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Abstract: The corrosion of the steel reinforcing bar (rebar) reduces the strength capacity of concrete
structures. Corrosion detection at the early stage of steel rebar implementation is important for
the maintenance of concrete structures. Using the eddy current testing method, we developed a
portable system to evaluate the corrosion of steel rebars. An AC current was sent to the excitation
coil to produce an AC magnetic field and an eddy current was induced in the steel rebar. A detection
coil was used to detect the signal produced by the eddy current. A lock-in amplifier was used to
obtain the same phase signal and a 90-degree phase difference signal and an X-Y graph was plotted.
From the slope of the X-Y graph, the corrosion of the steel rebar or steel wire can be evaluated. We
examined the effects of excitation frequency, coil type, and coil size on the experimental results to
optimize the system. The signal-to-noise ratio and the detection depth were improved with a specially
designed probe.
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1. Introduction

The major cause of failure in concrete construction is the corrosion of the steel rebar.
The corrosion of the steel rebar in concrete structures not only reduces the strength of the
concrete structures but also causes cracking of the concrete due to the increasing volume of
the corrosion products [1,2]. Water, moisture, and chloride ions can reach the rebar through
the cracks, which accelerates the corrosion of the steel rebar [3]. The periodic inspection of
the steel rebar in concrete is necessary and important. Knowing the conditions of the steel
rebar, such as the location, the diameter, and the corrosion of the steel rebar, is important
for the safety evaluation of concrete structures.

Potential measurements and resistivity measurement are used to monitor the corrosion
speed of steel rebars [4-7]. Electrodes are needed and the degree of corrosion cannot be
detected by this method. Ultrasonic guided waves are used to monitor the corrosion of
steel rebars [8], but coupling gel is needed and the stone and void increase the measure-
ment noise. The magnetic flux leakage (DC magnetic field excitation) method [9-11], the
eddy current testing (AC magnetic field excitation) method [12-17], the microwave radar
detection method [18-20], eddy-current-induced thermography technology [21,22], and
the X-ray method [23,24] are non-contact methods to evaluate the location, the break, or
the corrosion of the steel rebar in concrete. The magnetic flux leakage (MFL) method is
mainly used to detect breaks in the prestressing steel of pre-tensioned and post-tensioned
concrete structures. The microwave radar detection method can be used to detect the
position and the covering depth of the steel rebar; however, the water or moisture in the
concrete structures may influence the detection accuracy and it is difficult to detect the
second layer of the steel rebar for concrete with a steel rebar grid. Due to the heat insulation
effect of the cement, the detection depth of thermography technology is limited to about
2 cm and the devices are too heavy to be used in field experiments. The X-ray method can
quantitatively evaluate the corrosion of steel rebars, but it has the disadvantages of being a
potential health hazard, being a time-consuming process, and having limited portability.

Standards 2024, 4, 286-299. https:/ /doi.org/10.3390/standards4040014

https://www.mdpi.com/journal/standards


https://doi.org/10.3390/standards4040014
https://doi.org/10.3390/standards4040014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/standards
https://www.mdpi.com
https://orcid.org/0000-0001-5670-4419
https://doi.org/10.3390/standards4040014
https://www.mdpi.com/journal/standards
https://www.mdpi.com/article/10.3390/standards4040014?type=check_update&version=1

Standards 2024, 4

287

Compared with other methods, the low-frequency electromagnetic induction method
or eddy current testing method has the advantages of low cost and easy operation. It can
be used to detect the covering depth, the diameter, and the corrosion of the steel rebar. For
the low-frequency electromagnetic method, the moisture of concrete also has less influence
on the detection results. We developed electromagnetic evaluation methods to detect the
corrosion of steel rebar [25]. Using a similar system, we also evaluated the corrosion of the
steel wires used in suspension bridge cables [26]. To optimize the system, in this paper,
we examine the effects of excitation frequency, coil type, and coil size on the experimental
results. The signal-to-noise ratio and the detection depth are improved with a specially
designed probe.

2. Materials and Methods

In different environments, a rebar generates different corrosion products. These corro-
sion products have different colors, electrical conductivities, and permeabilities. Table 1
lists several common corrosion products of steel rebars. The red rust is mainly composed
of Fe;O3-H,O. It is the result of heavy exposure to air and moisture, often combined with
a contaminant (salt). The yellow rust is mainly composed of FeO(OH)HO. It is a result
of very high moisture content. It is frequently found in settings where puddled/standing
water has most likely been present. The brown rust is mainly composed of Fe;Os. It is a
result of a high-oxygen and low-moisture environment. Brown rust is sometimes localized
rust that appears as non-uniform spots or only in certain areas rather than over the whole
surface. It can be the result of a contaminate on the metal’s surface, often originating from
the manufacturing process. The black rust is mainly composed of Fe;Oj. It is a result of
oxidation in a low-oxygen environment. Black rust almost has the appearance of a black
stain. Most likely, the areas exhibiting the black rust had something covering them, which
prevented oxygen from reaching the surface. This type of rust is a more stable rust layer
that does not propagate as rapidly as other rust forms.

Table 1. Permeabilities and conductivities of steel rebar and its corrosion products.

Corrosion Products Electrical Conductivity (S/m) Relative Permeability
Fe,03-H,O (red rust) 10~0~10~* 1.01~1.1
FeO(OH)H,O (yellow rust) 10-6~10—% 1.01~1.1
Fe, O3 (brown rust) 1072~10"7 1.05~1.2
Fe;04 (black rust) 102~101 Hundreds
Steel rebar 10°~107 Hundreds

Fe;O3-HyO and FeO(OH)H; O typically have low electrical conductivity, ranging from
about 107% S/m to 10~*S/m. Both exhibit weak ferromagnetism, and their relative perme-
abilities are about 1.01~1.1, depending on the specific material properties and conditions.
Fe,O3 is generally a poor conductor of electricity, with electrical conductivity typically in
the range of 107° S/m to 10~7 S/m. Fe;O3 exhibits weak ferromagnetic properties. Its
relative permeability is generally in the range of 1.05 to 1.2, depending on the specific condi-
tions and crystal structure. Fe3Oy is known to be a good conductor of electricity compared
to other iron oxides. Its electrical conductivity typically ranges from about 1072 S/m to
10~1'S/m. Fe304 exhibits significant ferromagnetic properties. Its relative permeability
is generally higher than that of many other corrosion products of steel rebar, often in the
range of ten to several hundred [27]. For the steel rebar without corrosion, the electrical
conductivity ranges from 10° S/m to 107 S/m and relative permeability ranges from 100 to
500. The corrosion products have different electrical and magnetic conductivities, so the
corrosion of steel bars can be detected by the eddy current method.

Figure 1 shows the steel rebar used in the experiments. (a) is a 16 mm diameter
deformed steel bar without corrosion. (b) is a 16 mm diameter steel rebar with corrosion,
which is a naturally corroded sample from a concrete structure. There is black rust that is
about 0.1 mm thick on the surface of the steel rebar.
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Figure 1. (a) Steel rebar without corrosion. (b) Corroded steel rebar with black rust on the surface.

Figure 2 shows the block diagram of the rebar corrosion evaluation system using the
eddy current testing method. An alternating current flows in the excitation coil and an
AC magnetic field is produced. Then, an eddy current is induced in the steel rebar. The
detection coil is used to measure the magnetic field produced by the eddy current of the
steel rebar. The lock-in amplifier is used to obtain the X and Y signals, where the X signal is
the same phase signal with the excitation magnetic field, and the Y signal is the 90-degree
phase difference signal with the excitation magnetic field. The X-Y graph is plotted using
the X signal and the Y signal. From the X-Y graph’s slope, the steel rebar’s corrosion can

be detected.
AMP Lock-in AMP|—X
| AD
v converter
Detection Lock-in AMP
Excitation coil I
coil
/ 90 ° Phase (l:JaSbBIe
%—| shifter
_ PC
@® Steel rebar Signal
generator

Figure 2. Block diagram of steel rebar corrosion evaluation system using the eddy current test-
ing method.
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The excitation coil and the detection coil were wound using copper wires. The ampli-
fier was made using an AD797 (Analog Devices, Inc., Cambridge, MA, USA) op amp. The
AD797 is a low-distortion and low-noise operation amplifier. The op amp with a low har-
monic distortion of —120 dB is perfect for the wide dynamic range necessary for precision
applications. The voltage noise is about 1 nV/,/Hz; the current noise is about 2 pA//Hz;
and the unit-gain bandwidth is about 110 MHz. The gain of the amplifier is about 40 dB. A
CG402R2 (NF Techno Commerce Co., Ltd., Yokohama, Japan) resister tunable oscillator was
used to generate a sinusoidal signal, which was sent to the excitation coil, the compensation
coil, and the reference port of the lock-in amplifier. The lock-in amplifier was composed
of the analog multiplier of the AD633 (Analog Devices, Inc., Cambridge, MA, USA). Two
AD633s were used; one was used to obtain the X signal and another was used to obtain
the Y signal of the eddy current testing. After the output of the multipliers, low-pass
filters with a bandwidth of about 100 Hz were used. An AI-1608GY-USB (Contec Co., Ltd.,
Osaka, Japan) AD converter was used to convert the analog signal to a digital signal. The
resolution of the AD converter is 16 bit and it has eight input analog channels and a sample
rate of up to 250 kHz. A USB cable was used to connect the AD converter with a computer.
The power of the detection circuit and the AD converter was also supplied through the
USB cable.

Figure 3 shows the setup of the experiments. The excitation coil, the detection coil, the
amplifier, the lock-in amplifier, the signal generator, the phase shifter, and the AD converter
were all put in a plastic probe box with a size of 85 mm x 170 mm x 60 mm. The excitation
coil and the detection coil were attached on the bottom of the box. Only one USB cable
was used to connect the probe to a computer for the data transfer and to supply power
to the system. The electric power required by the circuit and the AD converter was less
than 1 W (about 200 mA at 5 V). We developed a Labview program for data acquisition,
data processing, data displaying, and data saving. The steel rebar was covered by concrete
plates. The signal was obtained by moving the hand-held probe over the surface of the
concrete plate.

Figure 3. Setup of the experiments.

3. Results

For the eddy current testing nondestructive evaluation method, choosing the proper
excitation frequency and the design of the probe is very important for defect detection, so
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we examined the influences of the excitation frequencies, the coil types, and the coil sizes
on the experimental results.

3.1. Influences of Different Excitation Frequencies

The influences of varying excitation frequencies on the experimental results were
first examined. The excitation coil was a 50-turn toroidal type with a diameter of 5 cm.
It was wound with 0.3 mm diameter copper wire. The detection coil was also a 50-turn
toroidal type with a diameter of 1 cm. A 20-turn compensation coil with a diameter of 1 cm
was put over the detection coil to compensate for the background signal produced by the
excitation coil. The detection coil and the compensation coil were wound with 0.1 mm
diameter copper wire. The current amplitude flow in the excitation coil was about 20 mA.
The current flow in the compensation coil was adjusted by a potentiometer. Figure 4 shows
the coils and the circuit in the probe.

E
¢} ~ 2
E o
4 =
o~ 4

3

\; “3’1.{41‘(1\"‘—_0 D

De\mction coil
and compensation coil

Figure 4. Excitation coil, detection coil, compensation coil, and the circuit in the probe.

Figure 5a shows the detected background signal without the compensation coil. The
peak-to-peak amplitude was about 3.5 V when the excitation frequency was about 80 kHz.
Figure 5b shows the detected signal with the compensation coil. The peak-to-peak am-
plitude was about 0.8 V. Because of the differences in the inductances of the excitation
coil and the compensation coil, the current flow in the excitation and the compensation
coil has some phase differences. Therefore, the background signal cannot be compensated
completely. With a phase shifter, the compensation can be improved, but the complexity of
the circuit will be increased.
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(b)

Figure 5. (a) Detected background signal without the compensation coil. (b) Detected signal with the
compensation coil.

The depth of the steel rebar, which is the sum of the thickness of the concrete plate
and the bottom thickness of the probe box, was about 25 mm. The excitation frequencies of
10 kHz, 40 kHz, 80 kHz, and 150 kHz were examined. Figure 6 shows the signals of the
steel rebars with and without corrosion for different frequencies.
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Figure 6. Signals of the steel rebars with and without corrosion for different frequencies. (a) 10 kHz.
(b) 40 kHz. (c) 80 kHz. (d) 150 kHz.

Because the sensitivity of the detection coil increased with the frequency, the signal-to-
noise ratio also increased with the excitation frequency. The phase difference of the signals
for the steel rebars with and without corrosion also changed with the excitation frequencies.
Figure 7 shows the results.

For the excitation frequencies of 10 kHz, 40 kHz, 80 kHz, and 150 kHz, the phase
differences were 1.4°,10.5°, 22.1°, and 18.9°, respectively. The phase difference was small
at lower frequencies, such as 10 kHz. It was difficult to detect the corrosion of the steel
rebar. With the increase in the excitation frequency, the phase difference also increased.
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Among the four frequencies, the biggest phase difference of 22.1° was obtained at 80 kHz.
At 150 kHz, a similar phase difference of 18.9° was obtained. However, the stability of the
system became worse when the excitation frequency was 150 kHz. Therefore, we used
80 kHz in the following experiments.
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Figure 7. Phase differences of the signals for the steel rebar with and without corrosion when the
excitation frequency was 10 kHz, 40 kHz, 80 kHz, and 150 kHz.

3.2. Toroidal Excitation Coils and Detection Coils

The toroidal coil is commonly used, and we examined the effect of different sizes
of excitation coils on the experimental results. The excitation coils were 50-turn toroidal
coils with diameters of 3 cm, 5 cm, 7 cm, and 9 cm, respectively. The detection coil and
the compensation coil were the same as those used in 3.1. Figure 8 shows the excitation,
detection, and compensation coils.

Figure 8. Excitation coil, detection coil, and compensation coil. (a) Excitation coil with a diameter
of 3 cm. (b) Excitation coil with a diameter of 5 cm. (c) Excitation coil with a diameter of 7 cm.
(d) Excitation coil with a diameter of 9 cm.
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The current amplitude flow in the excitation coil was about 20 mA with an excitation
frequency of 80 kHz. For each excitation coil, we measured the signals of the steel rebars
with varying depths. Figures 9 and 10 show the signals for the excitation coils with different
sizes when the depth was 25 mm and 45, respectively. The phase differences produced by
the steel rebars with and without corrosion were similar for different sizes of excitation coils.
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Figure 9. (a). Signals for the excitation coil with the diameter of 3 cm. (b). Signals for the excita-
tion coil with the diameter of 5 cm. (c). Signals for the excitation coil with the diameter of 7 cm
(d). Signals for the excitation coil with the diameter of 9 cm. The depth of the steel rebar was 25 mm.
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Figure 10. (a). Signals for the excitation coil with the diameter of 3 cm. (b). Signals for the

excitation coil with the diameter of 5 cm. (c). Signals for the excitation coil with the diameter of 7 cm.
(d). Signals for the excitation coil with the diameter of 9 cm. The depth of the steel rebar was 45 mm.
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Figure 11 shows that the signal-to-noise ratios changed with the depths of the steel
rebars for the excitation coils with diameters of 3 cm, 5 cm, 7 cm, and 9 cm. The signal-to-
noise ratios decreased rapidly with the depth of the steel rebar. The maximum detection
depth was proportional to the diameter of the excitation coil if the excitation current flow
in the excitation coil was the same.
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Figure 11. Signal-to-noise ratios changed with the depths of the steel rebars for the excitation coils
with diameters of 3 cm, 5 ¢m, 7 cm, and 9 cm.

3.3. Differential Detection Coil with Helmholtz Excitation Coil

When a toroidal detection coil is used, the environmental noise might have an influ-
ence. A differential detection coil with a Helmholtz excitation coil was used to reduce the
environmental noise’s influence. Figure 12 shows it. The differential coil had two 50-turn
coils with an inverse winding direction. The distance between the two coils was about 5
cm. The Helmholtz excitation coil had two 50-turn coils with the same winding direction.
The distance between the two coils was 5 cm.

Helmholtz excitation coil

Figure 12. Differential detection coil with a Helmholtz excitation coil.
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The excitation frequency was 80 kHz. The current amplitude flow in the excitation coil
was about 20 mA. Figure 13 shows the detected signal after the amplifier. The peak-to-peak
amplitude was about 10 mV. Compared with Figure 5, the compensation effect with the
differential detection coil was about 80 times better than that with the toroidal detection

coil. The ripple noise on the signal was caused by the PC switch power. With the lock-in
amplifier, the noise had less influence on the results.

10 mV

1: 10 mV 2:

Figure 13. Background signal with the differential detection coil.

Figures 14 and 15 show the signals for the excitation coils with diameters of 3 cm, 5 cm,
and 8 cm when the depths of the steel rebars were 25 mm and 45 mm, respectively. The

phase differences produced by the steel rebars with and without corrosion were similar for
different sizes of excitation coils.
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Figure 14. Signals for the differential detection coil with Helmholtz excitation coil when the depth
of the steel rebar was 25 mm. (a). The diameter of the excitation was 3 cm. (b). The diameter of the
excitation was 5 cm. (c). The diameter of the excitation was 7 cm.
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Figure 15. Signals for the differential detection coil with Helmholtz excitation coil when the depth
of the steel rebar was 45 mm. (a). The diameter of the excitation was 3 cm. (b). The diameter of the
excitation was 5 cm. (c). The diameter of the excitation was 7 cm.

Figure 16 shows that the signal-to-noise ratios changed with the depths of the steel
rebars for the excitation coils with diameters of 3 cm, 5 cm, and 7 cm. The signal-to-noise
ratios decreased rapidly with the depth of the steel rebar. Compared with the results
achieved using toroidal coils, the signal-to-noise ratio was improved by over two times,
and the maximum detection depth was improved by 1 cm for the excitation coil with the
same diameter.
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Figure 16. Signal-to-noise ratios changed with the depths of the steel rebars for the excitation coils
with diameters of 3 cm, 5 cm, and 7 cm.

4. Discussion

Using the penetration depth of the eddy current, the measurement result shown in
Figure 5 can be explained. The penetration depth of the eddy current can be calculated by

o= 1 (1)
VTfuo

where ¢ is the standard depth of penetration; f is the excitation frequency; y is the mag-
netic permeability; and ¢ is the electrical conductivity. For the steel rebar, u is about
251 x 107* H/m, ¢ is about 1.87 x 10° S/m. The penetration depth is about 0.26 mm
at 10 kHz, 0.13 mm at 40 kHz, 0.09 mm at 80 kHz, and 0.07 mm at 150 kHz. At lower
frequencies, such as 10 kHz, the penetration depth of the eddy current is bigger, and the
inside non-corrosion part of the steel rebar makes a big contribution to the signal, so the
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signal difference is small for the steel rebar with and without corrosion (Figure 6a). At
higher frequencies, such as 80 kHz, the penetration depth is small, and the surface condition
of the steel rebar determines the signal, so the signal difference is big for the steel rebar
with and without corrosion (Figure 6c).

Due to the low excitation frequency of 80 kHz used in our experiments, the variations
in the temperature and the humidity have less influence on the signal. If the cement is
mixed with conductive or magnetic substances, the signal will be affected, but this effect
can be eliminated by multipoint measurements and data processing methods. As shown
in Figure 9, the loop of the signal was caused by the surface shape of the steel rebar. It is
possible to reduce the influence using the average value of the phase signals.

The adjacent steel rebar can also affect the signal. If the distance between the steel
rebar is less than the sum of the covering depth and the diameter of the excitation coil, the
effect of the adjacent rebar is not negligible. The depth and the distance between the steel
rebars determine the selection of the diameter of the excitation coil.

To explain the difference between the toroidal coil and differential coil, we estimate
the sensitivity of the measurement system. When the signal magnetic field Bs couples to
the detection coil, the voltage amplitude generated on the coil is [28]

m?fND?B
Vs = % )
2Vs
B = —2— 3
S 7T2fND2 ( )

where V is the voltage amplitude generated on the coil; f is the frequency; N is the turns
of the detection coil; D is the diameter of the detection coil. In our experiments, f was
80 kHz, N was 50, and D was 5 cm. If the equivalent input voltage noise spectrum is
Vn =3nV/\/Hz, let Vg = Vi, and we can calculate the magnetic field resolution of the
measurement system using Formula (3). Bn = 0.06 pT/+/Hz. However, the environmental
noise in the laboratory was at the level of 1 pT//Hz, so, when a toroidal detection coil was
used, the environmental noise was the main contributor to the noise of the output signal.
The differential detection coil detects the gradient of the magnetic field. The environmental
noise is a kind of far magnetic field, which is almost uniform and produces no output for
the differential detection coil. The eddy current signal produces a local magnetic field. The
local magnetic field has a bigger gradient and gives the output of the differential detection
coil. Therefore, the influence of environmental noise can be reduced using the differential
detection coil. The system with a differential detection coil has a better signal-to-noise ratio
and a bigger detection depth.

Then, we used a PC and Labview program to carry out the data acquisition, data
analysis, and result display. In the future, we will connect the probe to a Raspberry Pi
signal board and develop a sensing network to monitor the corrosion of the steel rebar.

5. Conclusions

We developed a compact probe to detect the corrosion of steel rebars, and we also
compared the results with a toroidal detection coil and differential detection coil. The
signal-to-noise ratio and the detection depth were improved with the Helmholtz excitation
and the differential detection coil.
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