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Abstract - Reinforcing bar, usually made of steel, is widely used in civil structures to increase the tensile strength of concrete. Heat-

induced delayed expansion and corrosion expansion resulting in rust occupies a greater volume than rebar. This expansion creates 

tensile stress in the concrete which can eventually cause cracking, delamination and spalling.  Non-destructive testing (NDT) is a 

testing technology that detects the presence of defects in the material or detects the physical or mechanical properties of the material 

without destroying the material. In this paper, the emergence, development and application of magnetic flux leakage testing technology 

are presented. The principle and working process of three-valved open electromagnetic coil magnetic flux leakage detection devices is 

used for rebar defect detection, as well as introducing the design method of its main components. The three-valved open 

electromagnetic coil magnetic flux leakage detection method is optimized through simulating the variation of magnetic flux density and 

detection defects between different magnetizer radii. The test results show that compared to other detection methods the three-valved 

magnetizer has the ability to detect rebar defects with high precision, and as the radius of the magnetizer increases, the magnetization 

of the steel bars in the central magnetizer area of the magnetizer gradually attenuates, and the amplitude of the detection signal also 

decreases, showing the characteristic of slow decay. 
 

Keywords: Structural health monitoring, open electromagnetic coils, tubular coils, concrete rebar, magnetizer, magnetic 

flux leakage. 

 

 

1. Introduction 
Rebar is one of the most crucial elements in concrete structures as it directly determines the performance of 

compression, shear, and seismic and shock resistance of the structure, and affects its safety and durability [1]. The location, 

diameter, cover thickness and fracture location of rebar are important factors to ensure effective detection and evaluation of 

durability [2]. Miyagawa and Seto [3] researched and analyzed the brittle fracture of concrete steel bars, as shown in Figure 

1. Reliable evaluation and prediction results can be obtained depending on reliable testing data. Jiles [4] pointed out that 

the NDT of concrete structural rebar is to determine physical quantities concerning its structural quality using physical 

methods such as sound, light, electricity, magnetism, heat and rays without affecting its performance. This is achieved by 

testing and through the correlation analysis between the measured physical quantity and its structural strength, size and 

integrity. In a study conducted by Regor [5], NDT was classified into six categories and more than 70 variations, such as 

ultrasonic testing, X-ray testing, magnetic particle testing, penetration testing, radar monitoring, and some unusual ones 

like acoustic emission, leak testing, holographic lithography, photography, infrared thermography and microwave testing, 

which are common in practical applications. 
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Fig. 1: Example of fractured steel bar. 

 

2. Magnetic flux leakage technology 
Magnetic flux leakage is a non-destructive testing method based on magnetic particle testing technology, which uses 

magnetic phenomena to detect the surface and near-surface defects of ferromagnetic components.[6] The basic principle is 

that ferromagnetic materials are magnetized under the action of an external magnetic field, as shown in Figure 2. If there 

are no defects in the material, most of the magnetic lines of force pass through the ferromagnetic materials and evenly 

distribute inside the material[7]. If the surface or near surface of this material has cracks or other defects, the magnetic field 

passing through the area will be distorted and the magnetic lines will be bent, and partial magnetic lines will leak out of the 

surface to form a leakage magnetic field due to the fact that the magnetic permeability of the defect in the ferromagnetic 

material is much larger than the magnetic resistance of the small defect itself [8]. Defective leakage magnetic fields are 

detected by magnetic sensitive elements to generate electrical signals, and the defect conditions can be found by processing 

the signals. 

Traditional non-destructive testing devices use magnets as iron cores when measuring the structure. Due to the sensor 

device being attached to the iron core and magnet, the magnets will attract each other and so will not be able to carry out 

axial sliding scanning and will cause damage to the sensor. Therefore, pure iron is used as the core. An electric current is 

generated, and a magnetic field is generated by wires of copper wire wound around the core. 

 
Fig. 2: Schematic diagram of traditional magnetic principle. 

 

 
3. Theory 

The open coil has the additional advantage of dividing each magnet coil into a closed loop current. The vertical and 

inward magnetic field generated inside the coil of a semicircular line current is indicated in Figure 1. A circuit must be 

constructed for current according to charge conservation [11]. Therefore, a three-valved open electromagnetic coil can be 

used to construct two line currents in opposite directions. The magnetic fields generated by these two currents are also in 

opposite directions while overlapping. It can be known from the Biot-Savart Law [12] that: 
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where B is the magnetic field,   is the magnetic conductivity, I is the amount of line current, dl is the micro unit of a 

line current path with a direction, and r is the displacement vector between dot and line. 

 

 
Fig. 3: The current element of the coil. C1, C2, C3 is path of current. 

 

As shown in Figure 3, when the distance between the dot and the current element of the coil is much greater than that 

between the three semicircular coils, we approximately assume that: 

 

 

(2) 

Where I1, I2 and I3 is the current distributed through C1, C2 and C3. 

As the currents of the three coils are in opposite directions, we also assume that the radii of these three coils are 

approximately equal, so the results of these three semicircular integrals are equal while the symbols are opposite. 

 

 

(3) 

 

4. Three-dimensional finite element simulations 
According to the above principal formula, the magnetic field, which is generated by the reverse current of the external 

coil bias, is generated by the forward current. In order to eliminate the effect of the current on the external coil, an iron core 

is added between the three coils. The magnetism generated by the external coil is passed through the Ferrous core, an open 

detection device that can be constructed with three C-shaped coils with a black iron core, detail dimension in Figure 4. 

It should be noted that the current direction of the three C coils ensures that a loop direction can be formed in the three 

internal coils, so that the distribution of the magnetic field generated is consistent with the distribution of the closed coil. 

Different-sized radii of the iron core are adopted, as shown in Table 1. Simulation is conducted according to different-sized 

radii, as shown in Figure 5. 

 

0333 321

321

0
444










 lll

lll
r

Id

r

Id

r

Id rlrlrl













0
444

321

333










CCC

r

Id

r

Id

r

Id rlrlrl















 

 

 

 

 

 

 

214-4 

                                                     
Fig. 4: Schematic diagram of coil and concrete structure.                                                        Fig.5. Magnetizer radius design. 

 

Table 1: Caption for table goes at the top. 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

ANSYS software is used to simulate the magnetic flux leakage testing device. The finite element model has been 

created as shown in Figure 6. The size of the model is a concrete cylindrical structure with a diameter of 200mm and a 

length of 15000mm. The longitudinal bars are eight rebar steels with a diameter of 10mm and stirrups with a diameter of 

6mm and a spacing of 200mm to form concrete members and the use of concrete C25 type. The magnetizer input current 

with a density of      A/   and a copper wire with a thickness of 12mm for winding. The defect size is set at 8mm. The 

signal is taken along the exterior surface of the cement towards the position, 95mm from the radial direction. X, Y and Z 

represent the radial, circumferential and axial directions in the cylindrical coordinate system, respectively. This can be seen 

in Figure 6. 
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Fig. 6: Overall magnetization 3D magnetization cloud map. Fig. 7: The simulation model of the electromagnetic coil using 

ANSYS. 
Analysis of the meshing results in Figure 7 show that the size of rebar and hoop is smaller than that of the surrounding 

concrete and magnetizer, therefore it is necessary to take into account the large size and rough mesh of concrete and 

magnetizer to reduce the computational burden in the process of meshing. At the same time, the rebar to be detected is 

refined to accurately extract the magnetic flux density signal. The local meshing around the reinforcement and defects is 

shown in Figure 8 and the results are described in section V. 

   
Fig. 8: Local meshing showing the distribution of the defects. 

5. Results 
 
Figure 9 shows the size of the magnetic flux density generated by magnetizers with different radii on Bx with and without 

defects： 
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Fig. 9: The magnitude of magnetic flux density generated in the X directions. 
 

As shown in Figure 9(a) and (b) above, it is observed by the magnetic flux density calculations of rebar with defects 

using magnetizers of different radii that the Bx signal presents the characteristics of the wave crest and trough successively 

in the radial extraction path near the defect, which suggests that the magnetic flux density of the defect gradually changes 

from magnetic hole area to reinforcement area, then the magnetic flux shows a jumping fluctuation. 

Figure 10 shows the size of the magnetic flux density generated by magnetizers with different radii on By with and 

without defects： 

  
Fig. 10: The magnitude of magnetic flux density generated in the Y directions. 

 

As shown in Figure 10(c) and (d), the calculation results of the magnetic flux density under different magnetizer radii 

when the rebar presented in the above figure is without defects shows that the calculated By on the circumferential path 

almost appears as a straight line, which indicates that the rebar and concrete presents circumferential uniform 

magnetization under the circumferential clasping magnetization of the three-valve magnetizer. And because the steel bar 

defects are disconnected, the circumferential magnetic field does not change significantly when there are defects. 

Figure 11 shows the size of the magnetic flux density generated by magnetizers with different radii on By with and 

without defects: 
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Fig. 11: The magnitude of magnetic flux density generated in the Z directions. 

 

As shown in Figure 11(e) and (f), the axial Bz calculation shows that the rebar has the maximum magnetic flux 

leakage directly above the defect, so the extracted signal presents the intermediate trough maximization, and the 

magnetization intensity of the rebar and the amplitude of the detection signal in the central magnetizer decreases gradually 

as the radius of the magnetizer increases. According to the calculation results of axial Bz when there is no defect, the flux 

density presents a big wave trough, and the amplitude of the detection signal attenuates slowly with the increasing radius of 

the magnetizer, which attributes to a strong reverse magnetic background field in the axial central region and a weak field 

near both sides of the magnetizer. 

 

    
Magnetic nephogram results at 102mm magnetizer radius. Magnetic nephogram results at 108mm magnetizer radius. 

Fig. 12: The magnetic field cloud map. 
Because the simulation results show that the laws of the magnetic cloud images under different magnetizer radii are 

consistent, Figure 12 only shows the magnetic cloud images under part of the radius. It can be observed in the magnetic 

simulation nephogram of different magnetizers that the middle region of the rebar sample has a higher magnetization 

corresponding to the inside of the magnetizer and presents a red area in a certain axial direction. The magnetic flux density 

on both sides of the magnetizer away from the central magnetization area is relatively weak, and as the radius of the 

magnetizer changes or gradually increases, the axial magnetization field distribution of the magnetic flux density in the 

central area is consistent, that is, it shows a high magnetic flux intensity in the middle section of the magnetizer but is weak 

on both sides, and the observation of the rebar sample with defects shows that only the magnetic background field in the air 

domain appears because of broken rebar at the defect. Therefore, the magnetic flux density at the defect presents a sudden 

drop, which is consistent with the trough signal in the magnetic flux density detection signal, indicating consistent 

simulation results. 

 
6. Conclusion 
 

This research introduces the idea and its application analysis in the electromagnetic field. The tasks accomplished are 

as follows: 1). A defect detection device model for rebar in concrete structures was established using the finite element 
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software, and the magnetic flux leakage field distribution, and radial and axial magnetic flux leakage nephogram were 

obtained. 2). The characteristics of radial and axial magnetic flux leakage signal waveforms were analyzed. 3). The related 

axial and radial component waveforms of the leakage magnetic field were obtained by changing the radius of the 

magnetizer from 102mm to 112mm, and the influence and law of the geometric parameters of different magnetizers on the 

defect magnetic flux leakage signal were studied. The results show that the smaller the radius of the magnetizer, the more 

accurately the defect can be detected. 
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