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Abstract: Steel reinforcement corrosion is a predominant cause of deterioration in reinforced concrete
structures, significantly impacting their service life and structural integrity. This review focuses
specifically on the various methods used to evaluate the corrosion of steel rebars. It categorizes the
techniques into electrochemical, physical, and advanced non-destructive approaches, emphasizing
their principles, advantages, limitations, and field applicability. This paper aims to provide a
comparative overview that assists in selecting appropriate evaluation strategies for different
structural conditions.
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1. Introduction

Steel reinforcement, commonly referred to as rebar, plays a vital role in cement-based structures
by providing tensile strength and enhancing the overall structural integrity of concrete [1-3].
Concrete alone is strong in compression but weak in tension; embedding steel reinforcement
compensates for this weakness, allowing for the construction of durable bridges, buildings, and other
infrastructure.

However, one of the most serious durability issues affecting reinforced concrete structures is the
corrosion of the embedded steel reinforcement [4-6]. Corrosion compromises the bond between steel
and concrete, reduces the cross-sectional area of the rebar, and leads to cracking, spalling, and
ultimately structural failure. As such, corrosion is not only a maintenance concern but also a
significant safety risk.

Figure 1 shows the corrosion mechanism of steel rebar [7-9]. The corrosion of steel in concrete
typically begins when the protective passive film on the steel surface is disrupted. This film is
maintained by the highly alkaline environment of the surrounding concrete. Two primary
mechanisms are responsible for the breakdown of this protective layer:

Carbonation: Carbon dioxide from the atmosphere penetrates the concrete and reacts with
calcium hydroxide to form calcium carbonate. This reaction lowers the pH of the concrete, reducing
the protective environment and making the steel vulnerable to corrosion.

Chloride Ingress: Chloride ions, often from de-icing salts or marine environments, penetrate the
concrete and accumulate at the steel surface. When the chloride concentration exceeds a critical
threshold, it breaks down the passive film, initiating localized pitting corrosion.

Once initiated, corrosion progresses through electrochemical reactions in which iron is oxidized,
forming rust. The corrosion products occupy a greater volume than the original steel, generating
internal pressures that crack and delaminate the surrounding concrete. This deterioration accelerates
the ingress of harmful substances, creating a self-reinforcing cycle of damage.
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Figure 1. Corrosion mechanism of steel rebar.

Figure 2 illustrates the corrosion progression of steel rebar within a concrete structure over its
in-service life span, segmented into distinct phases: incubation period, progress period, acceleration
period, and deterioration period.
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Figure 2. Corrosion progression of steel rebar and the lifespan of a concrete structure.

In the initial stage of the incubation period, the concrete and embedded steel remain in good
condition. The internal environment of the concrete is highly alkaline, forming a passive protective
film on the steel surface that prevents corrosion. In the progress period, external agents such as
chloride ions and carbon dioxide begin to penetrate the concrete. These agents reduce the pH and
break down the passive film on the steel surface. Corrosion starts when the protective film is
damaged. Though corrosion of steel rebar has initiated, there are usually no visible signs on the
surface of the concrete structure. This is the ideal time for corrosion evaluation. With the corrosion
progress, the expansion of corrosion products (rust) causes internal pressure, leading to cracking of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2113.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2025 d0i:10.20944/preprints202506.2113.v1

3 of 19

the surrounding concrete, and cracks appear on the surface of the concrete structure. Water and air
can penetrate easily through the concrete to the steel rebar, which accelerates the corrosion of the
steel rebar. In the deterioration period, cracks propagate, spalling occurs, and corrosion spreads more
rapidly. The steel cross-section is reduced, compromising load-bearing capacity. The cost of repair
increases, and safety risks rise. If left untreated, the structure may become unsafe or fail prematurely.

Early detection through electrochemical and non-destructive techniques can provide critical
data for maintenance planning. Corrosion evaluation is most effective during the progress stage,
before visible damage occurs. Early detection and preventive maintenance can increase the service
life and safety of concrete infrastructure. The life span of a concrete structure is directly tied to how
early corrosion is detected and addressed. By performing systematic corrosion evaluation, it is
possible to intervene before structural damage escalates, ensuring durability, safety, and cost
efficiency over the structure’s service life. This review specifically examines the different techniques
used to assess steel rebar corrosion, highlighting their underlying principles, practical benefits,
potential limitations, and suitability for field applications.

2. Steel Rebar Corrosion Evaluation and Methods

Numerous techniques have been developed to detect the corrosion of steel rebar in concrete.
Commonly used methods include electrochemical techniques, ultrasonic methods, X-ray
tomography, infrared thermography method, ground penetration radar method, magnetic flux
leakage method, and eddy current testing. This paper focuses on summarizing these non-destructive
evaluation approaches, while methods involving embedded sensors within the concrete will not be

covered.

2.1. Electrochemical Techniques

Electrochemical techniques are widely used for assessing the corrosion behavior of steel rebar
in concrete due to their sensitivity, quantitative capabilities, and suitability for both laboratory and
field applications. These methods are based on the electrochemical nature of corrosion and provide
valuable information about the corrosion potential, rate, and mechanisms. The most common
electrochemical techniques include: half-cell potential measurement, linear polarization resistance
(LPR), and electrochemical impedance spectroscopy (EIS).

2.1.1. Half-Cell Potential Measurement

Half-Cell Potential (HCP) measurement is also called Open Circuit Potential (OCP)
measurement, which is a widely used non-destructive technique to assess the corrosion activity of
steel reinforcement in concrete structures [10-12]. Figure 3 shows the schematic diagram. It measures
the electrical potential difference between the embedded steel and a standard reference electrode
placed on the concrete surface. The technique is based on electrochemical principles. When steel
corrodes in concrete, electrochemical cells are formed, creating anodic (corroding) and cathodic (non-
corroding) regions.
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Figure 3. Schematic diagram of half-cell potential measurement. .

A saturated calomel electrode (SCE), copper/copper sulfate electrode (CSE), or silver/ silver
chloride electrode is usually used as the standard reference electrode. As per ASTM C 876 [13]
standards, the probability of reinforcement corrosion is as follows in Table 1.

Table 1. Corrosion condition related with HCP measurements.

Potential value Potential value Corrosion condition
(mV vs. SCE) (mV vs. CSE)
>-125 >-200 Low (10% risk of corrosion)
-126 to -275 -201 to -350 Intermediate corrosion risk
-276 to -425 -351 to -500 High (<90% risk of corrosion)
<-426 <-501 Severe corrosion

The HCP measurement does not directly measure the corrosion rate but indicates the likelihood
of corrosion activity.

2.1.2. Linear Polarization Resistance

The Linear Polarization Resistance (LPR) method is used to measure the corrosion rate of metal
in an electrolyte [14-16]. Figure 4 shows the schematic diagram of LPR method.
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Figure 4. Setup of Linear polarization resistance measurement.

If we apply a small potential perturbation (typically £10-20 mV) to the metal’s open-circuit
potential (Ecorr), the electrochemical reaction at the metal surface will respond by developing a small
current. Within this small polarization range, the current (Al) is directly proportional to the applied
potential (AE). This linear relation obeys Ohm’s law:

AE

R, =—
PAl

)

Here Ry is the polarization resistance. Then, the corrosion current ior can be calculated by the
Stern-Geary equation:

' d )
leorr = 55—
Ry
The constant B (Stern-Geary constant) typically falls within 13-52 mV for steel in concrete,
depending on conditions. Once icrr is known, we can compute the corrosion rate (v) in millimeters

per year by applying Faradays’ law:
v=k i ®)

k is a conversion constant that depends on: the atomic weight of iron, the valence of the metal
dissolution reaction (typically 2 for iron), the density of steel, and the Faradays’ constant.

The LPR method is a powerful tool to quickly and non-destructively assess the corrosion rate of
steel rebars in concrete structures. In order to overcome the problem of confining the current to a
predetermined area, the use of a second auxiliary guard ring electrode surrounding the inner
auxiliary electrode has been developed [17]. Table 2 shows the relationship between the condition of
steel rebar and the corrosion current [18].

Table 2. Relationship between the condition of steel rebar and the corrosion current.

Corrosion current (Icorr) Condition of steel rebar
<0.2 pA/cm? No corrosion expected
0.2 ~1.0 pA/cm? Corrosion possible in 10 -15 years
1.0 ~ 10 pA/cm? Corrosion expected in 2-10 years
>10 pA/cm? Corrosion expected in 2 years or less

2.1.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful, non-destructive electrochemical
method used to investigate the corrosion mechanisms and kinetics of metal in an electrolyte [19-21].
Instead of applying a small DC polarization (like in LPR), EIS involves applying a small alternating
voltage (AC) of low amplitude (typically 5-10 mV) to the rebar's surface and measuring the resulting
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AC current. The frequency is varied over a wide range (e.g., 0.01 Hz to 100 kHz) to probe different
electrochemical processes. The system's impedance (Z) is measured as a complex quantity (real Z’
and imaginary Z” components). The response depends on the electrochemical processes at the rebar-
concrete interface (e.g., charge transfer, diffusion, oxide film behavior).

Electrochemical impedance spectroscopy (EIS) has been applied to investigate the corrosion of
steel rebars within concrete structures. Dawson et al. [22] performed impedance measurements on
mild steel rebars embedded in concrete using two-electrode or three-electrode configurations and
subsequently interpreted these spectra with the Randles equivalent circuit. Multiple equivalent
circuits have been put forward to describe the dissolution process of steel rebars in concrete or mortar,
based on impedance spectra collected with two or three-electrode setups [23-25]. Although these EIS
methods have successfully been used for decades to assess rebar corrosion in concrete, they typically
require a physical connection to the steel, which can be cumbersome.

To avoid having to connect directly to the steel rebar, some researchers have investigated an
indirect approach employing a four-electrode or two-electrode configuration [26,27], shown in Figure
5.

Measurement Measurement
device device

WE REI% R% CE
] ]

Concrete St'eﬁrebar Concrete  Steel rebar

(a) (b)

Figure 5. Schematic of (a) the four-electrode setup and (b) the two-electrode setup of electrochemical impedance

spectroscopy.

Electrochemical methods are powerful for real-time, non-destructive, and quantitative
evaluation of rebar corrosion, enabling the assessment of the corrosion rate of steel rebar. However,
the electrode placements are needed, corrosion level cannot be evaluated, and environmental
conditions, surface properties, and the configuration of the measurement setup can influence their
accuracy and interpretability.

2.2. Ultrasonic Method

Ultrasonic testing is a powerful non-destructive method for evaluating the condition of steel
rebars in reinforced concrete structures. Figure 6 shows the approach of ultrasonic testing. It operates
by sending high-frequency stress waves into the material and analyzing their propagation, reflection,
and attenuation to assess internal conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Approach of ultrasonic testing.

As ultrasound propagates through the concrete and reaches the steel, it reflects toward the
transducer, allowing for measurement of travel time and reflection amplitude. A reduction in cross-
sectional area due to corrosion, the presence of voids, or poor bond conditions can affect these signals,
making it possible to identify and quantify damage without physically removing material. Ultrasonic
testing is frequently used on-site because it is lightweight, portable, and can provide localized
information about a small area of a structure.

The pulse velocity (UPV) method has been broadly applied to assess the condition of concrete
structures. This approach, which involves measuring the speed of acoustic waves traveling through
the material, is sensitive to the bond between steel and concrete and to the presence of cracks [28].
However, UPV measurements are less effective at detecting distributed micro-cracks that form
during the initial phases of steel corrosion in concrete [29].

The impact echo (IE) method, which relies on striking the surface mechanically and then
recording the signals captured by nearby sensors, has been used less frequently to identify damage
stemming from corrosion of embedded steel [30]. Some researchers have pointed out that the
reliability of IE decreases as the thickness of the concrete increases [31].

Nonlinear ultrasonic (NLU) techniques have demonstrated potential for evaluating material
deterioration [32,33]. Specifically, these methods are well-suited to detecting early-stage cracking
[34]. NLU is based on the principle that the interaction of ultrasound with a flawed material produces
higher-frequency components in the acoustic signals [35].

Nevertheless, factors such as surface roughness, material heterogeneity, and moisture content
can influence the signals and sometimes make their interpretation challenging. Nevertheless, when
applied by skilled inspectors, ultrasonic testing is a valuable tool for condition assessment and
maintenance planning of reinforced concrete structures.

2.3. X-Ray Tomography Method

X-ray tomography, particularly X-ray Computed Tomography (X-CT), has become a powerful
non-destructive tool for evaluating the internal condition of steel rebars in reinforced concrete
structures [36—40]. It utilizes X-rays to generate a series of radiographic images from different angles.
These two-dimensional projections are then computationally reconstructed into a high-resolution,
three-dimensional view of the material's internal structure. X-ray tomography enables a direct
visualization of the rebar's geometry, surface morphology, and any internal defects or abnormalities
that may be present due to corrosion.

This method operates on the principle of X-rays being differentially absorbed by materials of
different density and atomic number. Steel has a higher density than the surrounding concrete, which
results in greater absorption of X-rays. Furthermore, areas where corrosion has removed metal or
filled voids with rust products appear as regions of lower density. The result is a detailed 3D map of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the rebar's condition, allowing engineers to quantify the depth of pitting, reduction in cross-sectional
area, and the distribution of corrosion products.

Figure 7 shows the schematic diagram of the X-ray tomography method to evaluate the
corrosion of steel rebar. The X-ray Source emits a beam of X-rays that penetrates the concrete sample
containing the steel rebar. The intensity of X-rays is attenuated differently by various materials
(concrete, steel, corrosion products), enabling contrast in the captured images. The concrete sample
with embedded steel rebar, is mounted on a rotating foundation. The X-ray detector is positioned on
the opposite side of the X-ray source, the detector collects the transmitted X-rays after they pass
through the sample. A reconstructed 2D cross-sectional image of the sample shows the internal
structure. By combining multiple cross-sectional slices, a 3D volume image is reconstructed. This 3D
view enables comprehensive visualization of corrosion morphology, such as pit depth, distribution,
and volume loss.

Corrosion

Rebar

Concrete
Sectional view

X-ray source

S
Rotating Detector
foundation

3D view

Figure 7. Schematic diagram of the X-ray tomography method. .

One key advantage of X-ray tomography is its ability to produce high-resolution, non-
destructive, and volumetric data. Traditionally, assessing internal corrosion required cutting or
coring, which is invasive and destroys the specimen. X-CT avoids this by allowing a complete view
of the interior without physical intervention. Furthermore, it can resolve fine details, often at a micron
scale, which makes it suitable for identifying small defects and initiation sites of corrosion that might
not be detectable by surface methods.

Despite its capabilities, X-ray tomography has some limitations. The method typically requires
specialized equipment, a radiation-safe environment, and extensive computing resources for data
reconstruction and analysis. Furthermore, the size of the specimen that can be scanned at high
resolution is limited by the dimensions of the X-ray imaging apparatus. Dense materials, large
dimensions, or thick protective covers can diminish resolution and contrast. Nonetheless, for small
cores or segments of reinforced concrete, X-CT provides unparalleled insight into internal conditions
and damage mechanisms.

2.4. Infrared Thermography Method

Infrared thermography (IRT) is a non-destructive testing (NDT) technique that enables surface
and subsurface defect detection based on thermal imaging. In the field of civil engineering, IRT has

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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emerged as a promising tool for evaluating the corrosion of steel reinforcement (rebar) in concrete
structures [41-44]. All materials emit infrared radiation in proportion to their temperature; by
employing a thermal camera, this radiation can be captured and processed into a thermal image. The
principle of infrared thermography for corrosion evaluation lies in the thermal anomalies that arise
from differences in material properties, defects, or damage beneath the surface.

When corrosion occurs in a steel rebar, the products of corrosion (such as rust) typically have
different thermal properties, including thermal conductivity and emissivity, than the base metal.
Furthermore, the formation of corrosion products can affect the bond between steel and the
surrounding concrete, creating small voids or detachments. These abnormalities manifest as localized
temperature variations on the surface of the structure.

Two main approaches are used in IRT for corrosion detection: passive thermography and active
thermography. The passive Thermography relies on naturally occurring thermal gradients (e.g., solar
heating) to reveal anomalies [45,46]. The active Thermography involves external stimulation (e.g.,
heat lamps, flash lamps, eddy current) to induce thermal waves, allowing for better subsurface defect
detection [47-50].

Figure 8 shows the schematic setup of eddy current heating infrared thermography method to
evaluate the corrosion of steel rebar [50]. A coil is positioned above the concrete surface. When an
alternating current is applied to the coils, eddy currents are induced within the steel rebar. The eddy
current generates localized heating in the rebar due to its electrical resistance (Joule heating). The
heat generated in the steel rebar diffuses outward through the surrounding concrete. Any variations
in the diffusion pattern—caused by corrosion or defects —affect the temperature distribution on the
concrete surface. An infrared (IR) camera is used to monitor the surface temperature changes by
capturing the emitted infrared radiation. The camera records a sequence of thermal images showing
how the heat propagates over time. A PC controls the system, including both the heating pulse
(timing and intensity) and the infrared camera. The captured image sequence is processed on the PC
to analyze thermal contrasts and detect anomalies associated with corrosion.

PC
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" Image procession
Image sequence gep
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‘ \ Heat diffusion
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Figure 8. Setup of eddy current heating infrared thermography method to evaluate the corrosion of steel
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Infrared thermography is a quick, non-invasive, and non-contact technique. Large areas of a
structure can be scanned rapidly, making it well-suited for the preliminary screening of extensive
reinforced concrete components, such as bridges, decks, and parking garages. The captured thermal
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images can be processed to highlight regions of potential deterioration, guiding further investigations
with more invasive or localized methods if necessary.

However, the IRT method has some limitations. The accuracy of infrared thermography
depends on environmental conditions, such as solar radiation, wind, and surface wetness, which can
affect temperature signals. The depth of defects detectable by infrared is typically limited to shallow
abnormalities — typically 2~3 centimeters below the surface — and the method may be less effective
for detecting deep or uniformly distributed corrosion. Furthermore, proper data interpretation
requires specialized knowledge and experience to account for these influencing factors.

2.5. Ground Penetrating Radar Method

Ground Penetrating Radar (GPR) is a non-destructive testing method that utilizes
electromagnetic waves to image the interior of materials [51-53]. Figure 9 shows the schematic
diagram of GPR system. The microwave Source generates high-frequency electromagnetic pulses
(usually in the range 10 MHz to 2.6 GHz), and the transmitter (Tx) antenna directs the microwave
signal into the concrete structure. As the signal penetrates the concrete, it interacts with embedded
objects, such as steel rebar. The presence of steel rebar causes part of the microwave signal to reflect
due to its different dielectric properties. The level and characteristics of this reflection can be
affected by corrosion, which alters the electrical and magnetic properties of the rebar [54-56]. The
receiver (Rx) antenna captures the reflected microwave signals after interaction with the steel rebar.
The time delay and amplitude of the received signal provide information about the depth and
condition of the rebar. The pulse extender enhances and shapes the received signal for better analysis
and resolution. It helps distinguish between reflections from different layers or objects. The A/D
converter (Analog-to-Digital Converter) converts the analog microwave signals into digital data for
computational processing. The processor analyzes the digitized signals to extract meaningful
information about the location and condition of the steel rebar. It may apply signal processing
techniques like filtering, deconvolution, or time-domain analysis. The visual display presents the
processed data as images or graphs. It typically shows rebar position, potential corrosion zones, or
signal amplitude vs. depth.

A/D Processor
Microwave Pulse Visaal
extender display
Tx Rx
~ X
Concrete
Steel rebar

Figure 9. Schematic diagram of ground penetrating radar for the evaluation of steel rebar. .

The principle of GPR for evaluating corrosion lies in the contrast in electromagnetic properties
— particularly the permittivity and conductive properties [57]. As a rebar corrodes, rust products
form and microcracks develop in the surrounding concrete, affecting its ability to reflect radar signals.
Furthermore, the thinning of the steel due to corrosion weakens the reflection from the rebar. The
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degree of reflection attenuation and the spreading of the radar pulse can be indicators of the condition
of the rebar.

GPR is a high-resolution, non-invasive, and rapid method for scanning large areas of reinforced
concrete structures. It is frequently used to produce two-dimensional and, by collecting data on a
grid, even three-dimensional images of the internal configuration of rebars. GPR can provide
valuable information on the depth, spacing, and condition of the reinforcements without disturbing
or damaging the structure [58-60].

However, GPR has some limitations. The depth of penetration is influenced by concrete
properties, moisture content, and frequency of the antenna [61]. Higher-frequency antennas provide
greater resolution but less penetration depth. Additionally, GPR signals can become weak or
distorted in materials with high clay content or heavy chloride contamination [62]. The interpretation
of GPR data also requires expertise and experience, as signals can be influenced by numerous factors
unrelated to corrosion.

2.6. Magnetic Flux Leakage Method

The Magnetic Flux Leakage (MFL) method is a well-established non-destructive testing (NDT)
technique used for the inspection of ferromagnetic materials [63-65]. It has been increasingly adopted
for the evaluation of corrosion in steel reinforcement bars (rebars) embedded in concrete structures
[66-68]. The principle of MFL relies on the distortion of magnetic fields in regions where metal loss
or structural discontinuities, such as corrosion pits, are present.

Figure 10 shows the setup of the MFL method for the corrosion evaluation of steel rebar. The
excitation coils, on either side of a magnetic yoke, generate a controlled magnetic field that passes
through the concrete and steel rebar. The coils are driven by a function generator and power amplifier
connected to a PC, which allows precise control of excitation current and waveform (typically
sinusoidal or pulsed). The magnetic yoke provides a path for the magnetic field to flow through and
concentrate over the steel rebar. It ensures that magnetic flux enters the steel bar and returns to the
coil circuit, creating a closed magnetic loop. When the rebar is magnetized, intact regions guide the
flux smoothly, while corroded regions cause magnetic flux leakage due to air gaps or material
discontinuities from rust loss. The leakage field appears on the concrete surface and can be detected
above the rebar. The magnetic Sensor is positioned in the center of the magnetic yoke, the magnetic
sensor (e.g., Hall-effect sensor, giant magnetoresistance sensor) detects changes in magnetic flux
density. Anomalies in the measured signal indicate the presence and severity of corrosion.

A/D PC
Sensor Function
circuit generator
Magnetic sensor
Magnetic|Yoke Power
Coil amp

e .

N
Concrete Steel rebar

Figure 10. Setup of magnetic flux leakage device for the evaluation of steel rebar. .
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The MFL method is a powerful tool for detecting and quantifying rebar corrosion, offering
advantages in speed and accuracy. Recent advancements in sensor technology [69-71] and Al-driven
signal processing have enhanced its reliability [72-74]. However, challenges like concrete cover
interference necessitate further research. Future developments in multi-sensor fusion and automated
inspection systems will broaden MFL’s applicability in structural health monitoring.

2.7. Eddy Current Testing Method

Eddy current testing (ECT) is a non-destructive testing technique widely used for inspecting
conductive materials. Its ability to detect surface and near-surface flaws makes it a powerful tool in
various industries, including aerospace, automotive, and civil infrastructure [75-79]. The principle of
this technique relies on alternating current passing through a coil, which generates an alternating
magnetic field. When this coil is brought close to a conductive material, eddy currents are induced in
the material's surface. The flow of these eddy currents depends directly on the material's properties,
such as its electrical conductivity, permeability, dimensions, and its condition, including the presence
of defects or corrosion.

Figure 11 shows the principle of the ECT method to evaluate the corrosion of steel rebar. The
excitation coil generates a primary oscillating magnetic field when powered by the AC source. The
magnetic field penetrates the concrete and induces eddy currents in the conductive steel rebar located
beneath the surface. Corrosion in the rebar affects the magnitude and distribution of these eddy
currents. The detection coil detects the secondary magnetic field produced by the eddy currents in
the steel rebar. The strength and phase of this induced field are influenced by changes in the rebar’s
condition (e.g., due to corrosion or section loss). The lock-in amplifier is used to filter out noise and
extract the desired signal that is synchronized with the reference signal from the AC source.

Lock-in |
Amplifier
Detection coil ‘
o Excitation coil
Magnetic field
produced by the .
eddy current AC
\ ——_ Magnetic field
Conc@?x produced by the

excitation coil

I
Steel rebar Eddy current

Figure 11. Principle of the eddy current testing method for the corrosion detection of steel rebar.

ECT is used to detect pitting corrosion, loss of cross-sectional area, and surface cracks in steel
rebars [80-86]. It is particularly effective in early-stage corrosion detection, where minimal visual
signs are present. The technique can be applied in laboratory settings and on-site inspections, using
portable equipment [87,88].

Figure 12 shows a portable compact ECT system for the corrosion evaluation of steel rebar.
Figure 13 shows the block diagram of the system [88]. The frequency of 80 kHz is used. All the core
components, including the excitation coil, detection coil, signal amplifier, lock-in amplifier, signal
generator, and analog-to-digital (AD) converter, were integrated into a compact plastic probe box
with a size of 17 cm in length, 8.5 cm in width, and 6 cm in height. The probe connected to a computer
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via a single USB cable, which served a dual function by supplying both electrical power and enabling
data communication. The total power consumption of the system was under 1 watt, making it highly
energy-efficient. Using a Helmholtz excitation coil with a diameter of 5 cm and a differential detection
coil with a diameter of 1 cm. The corrosion of steel rebar with the covering depth of 75 mm can be
detected [88].

! Probe :
I K X 1
| Differential AMP Lock-in AMP :
, detection coil | AD \
! Y converter !
! Lock-in AMP !
1 '\ ]
: Helmholtz T USB :
: excitation coil 90 © Phase . B c -a-b_leT“I
: ' shifter |
: I
ittty ! _ ! PC
@ Steel rebar |1 Signal '
X generator !

Figure 13. Block diagram of the ECT system for the corrosion detection of steel rebar.

With the advancement of sensor technologies and data processing algorithms, eddy current
testing is expected to become more accurate and accessible. Developments in high-frequency probes,
machine learning for signal analysis, and integration with other NDT techniques may improve the
reliability of corrosion assessment in complex structural elements. ECT remains a valuable technique
for ensuring the long-term performance of reinforced concrete infrastructure.

3. Summary and Discussion

The evaluation of corrosion in steel rebars is a crucial aspect of structural health monitoring and
maintenance. A range of methods — electrochemical, ultrasonic, radiographic, thermal,
electromagnetic — are available to assess the condition of rebars in a non-destructive or minimally
invasive manner. Each method operates on different physical principles and has unique capabilities,
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limitations, and applications. Table 3 lists the comparison of different steel rebar corrosion evaluation
methods.

Table 3. Comparison of different steel rebar corrosion evaluation methods.

Method Principle Advantages Limitations Applications
Electrochemical Measures Quantitatively measure Requires physical contact; Bridge decks, parking
electrochemical corrosion rate furface preparation; structures
signals localized measurement
Ultrasonic ~ Sends stress waves Penetrates deep; measures  Requires coupling medium; Large structures,
and measures thickness surface conditions internal defect
reflection and defects affect signals mapping
X-Ray Uses X-rays to Detailed internal view; Requires specialized Small components,
tomography  produce 3D view high resolution; equipment; limited size; laboratory
quantitative radiation safety investigations
Infrared Measures surface Large area scanning; non- Shallow depth; Influenced Bridge decks,
thermography temperature; contact; by surface conditions, large structures
abnormalities fast solar loading
GPR Detects reflection of Measures depth, Affected by moisture, Bridge decks,
electromagnetic abnormalities; material properties highway structures
signals; large area scanning
MFL Magnetic flux Localized pitting; Requires strong magnet; Pipelines, rebars,
disturbance cross-section reduction limited depth; less effective storage tanks
signals of steel rebar through thick covers
Eddy current ~Measure the eddy Small defects; Shallow depth; Bridge decks,
current induced by initial corrosion; influenced by nearby aircraft components,
AC magnetic field non-contact; conductive materials small rebars

Electrochemical methods, such as Half-Cell Potential, Polarization Resistance, and
Electrochemical Impedance Spectroscopy, directly measure electrochemical parameters at the metal’s
surface. They are well-suited for identifying active corrosion and estimating its rate of progression.
Nevertheless, these techniques typically require physical contact and careful surface preparation,
which can be challenging in some cases.

Ultrasonic methods rely on the propagation of high-frequency stress waves through materials.
Disruptions in wave signals can reveal defects and thinning in rebars. Ultrasonic testing is useful for
deep penetration and imaging internal defects, although it may be affected by surface conditions and
material heterogeneity.

X-Ray Tomography provides a non-destructive, high-resolution, 3D view of internal structures.
It can visualize corrosion damage directly and accurately; however, it requires specialized equipment
and radiation safety measures, and is typically unsuitable for large structures in situ.

Infrared Thermography detects abnormalities by measuring temperature distributions on a
structure’s surface. It can quickly scan large areas to find regions of potential damage. Nevertheless,
it mainly reveals near-surface abnormalities and is influenced by surface conditions and
environmental factors.

GPR emits electromagnetic signals into a structure and detects reflection signals from rebars and
defects. GPR is effective for mapping rebars” depth and spacing and identifying areas of deterioration,
although it has limited resolution at greater depth, and signals may be affected by material properties
and moisture.

MFL is a powerful method for detecting localized metal thinning and pitting by measuring
disturbances in a magnetic field. However, the method mainly responds to metal-loss defects, not
sensitive to the initial corrosion of steel rebar. The device is normally heavy and needs big working
space.

Eddy Current Testing utilizes electromagnetic induction to generate eddy currents in the metal.
It is highly sensitive, contactless, and well-suited for the detection of early stage corrosion of steel
rebar; and small compact ECT device can be realized, although its depth of penetration is limited,
and signals can be influenced by nearby conductive materials.
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Each method for detecting corrosion of steel rebar in concrete structures has its own advantages
and limitations. No single technique can fully satisfy all the requirements for accuracy, applicability,
cost-effectiveness, and ease of use under diverse field conditions. Electrochemical methods offer
quantitative insights but often require direct contact with the rebar. Non-destructive methods such
as ultrasonic testing, X-ray tomography, ground penetrating radar, infrared thermography, magnetic
flux leakage, and eddy current testing provide varying degrees of effectiveness depending on
concrete cover, environmental conditions, and signal interpretation complexity.

Given these constraints, a combined approach utilizing multiple techniques may be necessary
to achieve comprehensive and reliable corrosion assessment. Hybrid systems or integrated diagnostic
frameworks that merge different sensing principles can leverage the strengths of each method while
compensating for their individual weaknesses. Future developments are expected to focus on
improving sensor sensitivity, data fusion algorithms, miniaturization of hardware, and automated
data interpretation through machine learning. These advances will contribute to more accurate,
efficient, and non-invasive corrosion monitoring in reinforced concrete infrastructures.

Data Availability Statement: Data are available upon request.
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