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Abstract

A set of rust detecting system for reinforced concrete was designed

based on the electromagnetic pulsed eddy current (EPEC). The

EPEC detecting test on the reinforced concrete specimens with

different reinforcement diameters was performed. The finite element

(FE) model was established. The results of the reinforcement

position experiment show the Hall voltage peak value (HVPV) of

the same lift-off value positively correlates with the reinforcement’s

diameter, and the HVPV declines fast with the increase of the

lift-off value.

The rust experiments results show that with the same lift-

off value, the HVPV increases with the increase of the horizontal

distance from the Hall sensor to the reinforcement in the specimen.

When the Hall sensor is at the same position, the HVPV increases

with the increase of the diameter of the reinforcement in the

concrete. The Hall voltage (HV), the HVPV, and the time of pulse

rising (TOPR) of the same specimen are greater in the rust-free

point than in the rusted points. And the results of the numerical

simulation verify the validity of the conclusions of the physical

experiments. Our above study shows that the detecting method can

locate the reinforcement in the concrete accurately and ascertain its

diameter effectively. Furthermore, the detecting method can identify

the rust region of the reinforcement swiftly and evaluate the rust

degree rapidly.
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1. Introduction

Reinforced concrete is extensively applied in infrastruc-
ture construction [1]. The combination of reinforcement
with concrete improves the concrete structure’s mechan-
ical property and durability. The concrete protects the
reinforcement buried in the concrete from corrosion. The
reinforcement still gets rusted. This is the main cause
of structural performance degeneration, especially in ma-
rine engineering structure [2]. Cooperating with loads and
other structural damages, reinforcement rust causes a con-
stant decline in bearing capacity, affecting the structural
durability and service life. The tough challenges of struc-
tural safety, operation, and maintenance are provided by
the rust of the reinforcement [3].

Lacking the detection means for the internal defect
of the reinforced concrete structure. Thus, most concrete
bridges’ safety monitoring proceeds ineffectively. And
the bridges’ internal rust defects exert more harm on the
bridges than the external rust defects. An effective non-
destructive rust detecting method is needed to detect the
reinforcement’s rust.

The existing non-destructive testing (NDT) methods
for detecting the rust of the reinforcement buried in the
reinforced concrete structure include the analytical meth-
ods, the physical methods, and the electrochemical meth-
ods. The analytical methods require rational mathematical
models. The physical methods, such as ultrasonic testing,
infrared thermography, metal magnetic memory method,
and X-ray testing, demand complex surface preparation
and operation process [4]–[9]. Among the above methods,
the electromagnetic method is the simplest one, lacking
quantitative judgments for the rust degree and the rust
speed of the reinforcement [10], [11].

By measuring parameter changes of metal parts’ elec-
tromagnetic performance character and metal properties,
the EPEC detecting technology can ascertain the damage
condition of the metal parts [12]–[15]. Driven by a rect-
angular wave, the EPEC technique can also measure the
aluminium alloys’ stress [16]–[18].
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Existing detecting methods cannot avoid damaging
the reinforcement’s concrete cover [5]. By using EPEC
detecting technology, the non-destructive detecting can
be performed without buried transducers. The study of
technique’s application in rust detecting of reinforcement
buried in concrete is carried on [8], [11], [19]. In this pa-
per, the experiments studied the reinforcement rust degree
detecting technique for reinforced concrete structure based
on one set of EPEC detecting system. The experimental
results and the analytical results of the FE model prove
the detecting technique’s feasibility.

2. Mechanism of Detection by EPEC

Normally, a square wave with a certain duty ratio is im-
posed on the primary coil as the driven signal by the
EPEC. With the primary coil, bearing square wave elec-
trical signal, approaching the electrically conductive ma-
terial or the testing specimen, the interaction in the
conductor regenerates transient eddy current and magnetic
field. The transient eddy current’s size and attenuation
are related to the electromagnetic character, geometry, and
fitting of the conductor. The electromagnetic receiver can
receive information about the testing object’s shape and
size. In addition, the receiver also can receive the elec-
trical conductivity and the magnetic conductivity of the
magnetic field regenerated by the EPEC. By this way, we
can accomplish the detection and evaluation on the tested
specimen.

For the conductive specimens, skin effect and pene-
tration depth are two important characters for the EPEC
density’s distribution. The EPEC concentrates on the
workpiece’s surface close to the coil because of the skin
effect, the eddy current’ density undertakes exponential
decay with the increase of the penetration depth. With the
driven signal’s frequency increase, the eddy current tends
to distribute on the workpiece’s surface and the capacity of
detecting the minor surface defects increases. Because the
high-frequency EPEC drops sharply with the increment of
the penetration depth, the defect lying in a certain depth
only can generate an ineffective response. On the contrary,
the low-frequency EPEC can penetrate deeper into the
interior to impact the inner defect while the sensitivity of
detecting the surface defect reduces. Thus, the frequency
must be chosen appropriately to gain the sensitivity and
the detection depth.

As the excitation, the rectangular pulse is entered in
both ends of the exciting coil. The pulsed magnetic field
B1 generated by the exciting coil will force the specimen to
induce the EPEC I2. Finally, the second magnetic field B2

pulsed by the EPECwill interact with the magnetic fieldB1

opposite to B2. Then, it will change the original magnetic
field, the magnetic flux of the coil, and the impedance of
the coil. If the specimen under test has flaws or defects,
the distribution of EPEC will be influenced. The magnetic
field’s change influenced by the change of the EPEC will
change the induced voltage in the coil under test. By
analysing the induced voltage in the coil, we can obtain the
information about the specimen’s flaws and defects. In this
paper, the magnetic measurement sensor (Hall sensor) was

Figure 1. The basic work principle of EPEC based on
detection by Hall sensor.

Figure 2. EPEC detecting system frame.

used to detect the magnetic field generated by the EPEC.
The detailed work principle is shown in Fig. 1.

3. Experiment on Detection by EPEC

3.1 The Design of the Detecting System

Figure 2 shows the EPEC detecting system used in the
given experiments. The system consisted of the pulse signal
source, a power amplifier, an exciting coil, a magnetic
sensor, an oscilloscope, and the specimen.

The power amplifier amplified the exciting signal gen-
erated by the pulse signal generator. And the pulse signal
was input into both ends of the exciting coil to generate
the exciting pulse magnetic field. Then, the specimen gen-
erated an eddy current magnetic field. Then, the specimen
generated an eddy current magnetic field under the effect
of the exciting pulse magnetic field. Placed at the bottom
of the exciting coil’s centre, the magnetic sensor can receive
the signal from the eddy current magnetic field generated
by the specimen, the exciting coil, and the magnetic sensor
constitute sensor probe. After the oscilloscope converted
the electrical signal into an image, the data analysis and
the defect identification were performed.

In this system, the oscilloscope was serial FY2200S
and the power amplifier was DDS function signal producer.
The exciting coil winded 500 times by 0.3-mm-coated
encased copper wires owned 10mm inner diameter and
22mm outer diameter. And the magnetic sensor was highly
sensitive Hall sensor module of type SS495A. In addition,
the oscilloscope was digital storage oscilloscope of type
TDS2012C, the product of Tektronix company, USA.

3.2 The Experiment Program Design

In the experiment, the experiment platform set up in
Section 3.1 was applied to detect the rusted parts of
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Figure 3. Schematic drawing of element dimension of the specimen and layout of measure points (unit: cm).

Table 1
The Number Arrangement of the Specimen

Table 2
The Parameter of Local Rust Amount of the Reinforcements in the Artificially Simulating

Description Rust I Rust II Rust III Rust IV
(0mm× 0mm) (3mm× 5mm) (3mm× 3mm) (5mm× 3mm)

Width (mm) 0 3 3 5

Depth (mm) 0 5 3 3

Table 3
Rust Time of Different Rust Stages of the Electrochemical

Corrosion

Description Stage I Stage II Stage III Stage IV
(0 h) (20 h) (40 h) (60 h)

Rust time (h) 0 20 40 60

Current (A) / 0.5 0.5 0.5

the reinforcements and the rust degree. The artificial
defects and electrochemical corrosion defects were used to
simulate different rust degrees of the different diameter
reinforcements in the specimens. The diameters of the
reinforcement are shown in Fig. 3, and the experiment
scheme is shown in Table 1.

Figure 3 illustrates each specimen’s measure points.
The artificial rust points included one rust-free point
(point 1) and three rusted points. The points 2 and 3
were regions with the same rust width but different rust
depths. The points 3 and 4 were regions with the same
rust depth but different widths. The points 2 and 4 were
regions with the same rusting volume. Detail sizes of de-
fects are shown in Table 2. The electrochemical corrosion
based on the electrochemical reaction was processed with
constant current (0.5A). The rust rime of different elec-
trochemical corrosion processed was divided into four rust
stages. Detailed rust time of different rust stages is shown
in Table 3.

3.3 The Experimental Process

Before casting the concrete, the experiment on detecting
the position of the reinforcement was carried out. The
reinforcements with two diameters were scanned along
the direction, perpendicular to the reinforcement length,
horizontally and respectively. The lift-off value of the
experiment was 1, 3, and 5mm. After the 28-day concrete
curing, the electrochemical corrosion of the specimen 3’s
and 4’s reinforcements was tested. The DC stabilised power
supply provided the constant current (0.5A) to speed up
the specimen’s corrosion. The four measure points were
detected when each rust stage was completed.

In the experiment, the plus-minus bipolar square wave,
with 20 Hz exciting frequency, ±3V exciting voltage peak–
peak, 50% pulse square wave duty ratio, was employed as
the exciting signal. The Hall sensor was placed close to
the specimens with different lift-off values to detect the
measure points. The pulse, the HV, and the HVPV were
collected by the LabVIEW software.

3.4 Experimental Results

3.4.1 Results of Reinforcement Position Experiment

The vertical HVPV of naked reinforcements is shown in
Figs. 4 and 5.

Hall sensor approaching the reinforcement, the HVPV
rose. When the sensor with three different lift-off values
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Figure 4. Positing Φ10mm reinforcement with pulse
square wave.

Figure 5. Positing Φ16mm reinforcement with pulse
square wave.

Table 4
The Hall Voltage Peak Value When Hall Sensor was Right

above the Reinforcement (Unit: V)

shifted to right above the reinforcement, the HVPV reached
a maximum value as shown in Table 4. The sensor moving
away from the reinforcement, the HVPV dropped. Thus,
with certain lift-off value, the detecting system can detect
the reinforcement’s position.

According to Table 4, the reinforcement with larger
diameter owns a greater HVPV with the same lift-off value
and the difference is significant enough to identify the
reinforcement’s diameter. The HVPV declines fast with

Figure 6. The HV curve of all checking points of
specimen 1.

Figure 7. The HV curve of all checking points of
specimen 2.

the increase of the lift-off value. Hence within appropriate
lift-off distance, the detecting system can distinguish the
reinforcement’s size.

3.4.2 Artificial Rust Experiment

Figures 6–9 show the HV signals measured at four checking
points of specimens 1 and 2 within half cycle. According to
Figs. 6–9, the TOPR and the HV including the HVPV of
the rust-free parts are longer and greater than the rusted
parts. Comparing rust II with rust III (with same width
but different depth), the deeper is the rust, the smaller is
the HV, the smaller is the HVPV, and the shorter is the
TOPR. Comparing rust III with rust IV (with same depth
but different width), the wider is the rust, the smaller is
the HV, the smaller is the HVPV, and the shorter is the
TOPR. Comparing rust II with rust IV (with same rust
volume), the HV, the HVPV, and the TOPR of rust II is
smaller than that of rust IV, which means that the depth
of the rust exerts a greater impact on the signals.
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Figure 8. HVPV of all checking points of specimens 1
and 2.

Figure 9. TOPR of all checking points of specimens 1
and 2.

Figure 10. The HV curves at checking points I and II of specimen 3 at different rust stages.

As shown in Figs. 7–9, the HV and the HVPV decline
with the increase of the specimens’ corrosion. The decline
is more sensitive to the rust’s depth than its width. The
greater is the diameter of the reinforcements, the greater
are the HV and the HVPV. Thus, the HV and the HVPV
can identify reinforcement’s diameter and the corrosion
situation. Moreover, they are more effective to detect the
deeper corrosion rather than the wider one. As shown in
Fig. 9, the TOPR can also be used to detect the corrosion
situation of the reinforcement in the concrete, and it is
more effective to detect the deeper corrosion rather than
the wider one, while the diameters of the reinforcements
cannot be identified by it.

3.4.3 Electrochemical Rust Experiment

The HV within half cycle measured at the measuring points
of the specimen at different rust stages 3 and 4 are shown
in Figs. 10–12.

As shown in Figs. 10–12, the specimens’ rust time
increasing, the reinforcement’s rust degree increases, the
reinforcement’s effective section decays. In the meantime,
the HV declines, the HVPV decreases and the TOPR
becomes shorter. Identical to the results of the artificial
rust experiment, the HV, the HVPV, and the TOPR can
detect the corrosion degree of the reinforcement within the
concrete cover.

In conclusion, the results of artificial and electrochem-
ical rust experiment show that with the same lift-off value,
the HVPV increases with the increase of the horizontal
distance from the Hall sensor to the reinforcement. Thus,
this detecting system can locate the position of the rein-
forcement in the concrete.

When the Hall sensor is at the same position, the
HVPV increases with the increase of the reinforcement’s
diameter, justifying the detecting system can identify the
reinforcement‘s diameter. The HV, the HVPV, and the
TOPR of the same specimen are greater in the rust-free
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Figure 11. The HVPV at all checking points of specimens 3 and 4 at different rust stages.

Figure 12. TOPR at all checking points of specimens 3 and 4.

point than in the rusted point, justifying the detecting
system can ascertain the reinforcement’s rust area. In
addition, this given method can be used to evaluate the
reinforcement’s rust degree, because of the HV, the HVPV,
and the TOPR increase with the increase of the amount of
the rust reinforcement’s rust.

4. The Finite Element Simulating Analysis

The FE model was established to simulate the rust degree
detecting for the reinforcement in the concrete component
using EPEC. With certain thick concrete cover, the simu-
lating results with different rust degrees were collected to
compare with the results of previous experiments.

The simplified 2D plan model was derived from the
3D model, and half symmetrical structure was taken to
process transient analysis. Without considering the effect
of the displacement current, the magnetic vector potential
method was used to solve the problems of 2D or 3D
magnetic field containing eddy current field, while the

accuracy of this method will be affected by the magnetic
conductive materials.

1. Material: the relative magnetic conductivities of con-
crete and air were 1. The relative magnetic con-
ductivity of the exciting coil μr =1; resistance rate
ρ=1.71× 10−8 Ω m. The relative magnetic conductiv-
ity and the resistance of reinforcement varying greatly
with its temperature, the relative magnetic conduc-
tivity was 200, and resistance ρ=1.71× 10−8 Ω m;
in this paper, because the EPEC was not significant
enough to change the temperature of the reinforcement
obviously during the experiment.

2. Element: the PLANE53 element was used to simu-
late the concrete, coil, steel, and air. And the IN-
FIN110 element was used to simulate the far-field air.
The CIRCU124 element was employed to simulate the
resistance and voltage source.

3. Boundary conditions: the parallel boundary condition
of flux in the vicinity of the plane region was applied
and the outer wear layer of the air was specified in
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Figure 13. Magnetic flux density drawing.

Figure 14. Magnetic flux density changing in the
Y -direction of the centre of the sensor.

the model based on the Dirichlet boundary condition.
And the electrical potential was defined as 0 for the
remote airfield with 12 times coil diameter to certify
the calculation accuracy.

4. Load: the coupled circuit defined by element
CIRCU124 was used to connect exciting pulse voltage
square wave to excite the coil in cooperation with the
PLANE53 element.

As shown in Fig. 13, the magnetic field distribu-
tion around the reinforcement under pulse eddy current
sensor can be obtained by numerical analysis. The mag-
netic flux density at the centre of the coil was in the
Y -direction, vertical to the surface of the specimens under
test, and reached the highest, justifying the correct posi-
tion of the PEC sensor and the distribution of magnetic
radiation.

As shown in Fig. 14, the FE method was applied to
simulate the law of magnetic flux density in the Y -direction

Figure 15. Hall peak voltage with different rust degrees
and certain lift-off value (3mm).

(By) based on the effect of PEC. The node was set at the
centre point of the Hall magnetic sensor, and the results
agreed with the experiment results.

Collected from numerical simulate and physical exper-
iments by Hall sensor whose lift-off value is 3mm, the volt-
age peak value of the reinforcement with different corrosion
degrees is shown in Fig. 15.

The results of the FE model are identical to the phys-
ical experiments, but there are still some differences be-
tween them. The reason is that the FE model used the
magnetic conductivity reduction method to describe the
behaviour of the rusted reinforcement under the effect of
EPEC. Moreover, it is hard to measure the corrosion prod-
ucts, because the corrosion products may be different due
to the corrosion environment. Nevertheless, the results of
the FE model and physical experiments both show that the
HVPV decreases with the increase of the rust. Hence, the
EPEC method can detect the reinforcement’s rust degree.
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5. Conclusion

This paper presented a set of independently designed rust
detecting system based on the working principle of PEC.
The physical experiments were carried out after the speci-
mens were prepared. In the experiment, this given detect-
ing system was applied to detect specimens with different
rust defects. And the FE model was established to verify
the results of the physical experiment.

Main conclusions of this study are exhibited as follows:
1. A set of rust detecting system based on EPEC has

been designed and established independently. This
system was applied to conduct the experiments on de-
tecting the rust defects of the reinforcements with dif-
ferent diameters in the reinforced concrete; the results
of the experiments manifesting this given detecting
system can locate the reinforcement and ascertain the
diameter of the reinforcement buried in the concrete.

2. The rust degree of the reinforcement with artificial rust
defects or electrochemical rust defects was determined
by this given detecting system in the experiments.
The results show that this given detecting system
can be employed to evaluate the rust degree of the
reinforcement in the concrete.

3. The results of the numerical simulation by the FE
model verifies the validity of the conclusions of the
physical experiments. The results of the numerical
simulation verify this given detecting system based on
EPEC can be applied to locate the reinforcement in the
concrete, to ascertain the diameter of the reinforcement
in the concrete, to identify the rust region swiftly, and
to evaluate the rust degree.
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