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Complex Magnetic Permeability Evaluation of Steel Fibers Using
Eddy Current NDE and Inverse Problem Methods

L. Gherdaoui® *, S. Bensaid!, D. Trichet?, H. Houassine®, and N. Saoudi*

Abstract—This paper presents a simple approach for evaluating the complex magnetic permeability
of the steel fibers used in concrete according to frequency. The approach utilises the eddy current
non-destructive evaluation method, where the electrical impedance is measured using a precision LCR
meter and computed using a magneto-harmonic model solved in Py-FEMM software. Initially, the
electrical conductivity of the steel fiber is measured using a two-contact DC method. Then, the inverse
problem method is applied to identify the complex magnetic permeability. This is achieved by iteratively
minimising the difference between the calculated and measured impedances using a simplex optimization
algorithm. The proposed approach offers a non-contact, non-destructive, fast, and efficient procedure
to evaluate the complex permeability. The obtained results provide valuable insights into evaluating
the distribution of steel fibers in concrete.

1. INTRODUCTION

Steel Fiber-reinforced concretes (SFRCs) are used in various applications such as mining, tunnelling,
dam construction, and concrete pipe [1]. Fibers added to concrete positively influence its tensile strength
by limiting crack propagation [2]. The toughness of SFRC depends on the dispersion and orientation of
the fibers [3,4]. During the construction of SFRC, the spatial fiber distribution is not uniform; it has a
random character in its spatial filling rate, positions, and orientations which affect the stiffness of the
cement matrix [5]. Thus, it is important to accurately evaluate the spatial positions and distributions
of the fibers with a non-destructive (ND) automated method.

There are several methods to evaluate the distribution and dispersion of fibers in the SFRC. One
of the best-known ND methods is the x-ray computed tomography technique [6, 7], it provides a clear
image of SFRC internal structure, which allows for the in-depth analysis of fibers. Another widely used
method is based on image processing technique applied to the cut parts of the samples; however, it is
classified as a destructive method [8]. The authors in [9] highlighted an electrical contact ND method,
based on the SFRC anisotropic conductivity measurement under a DC voltage, and this method is very
sensitive to test conditions such as humidity and temperature. The authors in [10] proposed another ND
method based on the measurement of magnetic properties using a ferrite magnetic circuit with a concrete
sample as a circuit closure yoke, which requires direct contact with the samples. All mentioned methods
in the cited papers give good results; however, the characterisation of the concrete and the evaluation of
the fiber distribution are global and not detailed on all the tested sample zones. The authors in [11-13]
proposed an ND method based on the electromagnetic induction phenomenon, with an inductor coil
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supplied with AC voltage with 1kHz frequency. The coil inductance variation allows estimating the
global quantity and orientation of the fibers contained in samples. To improve the result accuracy and
better understand SFRC behaviour, it is necessary to associate the electromagnetic models for analysing
the spatial distributions and positions of steel fibers in the composite samples. These models can also
be used to aid the design of the eddy currents ND testing setup components. The complex magnetic
permeability and electrical conductivity are, therefore, the main parameters necessary to simulate these
models; it is important to measure and estimate them; it is in this context that the work proposed in
this article takes place.

Furthermore, the complex permeability holds significant importance in various ND testing
applications, such as estimating the defects in metallic pipelines using the eddy current method [14] and
detecting cracks in steel bridge [15], and it is a critical parameter in these applications, influencing the
behaviour of electromagnetic fields within materials. This influence allows for precise defect detection.

The magnetic permeability value of the steel according to the frequency is nonlinear and has a
complex form at high frequencies [16-18]. Okumura et al. [19] presented a contactless method for
measuring the magnetic permeability of thin ferromagnetic sheets. The technique involves placing
the test sample near an excitation coil, where two different coil configurations are proposed. A low-
frequency (10kHz-200kHz) AC signal is then applied to the coil, and both inductance and resistance
are measured using an LCR-meter device. The complex permeability of the sheet is calculated from
the measured parameters using the electromagnetic field simulator FEKO [20]. This approach which
relies on commercial simulator software is exclusively designed to determine the permeability of the
single thin magnetic sheets. However, it has limitations when being applied to samples of different sizes
including fiber.

Bowler [16] used a contact method to compute the complex magnetic permeability of steel plate,
measuring with the 4-point alternating current potential drop (ACPD) in a range of frequency 10 Hz to
100 kHz, and the measured data are used to obtain the complex magnetic permeability using analytic
model. Nevertheless, this method requires contact with the sample and is applied only on a specific size
of plate, hence it cannot be used on fiber.

Several researchers [21-23] have been interested in estimating the complex magnetic permeability
in the ultra-high frequency domains. These methods generally require sophisticated measuring devices.

In this paper, we present a straightforward method using eddy current non-destructive evaluation to
determine the complex permeability of steel fibers utilised in concrete. Our approach features a simple
experimental setup that allows measuring the impedance both with and without the presence of the
fiber, effectively eliminating capacitive effects and ensuring precision through non-contact impedance
measurements. It is adaptable to various sample sizes and exclusively employs open-source software
for numeric calculations, enhancing accessibility for researchers. This method consists in placing the
steel fiber in a container made of a solenoid coil supplied with a very low AC voltage under a frequency
range of 1kHz to 100 kHz. The measurement of the change in the real and imaginary parts of the coil
impedance, with and without fiber, allows us to identify the complex magnetic permeability of the steel
fiber.

Firstly, the electrical conductivity of the steel fiber is determined using the standard two-contact
DC measurement. Then, the impedance of the coil with and without steel fiber is measured according
to the frequency, using a 20 Hz—5 MHz precision LCR-meter. On the other hand, the inverse method
involves evaluating for several times and the difference between the measured and computed impedance
variation, according to the real and imaginary values of the permeability, until the satisfaction of
the imposed tolerance. The impedance variation of the coil is computed, with and without fiber, for
each frequency, using a magneto-harmonic model solved in Py-FEMM open source software [24]. By
solving the inverse problem, the difference between the measured and computed impedance variation is
minimised using a simplex algorithm provided by SCIPY optimisation libraries [25].

2. MEASUREMENT SETUP DESCRIPTION

2.1. Conductivity Measurement

In the first step, the measurement of the electrical resistance is carried out in DC using a precision
digital micro ohm-meter.
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Table 1. Electrical conductivity measurement.

Ry, Dy, Ly, Lagip O fib
() (mm) (mm) (mm) (MS/m)
23.53 0.54 37.76 34.96 6.487

The electrical conductivity of the fiber [S/m] (Table 1), o3, is obtained from Ohm’s law, as follows:
Lyip

—_— 1

Ry - Apip L

where Ry,: the resistance of the steel fiber [Ohm], measured with a precision digital micro-ohm meter

(Fig. 1(a)). Dyp: the diameter of the steel fiber [m], measured with a caliper (Fig. 1(b)). Ay the

O fib =

N2
cross-section area of the steel fiber computed as: Ay, = 7 <D£“’> . Lapp: the distance between the

two contacts [m], representing the length of the active steel fiber (Fig. 1(d)). Ly: the length of the
steel fiber [m], measured with a caliper (Fig. 1(c)).

(c) (d)
. | |

Figure 1. DC electrical resistance and geometric dimensions of the steel fiber. (a) Steel fiber resistance.
(b) Steel fiber diameter. (c) Steel fiber length. (d) Steel fiber active length.

2.2. Impedance Measurement

The test bench realised for the characterisation of the steel fiber (Fig. 2) is composed of:

1- Steel fiber used in the concrete (Fig. 3(a)). It is transformed to the straight form (Fig. 3(b)) to

make it easier to install into the probe.
2- LCR-meter controlled through a computer used for the measurement of the test sample impedance.
3- Eddy current probe (ECP) adapted to the dimensions of the steel fiber. It is a cylindrical PVC

container wound with Ny turns, making it easy to install the fiber. The ECP can be updated
to adapt any size of material with characteristics given in Table 2.

Table 2. Eddy current probe dimensions.

Copper diameter (dc,) 0.25mm
Probe Inner diameter (d;y,) 3.00 mm
Probe length (L) 15.4mm

PVC container length (Lpyc)  37.76 mm
Number of Probe turns (Ngyrns) 50

The impedance measurement of the test sample placed in the eddy current probe (Fig. 2) is carried
out using the LCR~-meter, which supplies the coil with a sinusoidal low voltage of amplitude 1V for each
frequency in a range of 1kHz-100kHz.
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Figure 2. Impedance measurement — Experimental setup.
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Figure 3. Straightening the steel fiber. (a) Hook end steel fiber. (b) Straight end steel fiber.

This measurement is performed both with and without the steel fiber to obtain the impedance
variation.

As shown in Fig. 4, one can observe a significant variation in the resistance and reactance of the
ECP in the presence of the steel fiber. This change increases with frequency. Additionally, one also
observe that the variation in resistance is greater than the reactance.

3. MODEL FORMULATION — IMPEDANCE COMPUTATION

The magneto-harmonic formulation of the ECP with fiber is given in (Eq. (2)), and it is solved by the
finite element method using the FEMM software [26,27] in two dimensions. The system is represented
in an axisymmetric geometric as illustrated in Fig. 5

0 (10A o (1 0A O bW
—— | = - = ———A'=J 2
//Q 8r<ru87“> 8z(ru6,z)+‘7 r / @)

with A', ., Js, o denoting respectively A’(0,7Ap,0) the modified magnetic vector potential, the
complex magnetic permeability of the steel fiber, the source current density, and the electrical
conductivity of the fiber, where Ay is the azimuth cylindric coordinate of the magnetic vector potential.

After calculating the modified magnetic vector potential, the variations of the resistance and
reactance are computed using the following expression:

ORcal = —2-m-w - Niurns - Im (mean (A')) (3)
Xeal = 27w - Niyrns - Re ( mean (A')) (4)

with Real, Xcal, Nturns, w, Re, and Im denoting respectively the calculated resistance, calculated
reactance, ECP turns, electrical pulsation, real part, and imaginary part.
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Figure 4. Impedance and impedance variation of ECP with and without the steel fiber according to
frequency.
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Figure 5. Geometry of the solved problem.
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4. INVERSION METHOD — COMPLEX MAGNETIC PERMEABILITY
IDENTIFICATION

To determine the complex magnetic permeability of steel fiber from the measurement data, an inversion
method [28,29] is required (Fig. 6).
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v

input geometric dimensions and
electrical conductivity of the steel fiber

Input the measured

impedance variation *

(OR e - OX et input the inital values of the real part
(k) and the imaginary part (W) of the

at given frequency magnetic complex permeability

i
-

¥

Solve the electromagnetic problem

in FEMM software
¥

Compute the impedance variations

(6 R . 68X )

P

Compute the objective function

2 2
OF = 1 . (SR,M.S — 45.‘?.:“,-) n (45}{,,.“.5 - rSXm,g)
2 ‘SRmes 6Xfﬂ!f

L J

w

Give the Modify the
identified values values of p_p,
of i, 1;

l
Cond >

Figure 6. Inversion algorithm flowchart.

Initially, the resistance and reactance of the test sample are measured at a given frequency as
explained in Section 2. Then, the FEM model is solved after introducing the sample’s geometry
dimensions, electrical conductivity, and initial values of the sample’s real and imaginary complex

magnetic permeabilities. The solution of the model is exploited to compute the resistance and reactance
variations of the test sample.
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The difference between the computed impedance variations and the measured one is calculated. If
the difference exceeds the imposed tolerance value (10~°), the values of the real and imaginary parts of
complex magnetic permeability are modified. This refinement process is repeated iteratively until the
difference becomes less than the tolerance using the simplex optimisation method.

For the first frequency of 1 kHz, the initial values of the real part and imaginary part of the relative
permeability are set to 1 and 0.1, respectively. After performing the identification process, the identified
values of the complex magnetic permeability at 1 kHz are then used as the initial values for the next
frequency, which is 2kHz. The same inversion method is applied, and the process continues iteratively
for each subsequent frequency, up to a frequency of 100 kHz.

The difference between the computed impedance and the measured one is given by the following

objective function (OF):
_ 1 O Rmes — 0Rcq 2 0 X mes — 0 Xcal ?
OF = 2\/< 6Rmes > * ( 5Xcal > (5)

ORmes: ECP resistance variation obtained from the difference between the measured resistances
(LCR-meter) with and without the presence of the steel fiber.

0R.qi: ECP resistance variation obtained from the difference between the computed resistances
(FEMM model) with and without the presence of the steel fiber.

6 X mes: ECP reactance variation obtained from the difference between the measured reactances
(LCR-meter) with and without the presence of the steel fiber.

0Xcq: ECP reactance variation obtained from the difference between the computed reactances
(FEMM model) with and without the presence of the steel fiber.

The inverse method is implemented in Python, with importing the 2D finite element model
PYFEMM and SCIPY optimisation libraries.

Figure 7 gives an example of the convergence process of the simplex optimisation method for
searching the desired values of complex magnetic permeability at the frequency of 10kHz. As one can
see, the convergence is reached after 50 iterations to become the evaluated objective function less than
the tolerance (107°). The resulting real part of the complex permeability is determined to be 56, while
the imaginary part is identified as 7.9.
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Figure 7. Identified relative permeability values with objective function tolerance at 10 kHz.
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5. RESULTS AND DISCUSSION

Figure 8 shows the real part and imaginary part of relative permeability of steel fiber, according to
frequency, and as shown, the real part shows a pattern of initially remaining constant, then gradually
decreasing. The imaginary part exhibits a bell shape curve, which is a result of its representation of
losses caused by the movement of magnetic domains. At low frequencies, these movements do occur but
are relatively weak, resulting in minimal losses. Conversely, at high frequencies, the magnetic moments
are no longer able to follow the field; therefore, there are no more losses.

The curve shapes of relative permeability obtained in Fig. 8 are similar to those of previous
studies [15,18,19]. Additionally, the real part values of the complex permeability obtained closely
align with the findings in previous research [30].

In order to validate the proposed method, the obtained values of the complex magnetic permeability
are introduced in the direct model to compute the impedance values at each frequency. As shown in
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Figure 8. Magnetic relative permeability according to frequency.
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Figure 9. Computed and measured ECP impedances in the presence of the steel fiber with resistance
and reactance errors according to frequency.
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Fig. 9, the calculated values of the reactance and resistance match well with the measured ones. The
accuracy of the proposed approach is evident, as the computed resistance error (the difference between
the measured and computed resistances) is found to be less than 1073% on average of 107°. Similarly,
the computed reactance error (the difference between the measured and computed reactances) is also
less than 1073% on average of 1075, The results indicate an excellent agreement between the computed
and measured impedance values, highlighting the precision of the proposed method.

6. CONCLUSIONS

This paper proposes a practical and efficient approach for evaluating the complex magnetic permeability
of steel fibers according to frequency. The approach utilises the eddy current non-destructive evaluation
method with a specifically designed probe combined with the inverse problem method. The eddy
current probe impedance variation is measured using a precision LCR-meter. On the other hand, the
impedance variation of the ECP is computed using a magneto-harmonic model implemented in PY-
FEMM open-source software. The complex magnetic permeability is determined by selecting the value
that minimises the difference within a specified tolerance by comparing the calculated and measured
impedance variation values. This approach contributes to the characterisation and evaluation of steel
fiber-reinforced materials, enabling a better understanding of their electromagnetic behaviour.
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