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Abstract ─ In this work, we suggest an approach of 

signal inversion from sensors used in eddy current (EC) 

nondestructive testing (NDT). The aim is to characterize 

surface cracks from the EC signal. A methodology that 

combines 3D finite element (FEM) simulation and a 

data inversion by neural networks (NN) is proposed. 

We show that the use of a set of numerical 

measurements representing the EC signature of surface 

crack enables to remedy of the unicity problem. The 

obtained results show that the developed approach leads 

to the quantification of the crack. 

 

Index Terms ─ 3D finite element simulation, eddy 

current NDT, neural network, surface cracks. 

 

I. INTRODUCTION 
Non-destructive testing by eddy currents is a 

powerful tool for testing the quality and reliability. Its 

exploiting in real-time has become a capital necessity, 

and it is essential to have a fast mean for the inversion 

of eddy current signals. 

Usually, this inversion is carried out through an 

experimental investigation by plotting the standard 

curves, which is efficient but costly investigation [1], or 

through an optimization algorithm leading to a 

computation time that can easily become prohibitively 

high [2], [3], [4] and [5]. 

In this context, 3D finite element simulation is 

performed in order to construct a database relating the 

sensor impedance variation and the crack geometry, 

which will be used instead of experimental 

measurements. After that, data inversion by means of 

neural networks is performed and enables us to fully 

characterize the surface crack. In this approach, the 

obtained signal represents the no perturbed crack one. 

Therefore, the use of wavelet and IFT techniques 

cannot give any addition, since they are usually 

performed in perturbed environment [6], [7], [8] and 

[9]. In this work, we test the validity of obtained results 

by comparing them with experimental ones in “Team 

Workshop Problem 15” [10]. 

 

II. MODELING 
Eddy current NDT system can be modeled by the 

scheme represented in Fig. 1. A material representing 

the critical part and containing the crack is subjected to 

the action of an electromagnetic field produced by a 

coil forming the EC sensor where a time-changing 

current density is imposed. 

The aim is to evaluate the eddy currents in the  
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defective part and the change in impedance of the coil. 

Our simulation of the EC NDT devices is carried 

out in the context of harmonic quasi-stationary regime. 

 

Crack: 

length: l 

width: w 

depth: d 

 
 

Fig. 1. Sensor-crack system. 

 

Amongst the usual formulations in use for the EC 

problem, the « AV A » nodal formulation is the most 

popular due to its generality, robustness and ease of 

implementation without any restriction on continuity 

conditions [11]. 

The adopted formulation of the 3D electromagnetic 

model is: 
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(1) 

The geometry and the meshing are developed using 

GMSH mesher [12]. 

Figure 2 shows a part of the meshing of the system. 
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Fig. 2. Top view of the meshing of the system generated 

by GMSH. 

 

Our study is based on data analysis of scans, 

carried out by small displacements of the sensor with 

0.5 mm or 1 mm steps, parallel and perpendicular to the 

crack on the surface of the material. In order to simulate 

the movement of the sensor, while keeping the same 

mesh topology, we use the 3D band geometry method 

[13]. The obtained results will be compared to 

experimental data of the academic benchmark 

configuration [10]. 

 

III. EDDY CURRENT REPRESENTATION 
In every position of the sensor on the surface of 

material, we calculate both the impedance of the system 

with and without the crack. The impedance variation 
Z  is given by: 

 

 02
,

s

s s

j
Z A A J d

I



    

 

(2) 

where A  and 0A  are the magnetic vector potentials 

with and without the crack respectively; I  and   are 

respectively the intensity and the frequency of the 

current in the coil; s  is the volume of the coil. We 

note here that, the integral in the above equation 

corresponds to the electromagnetic energy difference in 

the coil with and without the crack, so the simulation of 

the case “zero” (no cracks) is always included. 

Figure 3 shows the EC signals, namely the 

variation in the resistance and reactance of the sensor 

for a surface crack using system of TEAM Workshop 

Benchmark problem, Pb. No. 15-1 (Table 1) [10]. 

These signals represent the signatures of crack. 
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Fig. 3. Signature of the crack: the variation of resistance 

and reactance of the impedance of the system as 

function of displacement of the sensor. 

 

IV. THE EC-NDT SIMULATION 
The study of the crack size effect on the EC signal 

will enable us to identify the EC-NDT device 

sensitivity. This sensitivity allows us to define accessible 

parameters necessary for the inverse problem. In this 

respect, it will be possible to predict which relevant 

parameters can be calculated by the simulation. 

We purposely chose to work with the same system 

of TEAM Workshop Benchmark problem, Pb. No. 15-1 

[10]. The characteristics of this system are presented in 

Table 1. 
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Table 1: Parameters of test experiment system of 

TEAM Workshop Benchmark [10] 

The Coil 

Outer radius 12,40   0,05 mm 

Inner radius 6,15   0,05 mm 

Height 6,15   0,1 mm 

Number of turns 3790 

Lift-off 0,88 mm 

The Test Specimen 

Conductivity (30,6   0,20)106 S/m 

Thickness 12,22   0,02 mm 

The defect 

Length 12,6   0,02 mm 

Depth 5,00   0,05 mm 

Width 0,28   0,01 mm 

Others Parameters 

Frequency 900 Hz 

Skin depth at 900 Hz 3,04 mm 

 
A. Crack width effect on the EC signal 

Most of previous works known to the authors were 

concerned with the depth effect of the crack on the EC 

signal, but few studies were concerned with the width 

effect [1] and [15]. 

Figure 4 depicts EC signatures of three different 

cracks having the identical length and depth with 

different widths: 0.30 mm, 0.25 mm and 0.15 mm. 
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Fig. 4. EC signatures of cracks with 0.30 mm, 0.25 mm 

and 0.15 mm width having the identical length and 

depth. 

 

Thus, a change from 0.15 to 0.30 mm in width will 

have no effect on the EC signals. This result is in good 

agreement with the work of Chen et al. and Helifa et al. 

on the electro-eroded slots [1] and [15]. This can be 

explained by the fact that the amplitude of the crack 

signal depends on the ratio defect volume/scanned 

volume. In this interval, the increase of the width raises 

the volume of the defect, but the volume ratio stays 

weak. The sensor is then insensitive to this change. We 

can conclude, that for thin cracks (<0.3 mm), the 

change in width has no effect on the EC signal; 

probably, this is a reason that researchers do not speak 

about this parameter. 

 

B. Crack length effect on the EC signal 

Figures 5 and 6 present EC signatures of the 

resistance and reactance variations with respect to the 

sensor displacement produced by cracks of identical 

width (0.20 mm) and depth (5 mm) having different 

lengths. 
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Fig. 5. Resistance vs. sensor displacement of cracks 

with identical width (0.20 mm) and depth (5 mm) having 

different lengths. 
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Fig. 6. Reactance vs. sensor displacement of cracks 

with identical width (0.20 mm) and depth (5 mm) having 

different lengths. 

 

Thus, the crack length effect on the EC signal is 

clearly apparent contrary to the crack width. Hence, one 

can conclude that for thin cracks the EC signal strongly  
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depends on crack length. 

 

C. Crack depth effect on the EC signal 

Figures 7 and 8 show EC signatures of the 

resistance and reactance variations with respect to the 

sensor displacement produced by cracks of identical 

width (0.20 mm) and length (9 mm) having different 

depths. 

 

 

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
-2

-1.5

-1

-0.5

0

0.5

1

Displacement [m]

V
a
ria

tio
n
 o

f 
R

 [
O

h
m

]

-0.02 -0.018 -0.016 -0.014 -0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0
-2

-1.5

-1

-0.5

0

0.5

1

Displacement (m)

V
ar

ia
tio

n 
of

 R
 (

O
hm

)

 

 

2,00 mm

3,00 mm

4,00 mm

5,00 mm

6,00 mm

7,00 mm

8,00 mm

 
 

Fig. 7. Resistance vs. sensor displacement of cracks 

with identical width (0.20 mm) and length (9 mm) 

having different depths. 
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Fig. 8. Reactance vs. sensor displacement of cracks 

with identical width (0.20 mm) and length (9 mm) 

having different depths. 

 

Thus, the crack depth effect on the EC signal is 

also apparent as the length effect. On the other hand, we 

notice that the curves of reactance vs. sensor 

displacement are no longer evident over a certain depth. 

This point will be discussed in the following paragraph. 

 

D. EC signal and the depth limit 

Figure 9 shows a zoom of three EC signatures 

representing the reactance variations with respect to the 

sensor displacement produced by cracks of identical 

width (0.20 mm) and length (9 mm) having different 

depths. 
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Fig. 9. Zoom on the reactance variations with respect to 

the sensor displacement produced by cracks of identical 

width (0.20 mm) and length (9 mm) having different 

depths. 

 

We note in Fig. 9 that, over 6 mm depth, the curves 

of reactance vs. sensor displacement are no longer 

evident over a certain depth that we name depth limit. 

In consequence, we are not able to estimate the real 

depths of cracks exceeding these depth limit. This result 

corroborates the work of Helifa et al. [1]. 

We can also show this depth limit by plotting the 

reactance variations with respect to the depth of cracks 

at one position of sensor (Fig. 10). 
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Fig. 10. Reactance vs. depth of cracks with identical 

width (0.20 mm) and length (9 mm) at one position of 

sensor. 

 

We must note here that, this depth limit is not 

related to the skin depth. Indeed, the depth limit in our 

case is estimated at 6 mm while the skin depth is 3 mm. 

This can be explained by the fact that for a surface 
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crack, which is open to the surrounding, and as the 

probe radiates to an extent of many times its diameter, 

the electromagnetic field can, therefore, diffuse deeply 

inside this surface crack at distances well over than the 

skin depth. Eddy currents always occur at equal 

effective skin depth in both surface and internal walls 

of this crack. 

We can show the same result for the resistance 

variations; however, the depth limit is not the same as 

defined for the reactance variations. Indeed, Fig. 11 

shows that the curves representing the resistance 

variations with respect to the sensor displacement are 

always discernible even beyond the depth limit 

previously set for the reactance variations. 
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Fig. 11. Zoom on the resistance variations with respect 

to the sensor displacement produced by cracks of 

identical width (0.20 mm) and length (9 mm) having 

different depths. 
 

Figure 12 shows the resistance variations with 

respect to the depth of cracks at one position of sensor. 
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Fig. 12. Resistance vs. depth of cracks with identical 

width (0.20 mm) and length (9 mm) at one position of 

sensor. 

Thus, Figs. 9, 10, 11 and 12 show that the depth 

limit is not the same for the resistance and reactance 

variations. 

In conclusion, and in spite of the fact that signals 

corresponding to resistance variations are much less 

intense than those of the reactance variations, the 

resistance variations are more sensitive to the crack 

depth than the reactance ones. 

 

V. DATA INVERSION 
The next step consists of inversion of data results, 

using neural networks (NN) based MLP (MultiLayer 

Perceptron) model. There are two reasons to this 

choice. The first one is that, NN are able to approximate 

any function with a finite number of discontinuities to 

any required precision, they are “universal parcimonial 

approximators”. The second reason is that, NN are 

known to be fast in finding quasi-instantly the solution 

of nonlinear problems. 

To solve the inverse problem, it is necessary to 

achieve the Hadamard conditions [14]. Instead of using 

one numerical measurement only corresponding to a 

single position, we will use the crack signature which 

contains a whole set of numerical measurements 

corresponding to a set of sensor positions. We choose 

as input of NN a vector containing 21 numerical 

measurements of the resistance variation related to 21 

different sensor positions through the surface crack. 

Indeed, the shapes of curves in Fig. 13 cannot be 

represented by only 2 or 3 values of the resistance 

variation. Thus, with this approach we can overcome 

the unicity problem of solution. Indeed, a cross over 

points in Fig. 13 are a tangible proof of the fact that the 

input vector NN containing 2 or 3 values is not 

sufficient to define completely a single crack as is often 

done in many works [2]. 

 

 

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
-2

-1.5

-1

-0.5

0

0.5

1

Displacement [m]

V
a
ri
a
ti
o
n
 o

f 
R

 [
O

h
m

]

-0.02 -0.018 -0.016 -0.014 -0.012 -0.01 -0.008 -0.006 -0.004 -0.002 0
-2

-1.5

-1

-0.5

0

0.5

1

Displacement (m)

V
a
ri
a
ti
o
n
 o

f 
R

 (
O

h
m

)

 

 

2,00 mm

3,00 mm

4,00 mm

5,00 mm

6,00 mm

7,00 mm

8,00 mm

 
 

Fig. 13. Resistance vs. sensor displacement of cracks 

with identical width (0.20 mm) and length (9 mm) 

having different depths. 
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A. NN MLP inversion 

Behavioral laws of EC sensors are strongly non-

linear. There are NN structures able to model these 

types of problems. Among these structures, the multilayer 

neural networks MLP (or Multilayer Perceptron) are the 

most common and widely used in the EC NDT [2] and 

[16]. We use the algorithm of back-propagation 

gradient of Levenberg-Marquardt, adopted for multilayer 

networks with a supervised learning [2]. 

Since all our input parameters have the same 

physical unit (impedance), we do not need preconditioning. 

This is also the case for output parameters (length). 

Furthermore, the EC crack signature is already centered 

and does not need any further centering. 

 

B. Characterization of surface cracks 

The objective consists of simultaneously estimating 

the two main crack parameters: length and depth. The 

response of EC sensor simulated by 3D Finite elements 

is the data base for the NN. 

The structure of NN application is made of hidden 

layer with hyperbolic tangent activation function and an 

output layer with a linear activation function (Fig. 14). 

The number of neurons in the hidden layer is equals to 

80. 
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Fig. 14. Implementation of the MLP NN. 

 

C. Result validation 

The last step is to test the model’s ability to be 

generalized. In this phase, we will test the network 

capacity to find the target parameters (crack depth and 

length) corresponding to examples of impedances in the 

learning domain. These examples are different from 

those used in the two basis previously used for learning 

and evaluation. 

The relative error between the real parameters and 

the estimated ones is characterized for each P parameter 

using the following relationship: 

 

2

1

1
( ) ,

N
i i

ii

P P
ER P

N P


 
  

 
 


 

(3) 

where ,N  iP  and iP  are respectively the number of 

examples over the test basis, the desired parameters and 

the estimated parameters of the NN. 

Table 2 shows the relative errors in estimating the  

crack parameters (length and depth) by the NN MLP 

method. 

 

Table 2: Relative errors by the NN MLP method 

 Depth Length 

Relative error by NN MLP 2,50% 2,00% 

 

When using NN, the training phase determines the 

limitations. That means following the interval values 

[min, max] of inputs and outputs sets, the performance 

of NN depends on this interval. For larger intervals the 

limitations will evolve. 

According to the obtained results, we can conclude 

that the inverse model by MLP NN is able to generalize 

and gives results with good accuracy. This aptitude of 

generalizing is illustrated in Figs. 15 and 16. 

 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
1

2

3

4

5

6

7

Real depth crack [mm]

E
s
ti
m

a
te

d
 d

e
p
th

 c
ra

c
k
 [

m
m

]

 

 

 
 

Fig. 15. Estimated depth vs. real depth of crack. 
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Fig. 16. Estimated length vs. real length of crack. 

 

VI. CONCLUSION 
During this work, the 3D finite element simulation 

of the EC NDT for a surface crack was conducted. The 

simulation results were validated and compared to those 

given by the Team Workshop Benchmark problem, Pb. 

No. 15-1. This study shows that for thin cracks, the EC 
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signal is independent of the crack width. However, it 

strongly depends on its length and depth. Nevertheless, 

beyond a certain depth limit, the sensor becomes 

insensitive beyond this limit. The depth limit is not 

related to the skin depth and can reach much higher 

values than that of skin depth. 

The inverse problem is solved using an MLP neural 

networks. The application consists to simultaneously 

estimate the two parameters of the crack: depth and 

length. The use of a range of variation values of 

resistance or reactance (signature of the crack) is taken 

as input vector for MLP NN. The generalized approach 

that we developed can estimate with good accuracy the 

crack required geometric parameters. 
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