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Abstract. Modeling and simulation in the field of NDT are increasingly used in 
numerous industrial sectors concerned by complex inspection methods. The high 
frequency semi-analytical models implemented in the CIVA software provide 
efficient simulation tools but with a well-known limited range of validity. For 
instance, their precision drops for defects with characteristic length of the order of 
the wavelength. In this respect, hybrid models combining numerical and semi-
analytical methods have already been pointed out as a relevant strategy in order to 
overcome these limitations. Their goal is to benefit from the efficiency of analytical 
models in white areas and the precision of numerical solvers around the specific 
features of the geometry. This strategy is already adopted in the CIVA platform. A 
major example is the CIVA/Athena coupling (developed in collaboration with EDF 
R&D) where the end user can specify any specific region of interest managed by the 
numerical solver. The response of potential flaws is integrated using the generic 
fictitious domain method. In this communication, we propose a complementary 
approach. We aim at building a lexicon of parametric defects that can be 
manipulated from the CIVA software in a transparent way for the user thanks to the 
domain decomposition strategy. The approach uses a 3D high order finite element 
model combined with a domain decomposition method. Efficiency is ensured by the 
use of the high order spectral elements and empowered by the parametrization of 
subdomains. The latter enables fully parallelized computations along with on the fly 
finite element operations, thus dramatically decreasing CPU time and memory 
loads. These features will be presented and results obtained by the hybrid method 
will be confronted to experimental data for planar embedded defects. 
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Introduction  

UT simulation codes embedded into the CIVA software platform [1] allow 
predicting beam propagation as well as flaw response in echographic mode for various 
techniques (pulse echo, TOFD, Tandem) and probes (monolithic, dual RT or phased arrays 
[3]) in arbitrary components (homogeneous/heterogeneous, isotropic/anisotropic, canonical 
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or CAD geometry). The high frequency approximation models – such as ray-based models 
– gathered in CIVA allow fast computations, a crucial requirement in the industrial context, 
and provide quantitative predictions but with a well-known limited range of validity. 
However, Ray models fail at predicting responses from defects in some complex 
configurations, e.g. critical phenomena, such as head waves generated at the critical angle, 
creeping waves or caustics. In the same way, their precision drops for defects with 
characteristic dimension of the order of the wavelength. Finally, when defects of complex 
geometry or neighboring defects are considered, the complete scattering processes are not 
taken into account. 

Coupling propagation and scattering models 

The approach favoured in CIVA is to use as much as possible fast asymptotic solutions 
within their range of validity.  In practical cases, this range of validity is restricted to the 
material without flaw, and when the defect geometry is simple enough. To take into 
account this range of validity, the adopted strategy consists in coupling a propagation 
model to a scattering model. 

The main principle of such coupling is to use the computation of the incident field 
from CIVA applying the beam computation module [3], and to compute the interaction 
with the flaw using a dedicated scattering model. The echo-response from the defect is then 
given by the Auld’s reciprocity principle [4], which links healthy (incident field) and 
flawed (defect’s scattering) components. This hybrid strategy has already been successfully 
implemented in the CIVA software [2]. An example of its realisation is the use of the 
Kirchhoff scattering model – where the flaw geometry is considered locally as an infinite 
plane surface – or the Kirchhoff-GTD scattering model, which takes into account the 
contributions of the edges of the defect. However, these scattering models also bear some 
limitations, especially when interactions between different areas of the flaw have a 
significant importance in the echo-response, or in the presence of a local high curvature. 

Hybrid approach between Ray-based and the Finite Element models 

Numerical schemes such as FEM do not rely on asymptotic approximations for 
computations of elastic waves phenomena, thus ensuring the accuracy of the model. 
However, the computational cost (computation time and memory load) of numerical 
schemes are potentially prohibitive for three dimensional problems, when considering the 
typical wave paths of hundreds of wavelengths in NDT configurations. Thereby, 3D 
simulation remains a crucial issue for industrial applications, hence enhancing the interest 
for numerical/asymptotic hybrid approaches. 

The coupling strategy has already been applied to a hybrid code combining the 
CIVA beam computation module with the FEM code ATHENA, developed by EDF, 
investigated and validated for 2D configurations [5]. The capabilities of this hybrid method 
have been highlighted for example when simulating the inspection of various surface 
breaking notches. The specificity of this numerical model lies in the contribution of the 
flaw geometry, handled by the fictitious domain method. This strategy is particularly 
efficient in 2D cases, but in practice becomes hardly scalable for 3D cases.  

To gain in performances in order to meet the needs of industrial applications to deal 
with more complex configurations, we propose a variant of the coupling. This variant is 
based, first, on a parametric representation of the defect together with a dedicated domain 
decomposition method and, second, on the use high order spectral-like finite element 
model. 
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1.  Description of the numerical model 

More specifically, we cornered the term “dedicated” 3D hybrid model since, rather than 
constituting a generic FEM solver based upon any geometrical mesh of the defect (or of its 
surrounding), we aim at building a lexicon of parametric defects – that corresponds to those 
mostly encountered in NDT configurations. This lexicon is internally queried by the CIVA 
software, in a transparent way for the end user. Each parametric defect is associated to a 
composition of geometrical structures referred to as macro-elements. In essence, a macro-
element is defined as a potentially nonlinear deformation of a reference cube, and the 
complete set of macro-elements are arranged altogether in order to fit the defect 
geometrical description. The reference cube also bears a predefined hexahedral mesh, so 
that a macro-element inherits from this mesh through its associated deformation. As an 
illustration of how the constitution of macro-elements is performed, the Figure 2 propose 
such decomposition in a simpler 2D case where a parametrized 2D edge representing a 
crack is given as an input. It should be noted that in Figure 2, the absorbing layers used to 
model an infinite domain around the flaw are intentionally omitted to simplify the 
presentation, whereas in practice Perfectly Matched Layers (PMLs) [9] are used. The 
communications between each macro-element are enabled using the mortar element method 
[8] as a mean of domain decomposition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Illustration of the macro elements arranged around an embedded crack. 
 
 
Computational performances, within each subdomain, are significantly enhanced by 

the use of high order spectral finite elements [6, 7] defined on hexahedral meshes. This 
numerical method is widely spread in the community of numerical solutions of transient 
high-frequency wave propagation problems since they combine the flexibility of finite 
element methods and the performances of standard finite differences by allowing a fully 
explicit numerical scheme thanks to a diagonal mass matrix – in the literature, this 
technique is referred to as the mass-lumping technique. Moreover, by allowing high order 
polynomials for representing the solutions, spectral finite elements require less 
discretization points to reach a given precision, which is a major asset when simulating 3D 
configurations. 

 

The input crack geometry 
A macro element 
generated from the crack 
parametrization 
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 On top of that, the performances of the numerical solver can be increased by taking 
into account the parametrization of the subdomain, inherited from the parametrization of 
the defect. Indeed, incorporating in our formulation the fact that each macro-element is a 
deformed cube, we can internally define optimal data structures for performing parallelized 
computations along with on the fly finite element operations. Typically, the so-called 
stiffness matrix is never to be assembled, but is only represented as a set of local – i.e. per 
mesh element – matrices and the manipulation of these local matrices are performed in 
parallel,  thus dramatically decreasing CPU time and memory loads.  

2.  First step in CIVA: the 3D embedded crack 

The roadmap for introducing this new coupling approach in CIVA software are: (1) the 
response from embedded defects; (2) followed by surface breaking cracks with an external 
medium considered (2.a) as vacuum, and (2.b) as a fluid. To be fully represented, the last 
configuration requires a fluid-structure coupling in the FEM model. So far, the first step has 
been reached and is implemented in the development version of CIVA for the case of 3D 
planar crack embedded in a homogeneous isotropic material, which can be considered as 
the 3D correspondent of the 2D case presented in Figure 1. 

The Figure 2 proposes an illustration where we have considered a 
200 x 50 x 75 mm3 of steel material, a 5 MHz transducer with 70% bandwidth and a planar 
square defect of 1 mm length, embedded at a 25 mm depth. The Figure 2 proposes an 
illustration of the signal computed in CIVA and visible in the GUI. This signal is obtained 
from the local elastic field, numerically computed and presented in Figure 3. It should be 
emphasized that the numerical solution is obtained without any intervention of the end-
user, every numerical parameters being automatically deduced from the parameters of the 
configuration. 

The validity of the numerical solver has been evaluated by: (1) comparison with 
analytical solutions obtained when assuming that the incident wave front is a plane wave; 
(2) preliminary comparisons with CIVA approximated diffraction models presented in 
Figure 2. We observe a good correspondence of the main components of the echo, with a 
characteristic difference at its ending trail. This difference is potentially due to the 
interactions between the edges of the flaw, taken into account by the numerical model, 
while neglected in approximated model. A more detail investigation is ongoing and 
comparisons will be made with experimental data. 
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Fig. 2. Illustration of numerical results obtained in the CIVA software for an embedded 3D planar 

defect. The red plot corresponds to the Kirchhoff-GTD scattering model, the black plot corresponds 
to the FEM-based hybrid approach. 

 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3. Snapshots of the transient numerical solution internally computed by CIVA to obtain the 
total acoustic field around in a surrounding of the crack. 

 

3.  Conclusions & Perspectives 

An original hybrid asymptotic/numerical approach has been introduced to handle 
small 3D defects in the modelling of UT configurations. The numerical part is based on a 
high order spectral-like finite element method combined with a domain decomposition 
strategy, which is used to fit the shape of the defect. The consequences of these numerical 
tools are twofold: (1) it enhances the overall efficiency of the numerical method; (2) it 
allows a simple construction of a lexicon for various parametric defects, used internally in 
the CIVA software. So far, this strategy has been successfully introduced in CIVA for 3D 
planar embedded defects.  The comparison with the CIVA approximated diffraction models 
is ongoing. Next steps will be to increase the number of embedded flaws that can be 
considered in our hybrid approach (multifaceted, non-planar, side drilled hole …) then to 
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tackle the case of surface breaking cracks. This new model, automatically tuned without 
end-user interventions, will be available in a future release of CIVA. 
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