water. The concrete sample size is: length (/) = 500 mm, width (w) =
300 mm, and height (h) = 80 mm (Fig. 1a). The samples were constructed with an improved grip
steel rebar, 10 mm in diameter and 350 mm long. The exposed length of the rebars is 25 mm per
side. The concrete cover is 30 mm in the upper part of the sample and 40 mm in the lower part

(Fig. 1).
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Fig. 1 - Sketch of the RC sample (a), with measurements given in millimetres. Top view of the RC sample complete
with rebar (b).

A wooden box was used to build the concrete samples. The rebar was inserted inside the
wooden box, into which concrete was, then, poured. After 30 days, the wooden box was
removed and the concrete sample was ready (Fig. 1b). The NDT methods were applied during an
experiment that can be divided into four phases:

e phase T1: sample in distilled water (5 surveys);

e phase T2: sample in water solution with 5% of sodium chloride (NaCl) (5 surveys);

e phase T3: sample during the accelerated corrosion test (10 surveys);

e phase T4: sample after the accelerated corrosion test (5 surveys).

During the first phase of this study, a RC sample was immersed in a plastic tank of distilled
water. The experiment was set up to keep the tank water level constant at 10 mm from the
bottom of the concrete sample throughout the investigation period. This was achieved with a
refilling procedure.

The accelerated corrosion test was carried out by connecting the positive pole of a Hewlett
DC power supply to the steel rebar (anode), and the negative pole was connected to a brass
bar immersed in a water solution containing 5% of NaCl (cathode) (Fig. 2). The lower part of

POWER SUPPLY

o ]

Al @

CONCRETE SAMPLE STEEL REBAR (anode)

@T

BRASS BAR (cathode)

Fig. 2 - Sketch of the accelerated corrosion tests performed through the application of a power supply; the first
centimetre of the RC sample was immersed in a water solution containing 5% of NaCl.
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the concrete samples was immersed for 1 cm in a 5%-NaCl water solution. Through the DC
power supply, a constant potential difference of 25.0 V was established. In the initial phase, the
corrosion current was 0.4 A, then gradually lowered until it reached the minimum value of 0.08
A. The current was not constant, as the transmitter used only permitted a voltage adjustment.
Nevertheless, during all the NDT (GPR, ERT, and SP) surveys, the DC power supply was switched
off each time.

2.2. GPR acquisitions

One month after the construction of the concrete sample, GPR, ERT, and SP investigations
were performed. The GPR dual antenna used was a 2-GHz antenna type GPR C-Thrue (IDS Geo-
Radar s.r.l., ltaly), with the following dimensions: 285 mm long, 200 mm wide, and 160 mm
high. In order to cover the entire surface under investigation, a plexiglass support was built.
Several parallel lines (totally 61), which would later be used in all acquisitions, were drawn with
a line spacing of approximately 5 mm. To ensure all the radargrams were acquired with the same
length (500 mm), an antenna stopper was installed as a start-line and end-line (Fig. 3).

The GPR acquisitions started at the bottom of the sample, following the first line drawn on
the plexiglass, position 1 (Fig. 3). In this position, the front part of the GPR antenna is aligned
with the edge of the concrete sample. The acquisition of the first radargram ends with the anten-
na in position 2 (Fig. 3). The GPR survey is completed with the acquisition of the last radargram
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1 3
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Fig. 3 - GPR acquisition system and plexiglass plane where the antenna stopper was installed to acquire radargrams of
the same length and in the same position. The first radargram was acquired with the antenna starting in position 1 and
ending in position 2. The last radargram (the 60th) was acquired with the antenna starting in position 3 and ending in
position 4. The plexiglass surface is 120 x 50 cm?.
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(i.e. the 60th radargram) on the opposite edge of the sample, i.e. covering the entire 300-mm
surface. The acquisition of the last radargrams starts in position 3 and ends in position 4 (Fig.
3). In this way, a complete data set of the concrete samples, under different conditions, was ob-
tained before, during and after corroding the steel rebar (Table 1). Moreover, the trace distance
taken into consideration was constant and set at 1.25 mm, and the number of samples per trace
was 512.

Each radargram contains 400 traces (A-scans), while each survey comprises 24,400 traces (i.e.
61x400). In total, considering all the surveys conducted in the different phases, a total of 610,000
traces have been acquired on the concrete sample (Table 1). All the traces located over the rebar
were extracted from each radargram, in order to implement the elaboration processing phase.

Table 1 - GPR acquired data set.

ID No. surveys No. radargrams No. traces
Phase T1 5 305 122,000
Phase T2 5 305 122,000
Phase T3 10 610 244,000
Phase T4 5 305 122,000

The rebar in the middle of the concrete sample is located at 0.03 m (S) from the surface, and
the corresponding two-way travel time (TWT) was measured at 0.6 ns (Fig. 6). Therefore, the
V (em sample) is approximated to 0.10 m/ns by:

V(em sample) = ; = (TMS,T) (1)

2

and the relative dielectric permittivity € of the sample is estimated in 9, by:

CZ
&sample = Z o i

where Cis the speed of light in the vacuum.

2.3. ERT acquisitions

The Terrameter LS02 geo resistivity meter (ABEM Instrument, Sweden) was used for the ERT
acquisitions on the concrete sample top surface, which was immersed in a 5% of NaCl water
solution for 10-day corrosion test. The Abem Terrameter LS02 was connected to 24 steel nails,
with 12 mm spacing. The steel nails, 50 mm long and 6 mm in diameter, were in direct contact
with the sample surface and were connected to the cables by electrical clamps. A conductive
gel was used to improve contact between the steel nails, used as electrodes, and the concrete
sample. This setup enabled obtaining a resistance contact less than 0.3 KQ. The acquisitions
were obtained by arranging the electrodes perpendicularly to the reinforcing bar, in the central
part of the concrete sample. Each day of the corrosion test, an ERT survey, with a dipole-dipole
electrode configuration, was carried out (for a total of 10 ERT surveys).
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Fig. 4 - Multi-electrode resistivity probe developed for ERT measurements. The ERT survey was acquired using the
ABEM Terrameter LS02 instrument connected to 24 steel nails, acting as electrodes.

The ERTs were carried out during phase 3, when an accelerated corrosion test was performed.
Once acquisition was completed, the data were downloaded with the Abem Terrameter LS
Toolbox program. The apparent resistivity data were inverted using the ResIPy software (Riicker
and Glinther, 2011). ReslPy was developed to provide a more intuitive, and user-friendly,
approach for the inversion of geoelectrical data, by using an open-source graphical user interface
and a Python application programming interface (Capozzoli et al., 2021). The software utilises
the R2/R3t inversion codes for apparent electrical resistivity data inversion based on the widely
used Occam approach of DeGroot-Hedlin and Constable (De Groot-Hedlin and Constable, 1990;
Capozzoli et al., 2021). The earth is discretised into a series of blocks, each containing one or
more elements. The Occam inversion finds the smoothest 2D model for which the chi-squared
statistic equals an a priori value (Binley, 2015).

2.4. SP acquisitions

During the corrosion test, SP acquisitions were carried out on the sample immersed in a water
solution containing 5% of NaCl. The SP measurement on the sample consists in the acquisition
of the electric potential (mV) between the rebar and the reference electrode in contact with the
cement surface. This method defines the corrosion potential level of the rebar structure (ASTM
C876-91, 1999; Pour-Ghaz et al., 2009; ASTM C876-15, 2015).

To ensure the measurements were always obtained from the same investigation points, the
electrodes were fitted into a wooden frame, with 54 equally-distanced drilled holes, covering the
entire surface of the concrete sample (Fig. 5). The unpolarisable electrode (Pb-PbCl, type) was

Fig. 5 - SP acquisitions on the RC
sample (Fornasari et al., 2023).
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connected to the Keithley multimeter at high impedance, while the positive pole was connected
to the armature bar.

3. Results

3.1. GPR processing and results

The radargrams acquired were processed with Reflex-W (Sandmeier, 2016), using the Hilbert
transform to calculate the trace envelope. All the processed GPR data were exported and analysed
with ad-hoc script, enabling obtaining the single traces of the radargram in correspondence of
the rebar placed precisely in the middle of the sample. The traces analysed correspond to the
traces at the top of the rebar (Fig. 6).
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Fig. 6 - One of the radargrams acquired at the centre of the concrete sample. In the radargram in panel a, the traces
are shown 10 cm before the steel reinforcing bar, on the steel reinforcing bar, and 10 cm after the steel reinforcing bar.
The radargram in panel a shows the trace amplitude; the radargram in panel b shows the trace envelope.
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The process described enabled analysing the variation of the envelope attribute of the
trace located on the top of the rebar for phase T1, when the sample was immersed in distilled
water, for phase T2, when the sample was immersed in water with 5% of NaCl, for phase T3,
when the steel rebar inside the concrete sample was subjected to the accelerated corrosion
test, and for phase T4, after the switch off of the power supply used for the accelerated
corrosion test. The processing phase consisted in extracting the envelope values from the
traces acquired on the rebar position, located at 0.6 ns (at a depth of 30 mm). Next, all the
envelope values, resulting from all the experimental phases, were compared (Fig. 7). During
phase T1, five peaks of the envelope A-scan were depicted, highlighting a constant value of
approximately 2,800.

Envelope values on steel rebar in different phases
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Fig. 7 - The envelope values are all obtained from an A-scan acquired on position no. 29, i.e. exactly in the middle
of the concrete sample over the steel rebar at 0.6 ns. Phase 1 shows an almost constant envelope value during the
five days of investigation (T1_1 to T1_5). In phase 2, the concrete sample was immersed in a 5%-NaCl water solution,
and small variations of the envelope values were identified. In phase 3, the envelope values were acquired during
the accelerated corrosion test, during which they showed an increase every 24 hours. In phase 4, the corrosion test
was turned off. The maximum envelope value, reached on the last day of the corrosion test (T3_10), is observed to
maintain an almost constant value during the following days.

During phase T2, the concrete sample was immersed in salt water with 5% of NaCl; the GPR
investigations, on the concrete samples, began only after 10 days. This delay time was defined to
allow the triggered corrosion phenomena, due to chloride on the steel rebar, to occur. After such
delay time, five envelope values were extracted from the radargrams acquired during the five
consecutive days. The envelope values of phase T2 are greater than those of the previous phase.
On the contrary, a small variation in the envelope values was identified with the data acquired
at section T2_4. This outlier was associated with the presence of higher humidity on the shallow
surface that decreased the envelope values on that day. This phenomenon was also observed
during the following phases, when small decreases of the envelope trend were highlighted.
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During induced corrosion (phase T3), an increase of the envelope value was observed
(from 4,000 to 6,200). Moreover, in order to check the quality of the proposed process to
detect the corrosion phenomena, two different traces on the same radargrams, but located
in different positions, were extracted during each day. The two new A-scans were localised 10
cm symmetrically away from the location of the reinforcing bar (Fig. 8), where the previous
analysed traces were located. Their positions were defined to avoid the interference both with
the steel rebar reflection and with the sample edges. Fig. 8 depicts the three different envelope
trend values transmitted by the three different A-scan signals. The envelope values, obtained
from the traces far from the rebar, highlight a constant trend during the induced corrosion test.
On the contrary, the envelope values on the rebar depict a marked variation due to corrosion
phenomena (Fig. 8).

Envelope values during the corrosion test

7000
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Envelope

A 7N A a A /N A 7 A 7y
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T3.1 T3.2 T3.3 13.4 T35 T3.6 T3.7 T3.8 T3.9 T3.10

A envelope value before the steel rebar envelope value on the steel rebar envelope value after the steel rebar

! | !

Fig. 8 - The diagram displays the envelope values taken from the radargram conducted in the midpoint of the sample
and perpendicularly to the reinforcing bar during the corrosion test. The envelope values were taken at 0.6 ns,
specifically on the envelope A-scan trace at 10 cm from the rebar location, in symmetrical positions from it (green
triangle and grey square), and above the reinforcing bar (orange dot). An increase in the envelope attribute is observed
during the corrosion test only on the reinforcing bar (orange dot).

After 10 days of accelerated corrosion test, the current supply was stopped, and GPR data
were acquired for another 5 days (phase T4). The processed data of phase T4 show almost
constant envelope values (around 6,000).
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3.2. ERT processing and results

The results of the investigations carried out on the rebar inside the concrete sample, during
the accelerated corrosion test, were acquired every day, and were processed in timelapse.
The resistivity data were processed following the ReslIPy protocol. The mesh utilised was a
triangular-shaped mesh, and the data were sent to the inversion pipeline, where the resulting
inverted section was produced with a diagnostic pseudo-section of the normalised inversion
error. With such method, it was possible to determine resistivity at different levels/depths in
order to reconstruct the spatial distribution of material resistivity (Hubbard et al., 2003). Fig.
9 shows all the inverted electrical resistivity tomography measurements acquired during the
induced corrosion phase (phase T3). The reinforcement bar was placed between electrode 12
and electrode 13, at a depth from the surface of approximately 0.03 m. The ERT T3_1 section
was acquired 24 hours after the start of the steel rebar corrosion test. The following ERT sections
(T3.2,T3 3, T3 .4, T3 .5,T3_6,T3_7,T3 8, T3 9, and T3_10) were acquired every day. In the
first ERT section acquired (T3_1), the resistivity values are rather low (less than 20 Qm) and
homogeneous. The low resistivity values on the cement sample can be explained by the fact
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Fig. 9 - The reported sections were obtained during the corrosion test. Section T3_1 was obtained 24 hours after the
start of the accelerated corrosion test, and section T3_10 after 10 days of testing. The position of the steel rebar is
identified by the black dashed circle.
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that the sample is immersed in water with 5% of NaCl. The concrete sample utilised has very
high porosity that facilitates the penetration of the solution, thus making the concrete more
conductive. With an increase of the rebar corrosion, the ERT sections highlight a progressive
increase in the resistivity values in the central part of the section, exactly in correspondence of
the steel rebar. This behaviour should be associated with a degradation of the cement around
the rebar due to the rust zone, probably due to mineral phase changing. During the induced
corrosion phase, the resistivity anomaly expanded, defining an increase of the rust zone around
the rebar. Moreover, the resistivity anomaly of the T.3_10 tomography highlighted a large
resistivity zone probably due to cracks inside the sample.

3.3. SP processing and analysis

SP investigations were carried out every day on the RC sample partially immersed in a water
solution with 5% of NaCl, and during the accelerated corrosion tests for 10 days (phase T3). The
SP measurements were carried out prior to the ERT acquisition.

The procedure adopted consisted in measuring the electric potential difference between the
steel rebar and a reference electrode (in this case, an unpolarisable lead electrode was used).
The reference electrode was placed in direct contact with the sample surface, and the negative
cable was connected to a voltmeter, while the reinforcement bar was connected to the positive
pole. The acquired data enabled mapping the isopotential lines using the Surfer software (Fig.
10). The isopotential lines highlight the presence of corrosion phenomena in progress at the time
of the measurement. The colour scale used ranges from white (low values) to red (high values).
Low potential values (less than 300 mV) suggest a passive state of the rebar with no corrosion
phenomena in progress. Potential values greater than 300 mV define the corrosion trigger. The
steel rebar position is identified on the SP maps with a black dotted line (Fig. 10). By observing
the SP maps after 24 hours of activated corrosion test (T3_1), the potential values result to be
approximately 120-140 mV. The highest potential values in the T3_1 map are shown on the left
side of the steel rebar (180 mV). In the successive SP maps, taken every 24 hours during the
corrosion test, the values generally increase on the entire surface of the concrete sample. The
T3_10 isopotential map, acquired after 10 days of corrosion tests, shows potential values above
500 mV. The highest values are recorded at the rebar location, i.e. on the edges of the concrete
sample. In this zone, there are two red areas (high potential) that should be associated with the
highest corroded zone. Even if this method is able to detect corrosion, the electrical potential
presents a volumetric behaviour that is caused by a chemical process; therefore, its variations
are clearly observable on the entire surface of the sample.

4. Discussion and conclusions

In this article, an experimental setup was designed to simulate an accelerated corrosion
process on a cement sample, and to monitor the effect of steel rebar corrosion by means of NDT
applications. In detail, in the presence of increasing corrosion, the experiment highlighted an
increase of the GPR envelope attribute and a variation of the signal acquired by the ERT and SP
methods. The use of these three methods on an induced corrosion experiment is still quite novel,
and, in fact, only a limited number of studies have been conducted to this day (Tesic’ et al., 2021).

A certain number of previous studies regarding GPR applications, performed to observe
controlled corrosion experiments, describe discrepant results; indeed, while some authors
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Fig. 10 - SP maps obtained on the concrete sample
every 24 hours during the corrosion test. The T3_1
map was acquired after 24 hours of corrosion tests on
Ly Il the sample. The T3_10 map was obtained after 10 days
BeersEssis of accelerated corrosion testing.
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observe an increase in the signal amplitude trace during corrosion (Hubbard et al., 2003; Zaki
et al., 2018; Sossa et al., 2019), others observe a decrease in the amplitude trace after steel
rebar corrosion (Lai et al., 2010, 2011, 2013; Raju et al., 2018). The different results obtained are
due to the lack of a common line in the execution of the tests in terms of experimental setup,
choice of cement, quantity of chlorides, corrosion level, and induced damage. Some researchers
carry out tests before and after the corrosion phase (Hubbard et al., 2003; Lai et al., 2010; Raju
et al., 2018; Zaki et al., 2018; Sossa et al., 2019), while only a few do so throughout the entire
corrosion test (Lai et al., 2011, 2013; Raju et al., 2018). From the point of view of the authors,
the corrosion phenomena need a monitoring approach, and only an acceleration corrosion
process should be analysed through dedicated NDT experiments (Tesic’ et al., 2021). Moreover,
the described results highlight that a multisensor approach can improve the quality of corrosion
diagnosis of steel rebars on concrete structures. Indeed, the experiments performed highlight
the importance of integrating the different NDT methods. During the induced corrosion phase
(phase T3), an increase of the envelope values in the GPR data was observed and, concurrently,
the SP and resistivity values also increased. Initially, the resistivity values of the investigated
sample showed low values (less than 20 Qm) and, therefore, the sample plausibly prone to heavy
corrosion, as similarly described by Robles et al. (2022). On the contrary, during the accelerated
corrosion test, an increase in the resistivity of the concrete sample is observed (greater than 70
Qm). This behaviour is due to the presence of concrete degradation and induced cracks during
the formation of corrosion (Rodrigues et al., 2021).

The static potential values could be an indicator of the condition of the corrosion in the
embedded reinforcing bars. On the contrary, rebar corrosion is observed on the concrete surface
in large potential gradients that can readily be located in isopotential contour maps obtained
from the survey results. Therefore, the laboratory experiments enabled defining the main
characteristics of the NDT methods applied, thus, highlighting the usefulness of each method
in monitoring (e.g. ERT and GPR), or in achieving a static characterisation (e.g. SP). However,
SP is useful in conducting preliminary screening on concrete structures, and identifying areas
where the corrosion phenomena are ongoing. In order to obtain more detailed information, ERT
is important in determining quality control and performance assessments of concrete material,
while GPR is able to obtain localised information on reinforcing bar corrosion.

It should be noted that on-site conditions can introduce anisotropy caused, for instance, by
different moisture and chloride contents, which may lead to an ambiguous detection of the
corroded zones when based only on a single point observation. For this reason, it is necessary
to detect different physical parameters associated with the corrosive environment housing the
steel rebar. Nevertheless, new controlled tests, exploiting a combination of NDT techniques with
a multisensor approach (such as SP, direct current, induced polarisation, infrared thermography,
and ultrasonic) will be of crucial importance. Future steps will involve samples with an increased
number of rebars and more complex rebar configurations to simulate more realistic scenarios.
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