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Abstract: Early nondestructive inspection of rebar corrosion in reinforced concrete structures is
important, but a practical, accurate, high-speed, and high-resolution method has not yet been
proposed. We have proposed a vibro-Doppler radar (VDR) method for quantitative evaluation of
rebar corrosion based on vibration displacement of a rebar sinusoidally vibrated by an excitation
coil. However, this method is not practical because it is not quick enough, requiring two minutes
for a measurement at one point. In this paper, a VDR system based on a pulse radar, which is
100 times faster than the conventional system, was developed, and its effectiveness was verified using
a concrete specimen. As a result, it was found that a 30-cm section could be scanned in about 2 min.
Furthermore, the vibration displacements spatially distributed on the rebar were monitored while
the rebar was corroded by electrolytic corrosion tests. As a result, it was found that the vibration
displacement increased locally with a width of a few centimeters, and their positions corresponded
to the positions of sectional loss of rebar due to corrosion, indicating that this method can be used for
nondestructive evaluation of localized rebar corrosion.

Keywords: nondestructive evaluation; rebar corrosion; GPR; pulse Doppler radar; forced vibration;
displacement measurement

1. Introduction

Portland cement concrete is the most widely used construction material in the world.
It has excellent compressive strength but is weak under tensile stress. So, it is mostly used
as reinforced concrete (RC) in combination with steel reinforced bars, which are strong
in tensile stress. However, deterioration of concrete caused by alkali–silica reaction, salt
damage, and freeze-thaw has been an issue worldwide, resulting in structural cracking.
Generally, the simplest diagnosis of concrete involves visual inspection of surface cracks,
but when surface cracks appear due to corrosion of the rebar, the rebar is often quite
damaged. So, quality control of concrete is important to improve the strength of concrete
and its resistance to intrusion by material. In addition, the combined effects of carbonation,
chloride ion penetration, and the thin cover thickness of concrete result in rebar corrosion.
Corrosion of rebar is said to be the main cause of deterioration of RC structures [1] because
it magnifies cracks, which further accelerates the rebar corrosion. Thus, prediction and
early inspection of corrosion are also important issues.

Destructive core tests are often used to predict corrosion from actual structural in-
vestigations because a trigger of rebar corrosion is damage to the protective coating of
rebars by a decrease in pH due to carbonation and by the intrusion of chloride ions. On the
other hand, since corrosion reactions do not proceed without oxygen and moisture, it is
difficult to predict corrosion simply by examining the depth of carbonation and chloride
ion intrusion from cores. Thus, other inspection techniques [2–4] are required.

In the diagnosis of steel corrosion, electromagnetic nondestructive methods based on
eddy current [5] or resistivity [6] are often used for directly accessible conditions. Since
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rebar in concrete cannot be easily accessed, there are many specialized inspection methods
for accuracy, rapidity, destructiveness, contactness, resolution, or quantitativeness. The
most accurate and quantitative method is the destructive method, in which a concrete core
is extracted and directly inspected, but its rapidity and versatility are limited. There are
also many semi- or non-destructive inspection techniques, which are well-summarized
in [7]. Semi-destructive techniques, such as surface potential measurement [8–11] and the
polarization resistance method [12–14], have been practically applied to the evaluation of
the potential for corrosion and the corrosion rate, respectively. Moreover, the electrical
impedance method [15–17] is effective and reproducible. However, most semi-destructive
methods lack the rapidity, spatial resolution, and quantitativeness.

Elastic wave methods, such as the impact echo method [18] and the ultrasonic
method [2,19], are well-known as promising nondestructive methods to evaluate the deteri-
oration of RC structures such as concrete strength and internal defects by using the arrival
time, waveform energy, and frequency spectrum of received elastic waves. However, they
require elastic wave sensors in contact with the concrete surface, which are strongly affected
by the contact condition of the sensors. In addition, since an elastic wave is sensitive to
micro cracks in the propagation path, the cracks interrupt or wraparound the elastic wave.

Electromagnetic methods are more effective, nondestructive, and noncontact tech-
niques due to direct assessment of rebars in RC structures as well-reviewed in [20,21]. They
are classified according to the excitation frequency of the DC to X-ray band. The magnetic
flux leakage, eddy current testing [22,23], and active thermography [24–26] have been
practically used for nondestructive inspection of position, cover, diameter, and corrosion of
rebars. However, the quantitativeness and spatial resolution should be improved for the
evaluation of rebar corrosion in practical situations. Ground Penetrating Radar (GPR) [27]
is another promising technique for detecting rebars due to its simplicity, non-contact, non-
destructiveness, high spatial resolution, and practicality. It has also been applied to evaluate
rebar corrosion by taking advantage of the fact that the reflection coefficient from rebar
decreases with corrosion [28–30]. However, since the amplitude information of the radar
reflection is strongly affected by the inhomogeneous distribution of water content and
chloride ions in concrete [31,32], rebar corrosion cannot be accurately evaluated in practical
situations without compensating for the electromagnetic attenuation in the propagation
path. By using waveform information, including not only amplitude but also phase, more
accurate internal information can be expected to be obtained beyond the radar resolution.

The model fitting method [33] with a discrete medium model compares a received
radar waveform to a waveform simulated by ray-tracing [34,35] or FDTD [36] based on
forward problem analysis. Although we believe that a sensitivity of about 1/100 of a
wavelength would be applicable to corrosion evaluation, it is still difficult in practical
use to completely model the unknown inhomogeneity of the concrete interior. Thus, the
applications are limited due to deviations of the assumed model from the actual situation.
Phase information itself has higher accuracy and can easily achieve a sensitivity of less
than 1/100 of the wavelength. Of course, the inhomogeneity in a propagation path also
affects not only the amplitude but also the phase. However, if we discuss the “difference”
in the phase due to the motion of a target, we can ignore the effect of inhomogeneity
between antennas and the target. The characteristics have already been applied to Doppler
radar or interferometric radar and never to GPR because objects measured in GPR rarely
move underground.

Hence, we first introduced an idea to GPR, which discusses the phase difference of a
wave reflected from a rebar in concrete by selectively vibrating only the rebar with an exci-
tation coil, where a vibro-Doppler radar (VDR) method [37] has been proposed to measure
the vibration displacement of rebar in concrete using the Doppler radar method. The rebar
is sinusoidally vibrated by the excitation coil at about 50 Hz. Some nondestructive methods
have been proposed to monitor the vibration response on the concrete surface by magnetic
excitation to rebar with low single frequency [7] and impulsive wave [38]. However, our
method has the advantage of obtaining the pure vibration information of the rebar in
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concrete because the vibrations obtained on the surface often suffer from inhomogeneity for
elastic wave propagation. In addition, this method can acquire not only the conventional
radar waveform (unmodulated component) but also a radar waveform sensitive only to
vibrating objects (Doppler modulated component), and can quantitatively determine the
vibration displacement of a single rebar from the amplitude ratio of reflected waves of
both components. Monitoring of vibrational displacement of rebars during electrolytic
corrosion testing on RC specimens showed that vibrational displacement increased even
before surface cracks became apparent, and eventually vibration displacement reached
approximately four times that of the healthy condition, suggesting that the VDR method
may be sensitive to the vibration ability of adhered rebar in concrete.

A VDR system appears to be the only modality to quantitatively evaluate the vibration
ability of rebar in concrete. However, the developed VDR system in the frequency domain
using a network analyzer requires as much as 120 s to measure a single point. Even a
scan measurement of 30 cm width at 5 mm intervals takes about two hours, which is a
major practical problem. In addition, corrosion of rebar is expected to occur locally in the
areas where penetration resistance of corrosion factor is low. Therefore, fixed or coarse
spacing measurements with a conventional system can often fail to detect an increase in
vibration displacement.

If a high-speed VDR system can be developed, a parallel scan of a rebar with VDR
gives vibration displacement spatially distributed on the rebar in practical time. Electrolytic
corrosion tests are often used to accelerate the corrosion of rebar in RC specimens. After
the test, the RC specimen is destroyed and the rebar is removed, often showing spatially
localized corrosion. If the relationship between local vibration displacement obtained by
VDR and localized rebar corrosion in concrete can be clarified, early detection and repair of
corrosion can be more effectively carried out. The distribution of vibration displacement of
rebar as well as the spatial variation due to the progress of corrosion are very interesting
and essential.

Thus, in this paper, a pulse radar-based VDR system is developed and scanning
measurements of RC concrete specimens are performed to evaluate the performance of
image-based vibration displacement of rebar. Furthermore, the feasibility of non-destructive
evaluation of localized rebar corrosion is verified by monitoring vibration displacements
spatially distributed on a rebar undergoing corrosion using an electrolytic corrosion test.

2. Principle of Waveform-Based Vibration Displacement Measurement

The detection of moving objects by Doppler radar is a fundamental technique that
takes advantage of the fact that the frequency of the wave reflected from a moving object is
shifted as proportional to the velocity of the object. Many recent applications, such as vital
sign measurements [39,40] and through-wall radar [41], focus on how the target moves;
FMCW systems are widely used in the millimeter wave band with wavelengths below
the vibration displacement of the target. On the other hand, if the target is sinusoidally
vibrating, the frequency spectrum of the reflected wave is separated by phase modulation
into multiple line spectra (called as the nth Doppler modulation component) of the vibration
frequency interval. If the magnitude of the vibration is much smaller than the wavelength,
the amplitude of the nth Doppler component is known to be proportional to the factorial
of n. Here, the magnitude of the vibration of the rebar in the VDR measurement is about
1/1000 of the wavelength in concrete. Therefore, the measurement system in VDR requires
quite a higher dynamic range than that used in other applications.

Figure 1 shows a conceptual diagram of displacement measurement using VDR based
on a pulse radar. As a pulse waveform, consider a complex modulated pulse wave

.
p(t), in

which an arbitrary unimodal solitary wave E(t) with peak value 1 at t = 0 is modulated by
a complex sine wave with center frequency fc as:

.
p(t) = ej2π fctE(t). (1)
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Now, the pulse wave is emitted toward a reflector at a distance L from an antenna,
and the reflected wave from the reflector is received with the same antenna. The received
complex radar waveform

.
h(t) is expressed as in Equation (2), where the reflection coefficient

is R and the propagation velocity of the electromagnetic wave is v.

.
h(t) = R

.
p
(

t− 2L
v

)
(2)

In this case, the real part of
.
h(t) corresponds to the conventional radar waveform and

the imaginary part to the Hilbert transform of the real part. Furthermore, when the reflector
is vibrated in the direction of propagation of the electromagnetic wave with a frequency fv
and vibration amplitude δ, the propagation distance of the reflected wave changes due to
the vibration, and the time variation is expressed as L(t) as:

L(t) = L− δ cos(2π fvt) . (3)

As the time variation of the radar waveform is on the order of GHz, while fv is several
tens Hz, which is equivalent to L(t) being stationary with respect to the radar waveform
variation. Since the repetition period of acquisition time T of the radar waveform is on
the order of kHz, the delay time t of the radar waveform and its acquisition time T can
be regarded as independent. The 2D complex radar signal

.
h(t, T), which is the radar

waveforms sorted by repetition, can be expressed as:

.
h(t, T) = R

.
p
(

t− 2
L− δ cos(2π fvT)

v

)
. (4)

Let
.
P( f ) and

.
H0( f ) = R

.
P( f )e−j4π f L/v be the Fourier transformation of

.
p(t) and

.
h(t)

with respect to the delay time t, respectively, the Fourier transformation of
.
h(t, T) with

respect to t is expressed as in Equation (5).

.
H( f , T) =

.
H0( f )ej 4π f δ

v cos (2π fvT) (5)

Furthermore, the wavelength of the electromagnetic wave λ = v/ f is on the order of
cm, while the vibrational displacement δ is extremely small, on the order of µm. Therefore,
f δ/v� 1, a first order approximation of Equation (5) yields Equation (6).

.
H( f , T) ∼=

.
H0( f ){1 + j4π f δ cos(2π fvT)/v}

∼=
.

H0( f )
{

1 + j
2π f δ

v

(
ej2π fvT + e−j2π fvT

)} (6)

Here,
.

H( f , T) is separated into a term with and without variation in the acquisition
time T. If we take a Fourier component of

.
H( f , T) with respect to T at the vibration
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frequency of fv, the Doppler component
.

HD( f , fv) by forced vibration is expressed as
positive Doppler component in Equation (7).

.
HD( f , fv) = j2π f

.
H0( f )

δ

v
(7)

Here, the unmodulated component corresponds to the Doppler component
.

HD( f , 0)
at 0 Hz, which is equivalent to the conventional radar signal

.
H0( f ) with no vibration.

Furthermore, by inverse Fourier transforming
.

HD( f , 0) and
.

HD( f , fv) with respect
to the frequency f , complex radar waveforms

.
hD(t, 0) and

.
hD(t, fv) of unmodulated and

Doppler modulated components are obtained as follows, respectively.

.
hD(t, 0) = R

.
p
(

t− 2L
v

)
=

.
h0(t) (8)

.
hD(t, fv) =

δ

v
d
dt

.
h0(t) =

.
hv(t) (9)

Therefore, the vibration displacement δ of the vibrating reflector at distance L can be
expressed as in Equation (10) using the time derivative waveform of the unmodulated
component and the Doppler component waveform.

δ = v

∣∣∣ .
hv(2L/v)

∣∣∣∣∣∣ d
dt

.
h0(2L/v)

∣∣∣ (10)

Figure 2 shows the flow of the vibration displacement measurement. The measured
radar signal h(t, T) is transformed into a complex radar signal

.
h(t, T) by adding the Hilbert

transform of h(t, T) into the imaginary part as an analytical function. Then, the Doppler
spectrum

.
hD(t, fD) is obtained by Fourier transforming

.
h(t, T) with respect to T. By letting

fD = 0 and fv in
.
hD(t, fD), an unmodulated waveform

.
h0(t) and a Doppler modulated

waveform
.
hv(t) can be extracted, respectively. The vibration displacement of the reflector

can be obtained by taking the amplitude ratio at the corresponding delay time to the dis-
tance L in the Doppler waveform and in the time derivative of the unmodulated waveform,
as in Equation (10).
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3. Principle of Imaging-Based Vibration Displacement Measurement

In general, when a radar scans directly above an isolated object and acquires radar
profiles at certain intervals, the arrival time of the reflected waves in the radar profile is
known to be parabolic. This results in poor spatial resolution in the scan direction. In such
cases, the synthetic aperture method is widely used to improve the horizontal resolution.
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In this paper, we use the Kirchhoff transfer method, in which the radar waveform obtained
in the time domain is time-shifted and superimposed on the image domain. The distance r
between the nth antenna position (xn, 0) and a virtual reflection point (X, Z) is expressed
as in Equation (11).

r(xn, X, Z) =
√
(xn − X)2 + Z2 (11)

If the speed of light is c and the relative permittivity of the medium is εr, the propaga-
tion velocity is v = c/

√
εr. If the received waveform obtained at the antenna position (xn, 0)

is h(xn, t), the amplitude of the wave arriving at each antenna position from the virtual
reflection point can be expressed as h(xn, 2r/v). Therefore, the evaluation function at the
virtual reflection point is calculated by adding h(xn, 2r/v) at all antenna positions. The
spatial distribution of the evaluation function has its maximum value at the true reflection
point. On the other hand, the value of the evaluation function decreases at other points
because the phases of h(xn, 2r/v) is added randomly. Therefore, the evaluation func-
tions

.
U0(X, Z) and

.
Uv(X, Z) corresponding to the unmodulated and Doppler modulated

components are expressed as Equations (12) and (13), respectively.

.
U0(X, Z) =

N

∑
n=1

d
dt

.
h0(xn, 2r(xn, X, Z)/v) (12)

.
Uv(X, Z) =

N

∑
n=1

.
hv(xn, 2r(xn, X, Z)/v) (13)

In general, the position (xr, zr) of the isolated object such as a rebar in concrete can
be easily estimated by searching for a peak position of

.
U0(X, Z) or

.
Uv(X, Z). From

Equation (10), the vibration displacement δ(xr, zr) of the rebar at the position (xr, zr) can
be obtained using Equation (14).

δ(xr, zr) = v

∣∣∣∣∣
.

Uv(xr, zr)
.

U0(xr, zr)

∣∣∣∣∣ (14)

This is an imaging based-algorithm for estimating the distribution of vibrational
displacement of a rebar.

4. Performance Evaluation of the Developed Vibro-Radar System
4.1. Pulse Doppler Radar System

In general, pulse radar systems use an equivalent time sampling technique that under-
samples periodic high-speed signals in a GHz band with a period slightly longer than the
radar repetition period. Figure 3a,b show an overview of a developed impulse radar system.
A baseband pulse generator can generate rectangular pulses with a pulse width of 0.2 ns
and the peak amplitude of 0.5 V, driven by a high-precision clock generator with a repetition
frequency of 200 MHz and a jitter characteristic of 90 fs. The generated baseband pulses
are transmitted through a power amplifier, and the direct and reflected waves are received
by antennas. Then, the received signal is multiplied at a mixer by sampling pulses with a
repetition frequency of 199.999 MHz, which is 25 fs longer than that of the transmitting
pulses, and sampled through a low pass filter by a 24 bit AD converter with a sampling
frequency of 125 kHz as a radar signal. The expanded radar signal has a repetition period of
1 ms. Thus, a single radar waveform is produced by 200,000 pulses with the equivalent time
sampling technique. Although this system requires a high dynamic range, the equivalent
time sampling technique is difficult to improve the dynamic range of a radar system. Thus,
the amplitude of the radar signal can increase without saturating the amplitude at the
mixer by shortening the pulse repetition period as 5 ns, which corresponds to a detection
range of 25 cm when the relative permittivity of concrete is 9.
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Figure 3. Developed impulse radar system: (a) Block diagram; (b) Inside of radar equipment.

Figure 4a shows the measured waveform of an impulse response of the developed
radar system when the transmitter and receiver are directly connected through a 40 dB
attenuator, assumed as attenuation by the antenna coupling. The time axis is converted
from 1 ms to 5 ns to discuss actual radar characteristics. Because the mixer output saturates
at almost 80 mV, the 50 mV peak voltage is appropriate in the actual situation.
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Figure 4. Characteristics of the developed radar system when transmitting and receiving antennas
are connected with a 40 dB attenuator: (a) Impulse response; (b) Power spectrum.

Although a few reflections can be observed inside the radar system, it can be easily
calibrated. The pulse width is about 0.5 ns, and the bandwidth of the system is considered
to be about 1 to 3 GHz, as shown in Figure 4b. This bandwidth covers almost the same
range as the bandwidth of commercially available RC radars.

4.2. Overview of Experiment

As shown in Figure 5a, the excitation coil consists of a half-toroidal core wound
750 times [37] with enameled wire. The core is made of 100-layer laminated electromagnetic
steel plate, the cross sectional area of the poles is 38 × 60 mm, and the width between the
poles is 205 mm. A constant alternating current was applied to the coil through a matching
capacitor as a series resonance condition. The applied current was 10 A in RMS value,
and the applied frequency was 55 Hz, which corresponded to the resonance frequency
of the resonator. Cavity backed-bow-tie type slot antennas were used for transmission
and reception with a feed point spacing of 40 mm fixed between both poles of the coil. A
cushioning material was placed between the antenna and the fixture so that the distance
between the antennas and the concrete surface was 1 mm. Five ball bearings were used in
the fixture between the coil and antenna to ensure smooth scanning in any direction.
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Figure 5. Experimental condition: (a) Arrangement of excitation coil, antenna, and fixture; (b) Mea-
surement situation; (c) Overview of RC specimen.

Figure 5b shows an overview of the measurement situation. To improve the repro-
ducibility of the antenna position in scan measurement, a linear actuator connected to
a fixture by a non-magnetic metal wire was used. Figure 5c shows an overview of the
RC specimen. Three rebars with diameters of 19 mm, 16 mm, and 13 mm are buried in
parallel at 100 mm intervals, and the cover of the rebars is 30 mm. The VDR was linearly
scanned over the center of the RC specimen perpendicular to the rebar direction. In the
scan measurement, 61 points were measured with the measurement interval at 5 mm. The
measurement time for a single point is 1 s, resulting in the total measurement time of 2 min.

4.3. Doppler Characteristics in Developed VDR System

First, consider the 2D radar signal
.
h(t, T) during forced vibration measured at a fixed

position for a fixed time. Figure 6a shows an example of the power of the Doppler spectrum
.
hD(t, fD) measured for 1 s just above the D19 rebar. The vertical axis is expressed in dB
scale and normalized by the maximum power. Assuming that the same pulse is repeatedly
received, all signals will appear at a Doppler frequency fD of only zero. So, a strong
signal appearing at fD = 0 is reflection from stationary objects (so-called unmodulated
components). However, at fD = 110 Hz, a 60 dB smaller signal is clearly observed around
1 ns, which corresponds to two attractions in the positive and negative poles of the magnetic
field alternating at 55 Hz from the coil. As with the other signal, the noise floor due to
thermal noise of the ADC is also observed at −100 dB. In addition, a signal 10 dB greater
than the noise floor is observed around 1 ns for a wide Doppler frequency range. This is
always −90 dB less than the maximum power of the unmodulated signal, so it is probably
due to the jitter noise from the clock generator. The SN ratio for the Doppler component
of the D19 rebar buried at 30 mm is estimated to be almost 30 dB. Although increase of a
cover of a rebar decreases the signal level, the Doppler components of the developed VDR
system appear to have a sufficient SN ratio to perform the following experiments.
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Figure 6b shows the envelope of the vibro-radar waveforms of
.
h0(t) and

.
hv(t). The

amplitude of the Doppler component is multiplied by 1000. It can be seen that each
waveform has a clear peak at 0.9 ns. Assuming that the relative permittivity of concrete
is 9, the delay time of the wave reflected from the rebar is about 0.9 ns. In other words,
this peak corresponds to the reflection from the rebar. Ground-penetrating radar often
has the problem of large direct waves between the transmitter and receiver masking
smaller reflected waves. In this measurement, however, the direct wave is smaller than
the reflected wave because the antenna can be brought closer to the concrete surface.
Therefore, the vibration displacement of the rebar can be estimated from this waveform
using Equation (10).

4.4. Imaging Characteritics in Developed VDR System

Figure 7a,b show radar profiles of the unmodulated and the Doppler modulated
components obtained from the scan measurements in the direction orthogonal to the rebar.
The amplitude of each figure is normalized by the maximum amplitude of the figure.
The radar profiles for both the unmodulated and Doppler components show parabolic
profiles with the vertices around 0.9 ns at intervals of about 10 cm, clearly showing the
responses from three isolated rebars. Since the antenna spacing does not change due to
forced vibration, the direct wave of about 0.4 ns seen in the unmodulated component is
hardly observed in the Doppler component.

Figure 8a,b show the imaging results in the unmodulated component and the Doppler
modulated component calculated from

.
U0(xr, zr)/v and

.
Uv(xr, zr)× 106, respectively. The

amplitude of both figures is normalized by the maximum amplitude of the unmodulated
component. In the unmodulated component, three isolated peak-like responses are clearly
seen at X = 4.5, 14.5, and 24.5 cm with a rebar cover of 30 mm, which corresponds to
D19, D16, and D13 rebar, respectively. In addition, clear peaks are seen in the Doppler
component, indicating that distance information is also preserved in the phase term of the
Doppler component. From the peak amplitude ratio of the unmodulated component to
the Doppler modulated component, the vibration displacement of the rebar is calculated
to be 5.53 µm, 5.38 µm, and 4.41 µm for rebar diameters of 19 mm, 16 mm, and 13 mm,
respectively, according to Equation (14).
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4.5. Comparison between Developed and Conventional VDR System

Figure 9 shows the radar profile of the Doppler component measured with a net-work
analyzer-based VDR system for the same RC specimen (covering 30 mm, D13 rebar). The
measurement time is 120 s for a single point. The radar profile in Figure 9a shows the rebar
reflection around 0.9 ns as in Figure 7b, but the signal to noise ratio seemed to be poor, and
the imaging result in Figure 9b also shows the noisy image in the area below 60 mm depth.
From the imaging result, the developed VDR system achieves a 7 dB better SN ratio than
the network analyzer-based system, in spite that the measurement speed of the developed
system is 120 times faster.

From the imaging result, we can easily obtain the rebar position. From Equation (11),
the vibration displacement is obtained by the peak values of the radar images for the three
rebars in each component. In order to confirm the reproducibility of the measurement,
the same measurement is repeated four times in the developed VDR system. Figure 10
compares the vibration displacement of the conventional and pulse radar devices for each
rebar. The trends of the vibration displacements are similar to each other. The average of the
four pulse radar measurements shows that the vibration displacement of the 19 mm rebar
is the largest. The 13 mm rebar has a smaller vibration displacement than the other two. It
can be seen that the vibration displacement decreases as the rebar diameter decreases for
both the conventional and pulse radar methods. This is qualitatively reasonable because
the smaller the rebar diameter, the smaller the excitation force. The standard deviation for
the 16 mm rebar shows a variation of about 5% for the mean value because of the effect of
the step on the concrete surface just above the D16 rebar as shown in Figure 5c. However,
the standard deviations for the D19 and D16 rebars are much smaller than the mean.



Remote Sens. 2022, 14, 4645 11 of 18

This indicates that the developed VDR system is reliable for measurement of vibrational
displacement of rebar.
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5. Monitoring Experiment of Spatially Distributed Vibration Displacement of Rebar
during Electrolytic Corrosion
5.1. Overview of Electrolytic Corrosion Test

This experiment uses three RC specimens of 100 mm high × 100 mm wide × 300 mm
long. Table 1 shows the concrete mix. The compressive strength was 28.2 MPa and the
water cement ratio was 63% to facilitate the introduction of chloride ions. Each specimen
has one D13, one D16, and one D19 rebar buried at a cover of 30 mm in the center of the
specimen. Both ends of the rebar are exposed in the air about 30 mm from the specimen,
and no corrosion protection was provided for the rebar ends.

Table 1. Mix and mechanical properties of concrete used for electrolytic corrosion tests.
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Rebar in concrete is protected from oxidation by being kept in alkaline. However,
when concrete is neutralized by chloride ion intrusion, the protective coating of the rebar is
destroyed, and corrosion proceeds by the supply of water, oxygen, and electrons. In the
electrolytic corrosion test, electrons are forcibly supplied to the rebar of an RC specimen
placed in salt water.

Figure 11 shows an overview of the electrolytic corrosion test. A copper plate soaked
in 10% saline solution was connected to the cathode and the rebar to the anode, and a
constant DC current of 0.2 A was applied by a constant DC current source. The electrolytic
corrosion test was conducted from the bottom surface. To locally introduce saline solution
into the concrete, we used a sponge with a width of 60 mm on the center of the bottom of
the specimen. At the cumulative current of 6 Ah, cracking and leakage of rust juice were
observed on the measurement surface at X = 12 cm in the specimen with D13 rebar. On
the other hand, in the specimens with D16 and D19 rebar, a small amount of rust juice
leaked from the edge of the rebar. After finishing the test, the rebars were detached from
the specimens and soaked in a 10% concentration of diammonium hydrogen citrate for
24 h to remove rust. And then a laser displacement meter was scanned in parallel with the
rebar using an actuator to evaluate the rib height of the rebars.
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Figure 11. Overview of electrolytic corrosion test.

5.2. Corrosion Status of Rebars

Figure 12 shows the cross-sectional photographs just after the destruction of the
concrete. From the photographs, red and black rust are observed. Because oxygen pen-
etrates more easily at the edges of concrete, the red and black rust adhere the to near
edge and the interior of the specimen, respectively. The figures also show the rib height
in two measurement lines toward the VDR measurement surface (upper side) and the
electrolytic corrosion surface (bottom side). The circle with a broken line indicates the area
having high corrosion loss. The rib height in the upper side does not change, but that in the
lower side decreases from X = 6 to 24 cm, which corresponds to the saline injection area.
This indicates that the rebar has corroded so severely that its cross section is deformed.
In addition, the local decreases in the rib height can be observed at X = 12 and 20 cm for
the D13 rebar, X = 13 and 18 cm for the D16 rebar, and X = 14 cm for the D19 rebar. The
deformation from 0 to 10 cm in D16 is caused by not corrosion but a role mark on the rebar.
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Figure 12. Cross-sectional photographs of the split specimens after destruction and rib height of
extracted rebars for (a) D13, (b) D16, and (c) D19, obtained with a laser displacement meter. The scan
results toward the side of the top surface and the bottom surface are shown in blue and red lines,
respectively. The circle with a broken line indicates the area having high corrosion loss.

5.3. Monitoring Results for Spatial Distribution of Rebar Vibration Displacement

As the electrolytic corrosion test was conducted from the bottom surface, VDR scan
measurements were performed from the top surface during the test. In VDR measurements,
a constant alternating current induced on the excitation coil was 7 A in RMS value and
had a frequency of 53 Hz. The 2D radar profiles for unmodulated and Doppler modulated
components were obtained by scan measurements at 61 points with 5 mm intervals along
a line not perpendicular but parallel to the rebar direction. It took 120 s to scan for one
measurement line. The scan measurements were repeated 21 times at a cumulative current
interval of 0.5 Ah up to 10 Ah.

Figure 13 shows examples of imaging results of the unmodulated and Doppler mod-
ulated components obtained from the VDR scan measurement for the RC specimen with
the D13 rebar in a healthy condition. Assuming the relative permittivity of the concrete to
be 11, it can be seen that the reflection response of the rebar parallel to the scan direction
is observed for both components at almost all scan locations at a depth of 30 mm, indicat-
ing that generally good imaging results are obtained. Since the position dependence of
the rebar reflection amplitude differs between the unmodulated and Doppler modulated
components, it is expected that the vibrational displacement of the rebar is localized.
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The vibration displacement spatially distributed over the whole rebar was evaluated.
Figure 14 shows the results of the vibration displacement of the rebar from the VDR images.
The results are also shown at cumulative currents of 5 Ah and 10 Ah. The vibration
displacement at a cumulative current of 0 Ah is approximately 3 µm, and the variation in
the scan direction is small, indicating that the scan measurement is highly reproducible. At
a cumulative current of 5 Ah, the vibration displacement around X = 12 cm increased by a
factor of 3 to 9 µm, corresponding to the rust juice leakage observed at X = 12 cm on the
top surface of the specimen due to the surface crack extension from a cumulative current of
6 Ah. At a cumulative current of 10 Ah, the overall vibration displacement increased, with
the maximum vibration displacement occurring near X = 22 cm. Thus, a clear change in
spatial distribution was also observed.
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Figure 14. Measured spatial distribution of vibration displacement for D13 rebar in concrete while
electrolytic corrosion testing.

Figure 15 shows the dependence of the spatial distribution of the rebar vibration
displacement on the cumulative current for each specimen. At X = 12 cm for the D13 rebar
specimen, the vibration displacement began to increase locally 3 Ah before the rust juice
leaked out. On the other hand, around X = 22 cm, the vibration displacement gradually
began to increase and finally reached 10 µm, corresponding to the increase in the cumulative
current. In the D16 rebar specimen, it can be seen that the vibration displacement rises
and falls sharply at the cumulative currents of 3 Ah, 4 Ah, and 6.5 Ah, but this is due to
a measurement error. The average vibration displacement was almost 5 µm, but locally,
the vibration displacement increased at around X = 13 cm and 18 cm, starting at about a
cumulative current of 4 Ah. In the D19 rebar specimen, after 7 Ah of cumulative current,
the overall vibration displacement gradually increased in the center of the specimen and
reached about twice the vibration displacement in the healthy condition. Although the
vibration displacement eventually increased to 7 µm, the increase rate of the vibration
displacement with respect to the increase in cumulative current is the lowest compared to
the other specimens.
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6. Discussion

The saline solution was introduced from 12 to 18 cm, and the vibration displacement
generally increased near this region, but not to a maximum at the central area X = 15 cm.
This may be due to the fact that oxygen is necessary for rebar corrosion in addition to
chloride ions and water. Therefore, it is considered that the displacement increased outside
of the central area where the oxygen penetration and the chloride ion concentration are high.

Moreover, a local increase in vibration displacement was observed in all specimens,
and their locations coincided well with those of the rebar with localized corrosion loss.
This indicates that the increase in local vibration displacement in the VDR system may
be able to evaluate localized corrosion of the rebar. Its spatial resolution depends on the
spatial resolution of the radar image, and Figure 8 also shows that it is about 1 cm. The
spatial resolution of the surface potential measurement [9], which is practically used in
existing corrosion evaluation methods, is several tens of centimeters or more, and the
proposed VDR system is considered possible to evaluate local rebar corrosion with a high
spatial resolution.
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In addition, it has been clarified that there is a certain degree of correlation between the
vibration displacement and the amount of corrosion. However, quantitative discussion is
difficult because the mechanisms of the increase in vibration displacement due to corrosion
are not clarified. Here, related to the mechanisms, this experiment revealed that the width
where the vibration displacement locally increased was on the order of a few centimeters.
From Figure 12, the maximum loss in the rib height under this corrosion condition is about
0.5 mm, which corresponds to a 2.6 to 3.8% reduction of the rebar diameter. So, the local
increase in rebar vibration displacement obtained in the VDR method may reflect the local
change in not mechanical but electromagnetic properties of a rebar due to corrosion.

In Figure 12, a large amount of black rust deposition due to electrolytic corrosion was
observed in the center of the rebar. The magnitude of the Doppler component is determined
by the product of the amplitude of the unmodulated component (reflection coefficient)
and the magnitude of the vibration displacement. In general, black rust in rust juice is
considered to be more sensitive to the magnetic field than solid rebar. Since a VDR image
does not clearly resolve rebar and black rust, both are measured as a single reflected wave.
Thus, the Doppler component of the rebar with localized black rust may increase locally.
The exact distribution of black rust around the rebar is not known in this measurement,
and further investigation of the relationship between black rust distribution and locally
increased vibration displacement of the rebar may allow for a more quantitative evaluation
of rebar corrosion.

7. Conclusions

In this paper, a vibro-Doppler radar (VDR) system using an impulse radar has been
developed to overcome the time-consuming problem of conventional VDR systems using
network analyzers. The developed VDR achieved a dynamic range of 90 dB with a mea-
surement time of 1 s, which is 120 times faster than conventional systems. We also proposed
a method for estimating vibration displacement by image processing: VDR images have a
spatial resolution of 1 cm, which provides vibration displacement of a spatially distributed
target. The VDR system was scanned parallel to the rebar, and the distribution of vibration
displacement of the rebar was successfully evaluated.

Through an electrolytic corrosion test, changes in the vibration displacement distri-
bution due to corrosion were monitored simultaneously. After the electrolytic corrosion
test, the rib heights obtained from the laser displacement meter were investigated, and the
results showed that the rebar tended to decrease in height by a maximum of 0.5 mm under
the corrosion conditions, but the location of the strongest decrease appeared to be localized
off center, although the nodal height in the middle of the rebar tended to decrease.

The distribution of vibration displacement during the electrolytic corrosion test
showed that vibration displacement tended to increase with corrosion for all specimens,
and the vibration displacement was locally increased several times. The width where the vi-
bration displacement locally increases was found to be as narrow as a few centimeters. The
localized position of vibration displacement and the localized position of rebar corrosion
loss were generally in agreement with each other.

Therefore, it is demonstrated that the proposed VDR system can detect corrosion
localized in a width of several centimeters on a rebar by the spatial distribution of the
vibration displacement. Because of the localization of corrosion, VDR measurement should
be performed while scanning, rather than being fixed.

In the future, we plan to develop a system that can evaluate the spatial distribution
of deterioration of large specimens, which has been difficult in the past, from vibration
displacement imaging by scanning type measurement, which has many measurement
points, by taking advantage of the merits of shorter measurement time and higher accuracy.
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