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Abstract 
SIMPOSIUM is a research collaborative project funded in the Seventh Framework 
Programme of the European Commission. SIMPOSIUM gathers industrial end-users in 
various fields (aeronautics, automotive, energy, steel), software solutions providers, academic 
and RTOs, aiming at providing interoperable simulation tools for non-destructive evaluation 
and materials characterization usable at any stage of the product lifecycle (from conception to 
manufacturing and maintenance). This communication focuses on two eddy current cases 
addressed in the project: the inspection of planar pieces with wavy surface and the inspection 
of pieces with electromagnetic properties that vary with the depth. 
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1. Introduction 
 
The early detection of corner cracks affecting slabs produced by a continuous casting process 
is an important topic of interest in the steel industry, since the removal of flawed specimen at 
this stage saves time and optimizes the production costs. Non-destructive inspection of such 
pieces is currently carried out in production at several frequencies with multi-element eddy 
current (EC) probes. In order to enhance its performance, the development of simulation tools 
is required, in particular to separate EC signals due to the wavy surface of the slabs from flaw 
signals. Another aspect to deal with is the varying conductivity with respect to the piece 
depth, resulting from different treatments applied during the manufacturing process. Within 
the European project SIMPOSIUM, coordinated by CEA LIST, many developments have 
been carried out by several research teams for three years, in order to efficiently address such 
cases with the CARIDDI_ECT code, jointly developed by Universities of Cassino and Napoli, 
and the CIVA software developed at CEA LIST. This communication presents the results 
obtained during the project, which have been compared with experimental data provided with 
the support of Arcelor-Mittal Maizières Research (AMMR). 
 
2. Presentation of both EC application cases 
 
2.1. Detection of cracks in planar pieces with wavy surface 
 
The context of this test case is the inspection of flat carbon steels produced during a 
continuous casting process, which principle is recalled in Figure 1. The detection of flaws 

M
or

e 
In

fo
 a

t O
pe

n 
A

cc
es

s 
D

at
ab

as
e 

w
w

w
.n

dt
.n

et
/?

id
=

16
73

3

mailto:steve.mahaut@cea.fr


before cutting the steel ribbon in slabs constitutes an important improvement since it saves the 
rest of the process for the removed parts. 
 
A notable particularity of the parts inspected at this level of the manufacturing process is their 
wavy surface, which can be directly related to the tuned vibration rate of the ladle helping the 
molten steel to flow. When using eddy currents to inspect such parts, a critical point is the 
separation of the signal due to this wavy surface from the ones due to cracks. The 
developments of dedicated simulation tools will help to better understand the interactions 
occurring between the wavy surface signals and cracks ones, and also to bring a valuable help 
in optimizing the sensors configurations (in terms of frequency, number and size of elements) 
for this application. 

 
Figure 1: Principle of the continuous casting. Source: http://www.ssab.com/ 

 
The models have been evaluated by comparison with experimental data obtained with mock-
ups provided by AMMR. These mock-ups are made of Titanium (a nonmagnetic material has 
been chosen, in order to separate the different effects). A 3D view of the wavy part of these 
mock-ups is shown on Figure 2. The piece profile is triangular and the flaw is a 2D surface 
breaking notch. In this picture, only one element of the industrial EC probe is represented. 
This element is made of three rectangular coils, one large emitter encircling two receivers 
functioning in differential mode. This pattern is repeated several times in order to inspect a 
large surface with a single linear scan of the complete probe.  
 
 

http://www.ssab.com/


 
 

Figure 2: illustration of a wavy planar piece affected by a flaw. Experimental acquisitions provided by 
Arcelor Mittal, containing EC signals from flaws and from the piece geometry. 

 
The motivation for the use of a dedicated modelling tool is here the optimization of the coils 
design, as well as the choice of the inspection frequencies, in order to get a maximal 
separation in the complex plane between cracks signals and the ones due to the wavy surface 
of the inspected piece. This separation is illustrated in Figure 3, where the post processing of 
experimental acquisitions in the CIVA software is shown. The bottom right graph, 
corresponding to the impedance plane plot for a linear scan of the probe, shows a good 
separation between the 2D flaw signal and the surface signal. 
 

 
 
Figure 3: provided by Arcelor Mittal, containing EC signals from flaws and from the piece geometry and 

loaded into the Analysis module of CIVA. 
 

2.2. Inspection of pieces with depth-varying conductivity 
 
The second problematic is related to the monitoring of microstructures during the production 
of heavy steel plates. Due to manufacturing processes, gradients of conductivity and 
permeability are observed with respect to the piece depth. In this project, the modeling of EC 
signals for pieces with conductivity varying with the depth has been implemented. From the 
experimental point of view, it is difficult to quantitatively measure this variation. A practical 
way to do so is to remove layers of matter through machining and measure the surface 



conductivity. Thus, the complete conductivity profile has to be estimated from a small set of 
measured values. 
 
3. Modelling approaches developed by the partners during the project 
 
Different models have been implemented and evaluated within the project, to address the 
aforementioned application cases. The model developed at CEA is semi-analytical. The model 
developed by Universities of Cassino and Napoli, named CARIDDI_ECT, is numerical and 
has been integrated as a plugin in the CIVA platform. 
 
3.1. Modeling tools developed at CEA LIST 
 

The Curvilinear Coordinate Method or C Method is widely used in the community of 
applied Optics since it has been introduced by Chandezon et al [1,2], and remains one of the 
most efficient method for the computation of fields scattered by a diffraction grating 
enlightened by a plane wave. We develop here an extension of the configurations solved by 
this method, as it is transposed for the computation of quasi-static fields induced in a 
conductive material with a non-periodical rough surface, which is excited by an eddy current 
air-core probe (see figure 2.2). This extension has already been implemented for a pure 2D 
configuration [3], which has highlighted the accuracy and efficiency of the C method for 
solving eddy-current problems. The main idea of the C method is to choose a coordinate 
system, such that the boundary concurs with the coordinate fitting the locally perturbed shape. 
As a consequence of this change of coordinate system, the analytical equation of the surface 
becomes simpler and allows us to treat the boundary conditions analytically. Maxwell's 
equations appear under the covariant form [4] in this new coordinate system a new metric 
must be considered. Then, a proper decomposition of these equations [5] and the introduction 
of two scalar potentials yield an eigenvalue problem, which is the direct transcription of 
covariant Maxwell's equations without source terms. Thus, the unknown potentials are 
expanded as linear combinations (one in each media) of eigenvectors in which the weight 
coefficients remain unknown. To determine them, we introduce the field created by the probe 
in air and we apply the boundary conditions on the surface. From the potentials, it is then easy 
to reconstruct the fields everywhere and to compute the impedance of the probe. 
 
3.2. Modeling approach implemented in the CARIDDI_ECT code 
 
The CARIDDI_ECT code [6-9] is devoted to solve problems in the presence of conducting 
and/or magnetic materials in the Magneto-Quasi-Stationary (MQS) limit. The probe could be 
a coil, an array of coils, a field probe. The probe could also include magnetic materials. The 
defect is perfectly insulating: vanishing eddy current and magnetization (inside the flaw). The 
materials could be non-homogeneous. The conducting region could be different from the 
magnetic region and also they may be partially overlapped. The only constraint is the linearity 
of the constitutive relationships (electrical and magnetic). 

The numerical computation of the probe response due to small defects, as for many cases 
of practical interest, is a very challenging problem and it has been studied by several authors. 
The key issue is that the size of the defect is usually on scales significantly smaller than the 
other relevant geometrical sizes of the problem. This raises two challenging problems: (i) the 
effect of the presence of the defect could be small and it can be numerically hidden by 
approximation errors, (ii) a proper discretization of the various elements of the system (active 
coils, conductive domain and defects) would require meshes of high dimension having 
elements of sizes on very different scales and, therefore, loss of accuracy and high 



computational burden. 
These two problems can be solved by exploiting the multiscale (two-scales) nature of the 

problem. Specifically, the overall computation can be split in two separate computations that 
can be carried out in cascade. The first one computes the fields when the crack is not present; 
the second one computes the perturbation to the field due to the presence of the crack. 
CARIDDI_ECT computes first (i) the unperturbed solution J0 and M0 related to the 
configuration with no crack and, then, (ii) J and M that represent the perturbations due to 
the crack. The unknowns J and M (and the fields) corresponding to the complete problem 
(material in the presence of the crack) can be expressed as JJJ  0  and MMM  0 . 

We highlight that J and M can be viewed as the current density and the magnetization 
due to fictitious sources J0 and M0 imposed in the region occupied by the defects, therefore 
its numerical computation can be carried out on a local mesh in a neighborhood of the defect 
(J and M are significantly non-vanishing only near to the defect) using element with a size 
compatible with that of the defect. On the other hand, the numerical computation of J0 and M0 
can be carried out on the scale of the unperturbed problem (no crack), that is that of the 
materials and coils, by using a finite element mesh with elements whose size is dictated only 
by this “large” scale and not by the “small” scale of the defect. Moreover, this computation 
can be carried out once for all because it does not depend on the defect. Summing up, to save 
the computational time while preventing the lack of accuracy, a large mesh can be used for 
computing J0 and M0 and a finer and more dense mesh for computing J and M. The final 
EC signal is derived from these quantities in a post-processing step. 
 
4. Results obtained during the project 
 
4.1. Wavy surface 
 

 
Figure 4: Comparison between experimental data and simulation (CCM and CARIDDI_ECT) data at 

350 kHz (top) and at 600 kHz (bottom). Line scan orthogonal to the waves and defect not present. 



In order to finely validate the developed models, some quantitative comparisons have been 
performed between simulations results and experimental data obtained in laboratory 
conditions [10]. Then sensor used for this comparison is a single coil, so that measurements 
can be done using an impedance meter, recording the absolute impedance of the coil. Hence, 
no calibration is needed in order to compare simulation results and experimental data. 
Considering this, comparison results (“CARIDDI_ECT – Semi-analytical (C method) – 
Experiments”) shown in Figure 4 for two frequencies of 350 kHz and 600 kHz are very 
satisfactory. Comparisons involving the real industrial probe at lower frequencies are in 
progress. 
 
4.2. Non-uniform conductivity 
 
The description of a conductivity profile has been implemented inside the code developed at 
CEA LIST and based on the C method. Figure 5 shows a numerical verification of the results 
obtained, in a piece with both perturbed geometry and conductivity variations along depth, at 
the frequency of 100 kHz. The simulation result has been compared with another model, 
which considers the piece to be made of 75 very thin layers of constant conductivities, and 
thus approximates the conductivity variation with step functions. A very good agreement is 
obtained between both methods in this case. 
 

 
Figure 5: Numerical comparison of the conductivity profile description. 

 
 
4.3. Integration of dedicated simulation tools in the CIVA platform 
 
In addition to the development of the models mentioned above, software tools have been 
developed to integrate the models as plug-in, which allows to smoothly integrate external 
codes by partners with least constraints to ensure independent and autonomous development 
by the partners. The Plug-In in CIVA enables partners to use they own codes, compiled under 
an executable, to produce a result that will be shown in CIVA’s imaging system. 
The executable communicates with CIVA using various files for data input and output, 
following a protocol agreed by the partners and CEA LIST, to ensure the input (parameters 
used for the simulation, using existing configuration parameters in CIVA, or specific 
parameters required by the external code) / output (visualization of the results provided by the 
external code) compatibility of the external code with the CIVA platform. Figure 6 below 
shows an illustration of the CARIDDI_ECT code integrated in the CIVA platform : in 
addition to the existing, standard, parameters of CIVA, dedicated GUI related to parameters 
needed to run the CARIDDI_ECT code are displayed in a dedicated tab.  
 



 
Figure 6: Integration of the CARIDDI_ECT plugin inside the CIVA platform. 

 
The ability to run simulations with non-uniform conductivity has also led to the development 
of new GUI, which allows the user to define an arbitrary number of conductivity values along 
the thickness of the part, using a table and/or graphic set-up of the conductivity profile, as 
illustrated on Figure 7. 
  

 
 

Figure 7: Description of material properties varying with depth in the CIVA platform. 
 
Finally, Figures 8 and 9 show the GUI dedicated to the definition of the geometry of the part, 
which can be loaded as a 2D (.dxf file) or designed thanks to a dedicated CAD tool inside 



CIVA, as well as the display of results inside the CIVA module (on Figure 9, one can see the 
results of a simulation carried out along a short scanning of the part, which shows both 
responses from the wavy geometry and from the flaw). 
 

 
Figure 8: Description of 2D CAD pieces in the ECT module of CIVA. 

 

 
Figure 9: Simulation results in the Analysis module of CIVA. 

 
 
5. Conclusions and perspectives 
 
Within the framework of the SIMPOSIUM project, two different codes have been developed 
to simulate the eddy current inspection of wavy geometry and non-uniform conductivity 
specimens, in order to address the application case of steel inspection at the exit of continuous 



casting process. For this application, the main objective was to predict the response of both 
the uneven geometry and the flaw, in order to optimize the ECT probe, to distinguish the ECT 
signal from the flaw and the one from the surface of the part. These codes have been 
integrated in the CIVA platform thanks to software tools (the plug-in) and dedicated GUI, and 
successfully compared to experimental data. Simulations of the ECT inspection of non-
uniform conductivity profiles specimens have also been carried out and compared to a 
stratified model, as experimental samples with finely characterized material properties were 
not available yet. These tools shall now allow enlarging the application of simulation to 
complex industrial cases which combine both complex geometries and non-uniform 
properties.  
 
Acknowledgments 
 
The research leading to these results has received funding from the European Community’s 
Seventh Framework Program (FP7/2007-2013) under Grant Agreement No. 285549: 
SIMPOSIUM project. 
 
References 
 
[1] J. Chandezon, D. Maystre, and G. Raoult, A new theoretical method for diffraction 

gratings and its numerical application, Journal of Optics, vol. 11, p. 235, 1980. 
 
[2] L. Li, J. Chandezon, G. Granet, and J. Plumey, Rigorous and effi cient gratings analysis 

method made easy optical engineers, Applied Optics, vol. 38, no. 2, pp. 304-313, 1999. 
 
[3] D. Prémel, Computation of a quasi-static field induced by two long straight parallel wires 

in a conductor with a rough surface, Journal of Physics D: Applied Physics, vol. 41, no. 
245305, 2008. 

 
[4] E. Post, Formal structure of electromagnetics: General covariance and electromagnetics, 

(Amsterdam: North-Holland) 1962. 
 
[5] K. Braham, R. Dusséaux, and G. Granet, Scattering of electromagnetic waves from two-

dimensional perfectly conducting random rough surfaces-study with the curvilinear 
coordinate method, Waves in Random and Complex Media, vol. 18, no. 2, pp. 255-274, 
2008. 

[6] M. d'Aquino, C. Petrarca, G. Rubinacci, A. Tamburrino, S. Ventre and F. Villone, 
“Efficient Numerical Models for the Hysteresis in NDE of Ferrous Materials by Magnetic 
Methods”, abstracts book of works presented at Review of Progress in Quantitative NDE 
(QNDE 2012), Denver (Colorado, USA), July 15 – 20, 2012, pp. 20.  

 
[7] M. d'Aquino, G. Rubinacci, A. Tamburrino, S. Ventre, Efficient Numerical Solution of 

Magnetic Field Problems in Presence of Hysteretic Media for Nondestructive Evaluation, 
IEEE Transactions on Magnetics, Vol. 49, pp. 3167 – 3170, 2013 

 
[8] M. d'Aquino, G. Rubinacci, A. Tamburrino, S. Ventre, Three-dimensional Computation of 

Magnetic Fields in hysteretic media with time-periodic sources, the Nineteenth 
COMPUMAG Conference on the Computation of Electromagnetic Fields held between 
30 June - 4 July, 2013 in Budapest, Hungary.  

 



[9] M. d'Aquino, G. Rubinacci, A. Tamburrino, S. Ventre, Three-dimensional Computation of 
Magnetic Fields in hysteretic media with time-periodic sources, IEEE Transactions on 
Magnetics, vol. 50, no. 2, Article# 7001104, February 2014. 

 
[10] F. Caire, G. Granet, D. Prémel, G. Rubinacci, A. Tamburrino, S. Ventre, The Simposium 

Project: Numerical Modeling of a Carbon on Steel Manufacturing Benchmark Case, 
Studies in Applied Electromagnetics and Mechanics, Volume 39: Electromagnetic 
Nondestructive Evaluation (XVII), 93-100 (2014), DOI: http://dx.doi.org/10.3233/978-1-
61499-407-7-93  

http://dx.doi.org/10.3233/978-1-61499-407-7-93
http://dx.doi.org/10.3233/978-1-61499-407-7-93

