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Abstract. The objective of the European project PICASSO is to build a new and 
original concept of simulation supported Probability of Detection (POD) curves 
based on Non Destructive Testing simulation. This new methodology is based on the 
replacement of some of the experimental data with simulation results to obtain POD 
curves. In order to validate the POD estimation models developed in the framework 
of the project, industrial test cases representative of ultrasonic, eddy current and 
radiographic inspections have been selected. Among them multi-zone ultrasonic 
testing procedures dealing with the inspection of alumina inclusions in Titanium 
billets was studied. At first the corresponding ultrasonic set-up is described. Then 
the steps allowing to account for uncertainty sources in the simulation are presented: 
the first step is the model (EFIT-H for IZFP-D and CIVA for CEA) validation and 
the second is the uncertainties description and propagation approach. 

Introduction 

The aim of the PICASSO project is to build a new and original concept of simulation 
supported Probability Of Detection (POD) curves based on Non Destructive Testing (NDT) 
simulation in addition to existing experimental data base. In order to validate the POD 
estimation models developed in the framework of the project, industrial test cases 
representative of ultrasonic, eddy current and radiographic inspections have been selected. 
This paper deals with the validation case proposed by SNECMA and is dedicated to the 
ultrasonic immersion testing of aluminium oxide spherical inclusions in cylindrical TiA6V 
titanium blocks. 

The ultrasonic application case and the different models, EFIT-H for IZFP-D and CIVA 
for CEA, used to simulate the configurations are described and their results compared to 
experimental measurements are presented and validated.  Then, the uncertainty sources and 
their consideration in simulation are presented. From the simulated data POD curves can be 
easily calculated in principle. However, the results in this paper will show that the classical 
POD estimation approach by Berens is not really appropriate for this case due to the 
nonlinear dependence of the backscattered amplitude to the inclusion diameter. Further 
developments are proposed in [8] to apply alternative POD estimation techniques. 
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1. Description of the SNECMA configuration 

The ultrasonic immersion test set-up is described as follows: 
 Tested part: cylindrical titanium blocks, longitudinal waves velocity (cL) = 6228 m/s, 

transversal waves velocity (cT) = 3146 m/s, density (ρ)  = 4.4g/cm3, attenuation for L 
waves: 0.054 dB/mm at 10MHz, attenuation for T waves  0.062 dB/mm et 10MHz 

 The flaws were placed in the titanium cylinder at various depths by diffusion bonding. 
They consist of aluminium oxide (Al2O3) spherical inclusions for which 2.5≤ kR ≤ 20 
(where k is the wave number k =2 and  is the wavelength inside the matrix 
medium) and R is the radius of the inclusion. The acoustic parameters amount to cL = 
10845 m/s, cT = 6350 m/s, ρ = 3.9 g/cm3. 

 NDT technique: multi zones transducers 
 Probes and inspection zones: the cylinder is divided in seven zones, each zone being 

inspected with a given probe. The beginning and end depths of the zones are in mm: 
zone 1: (surface, 12.7), zone 2: (12.7-25.4), zone 3: (25.4, 38.1), zone 4: (38.1, 50.8), 
zone 5: (50.8, 63.5), zone 6: (63.5, 88.9) and zone 7: (88.9, 139.7). 
 

Table 1: Configuration description, probe characteristics. 

 
 
 Water paths :  
 

Table 2: Configuration description, water paths used for the different probes. 

 
 Physical quantity considered for the comparisons: maximum amplitude reflected by the 

flaws. 
 Calibration to the experimental 0dB is made on a flat bottom hole of diameter 0.4mm 

located in an N18 block (powder metallurgy) located at the same depth as the respective 
spherical defect.  
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 Noise is not explicitly taken into account in the simulations. However, the mean noise 
level that is typically needed for POD calculations can be extracted from the 
corresponding experiments. 

 The attenuation law used to compute the inclusion echoes was given by SNECMA: 
exponential attenuation law, 0.054 dB/mm for the P wave, power:2, wave frequency: 
10 MHz. 

2. Physical models and measured/simulated results 

2.1  IZFP-D model: 

The original EFIT code (EFIT: Elastodynamic Finite Integration Technique, [1]) is an 
explicit time-domain solver for elastodynamics. It discretizes the underlying governing 
equations in integral form and automatically includes all relevant wave phenomena like 
diffraction, refraction, mode conversion, multiple scattering, guided waves etc. However, 
due to the 4-D discretization (three-dimensional space plus time t) the computational effort 
with respect to computation speed and memory requirements is huge, especially for high-
frequency 3-D problems. Thus, the original 3-D EFIT code is not suited for POD 
calculations where hundreds or thousands of separate calculations with statistically 
fluctuating model parameters need to be done.  

For this reason an hybrid EFIT solver (EFIT-H) was developed that combines EFIT 
simulations of the scattering process caused by the defect with a transient point source 
synthesis of the transducer wave field (EFIT-PSS, [2]) and an advanced ray tracer for the 
calculation of the wave propagation between transducer and defect. For the refraction at the 
sample surface Snell’s law with diffraction corrections for beams of finite width is used. 
The whole concept of EFIT-H is schematically shown in Fig. 1. 
 

 
 
Figure 1. Concept of the hybrid EFIT-H solver. The speed-up factor of EFIT-H compared to the conventional 
pure numerical EFIT is 100 - 1000, depending on the corresponding application. In the present case the 
scattering by the alumina sphere was performed by the axisymmetric EFIT code (CEFIT, [3]). This leads to 
nearly identical results than the Ying-Truell scattering theory [4]. 
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2.2  CEA model: 

Semi-analytical models are used in the ultrasonic testing simulation module of the CIVA 
platform. The computation of an echo is decomposed into the computations of ultrasonic 
fields and of diffraction coefficients. Incident and observed ultrasonic fields at the location 
of the defect are calculated using a paraxial beam method [5].  

In the case of inclusion defects, these fields are approximated as plane waves at the 
centre of the defect. The diffraction coefficients corresponding to the interaction of these 
waves with the defect can be obtained using two models. The first model is based on the 
modified Born approximation [6] and can be applied to several defect shapes. The second is 
an exact model for sphere diffraction and is based on a separation of variables approach 
[4,7]. It is referred to as SOV (Separation Of Variables) in this communication. A 
reciprocity principle is applied to combine diffraction coefficients with ultrasonic fields and 
obtain signals. 

The first simulations of the L0° inclusion echoes performed with the BORN 
modified model available in CIVA10 (current release) highlight that this model was not 
suitable for the aluminium oxide spherical inclusions because of the high kR and the too 
strong contrast between the inclusion and the surrounding material. Thus, the SOV model 
which provides an exact solution for the diffraction of plane longitudinal waves by solid 
spherical inclusions filled by an elastic medium and embedded in another elastic medium 
[4, 7] has been implemented in CIVA. The results presented below were obtained with this 
SOV model. 

2.3  EFIT-H Results 

In the following Fig. 2 an exemplary result of the EFIT-H solver is shown in comparison 
with the two CIVA versions and two Snecma measurements. All curves are normalized to 
the 2 mm inclusion (0 dB). As can be seen from the figure the overall agreement with the 
CIVA SOV method is very good and the differences between the two simulation methods 
are smaller than the differences between the two measurements. In all curves the main 
resonance of the alumina sphere at approximately 0.5 mm is clearly visible.  
  

 
 
Figure 2. Comparison of EFIT-H results for six different alumina inclusions at 25.4 mm depth inspected with 
probe 6’’ with CIVA simulations and experimental results done by Snecma. The overall qualitative agreement 
between the curves is very good, the quantitative agreement is acceptable. 
 
In Figure 3 the EFIT-H results averaged over all inclusion depths are compared with the 
complete set of measurements. Once again all curves are normalized to the corresponding 
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2 mm inclusion (0 dB). The simulation results are in a very good agreement with a large 
group of measurements. However, there is another group of measurements for which the 
agreement is worse. The reasons for this mismatch might be uncertainties in the 
measurements. Nevertheless it is obvious that EFIT-H is able to correctly describe the main 
scatterer resonance at 0.5 mm, not only qualitatively but also quantitatively.  
 

 
Figure 3. Comparison of EFIT-H results averaged over all inclusion depths with the complete set of 
measurements. The overall agreement between the curves is good. The quantitative differences to some 
measurement curves are most likely caused by experimental uncertainties. 

2.4  CIVA, SOV model results 

A general good agreement is obtained between L0° specular inclusion echoes measured and 
predicted by CIVA (Fig. 4). The non linear increase of the amplitude with the inclusion 
diameter, due to interference between the reflection by the front face and by the backwall of 
the flaw (see also the Ascans in Fig.  5), are well predicted with the SOV model. The 
strongest deviations observed for the smallest inclusion diameters at the greatest depths can 
be due to noise perturbations (see the measured corresponding Ascans in Fig. 5). As a final 
conclusion the simulated results obtained with EFIT-H or with CIVA have been considered 
as acceptable for POD calculations and simultaneously validate the two models. 
 

 
 

Figure 4. Inclusion responses, measured and CIVA simulated maximal amplitude comparisons. 
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Figure 5. Responses of inclusions at 63.5mm depth, measured and CIVA Ascans, probe 10’’. 

3. POD simulations based on inspection uncertainties 

3.1  Uncertainty parameters 

In connection with the inclusion echoes measurement methodology followed by SNECMA, 
for the multi zones inspection of the the titanium billet, the following parameters were 
identified to be random variables likely to be described by probability density functions: 
 
 Radial and angular position of the inclusion relatively to the probe: during the 

measurement, the relative probe-part motion is automated with a scanning step in 
rotation ∆θ and along a radius ∆R (see Fig. 6) and the main source of variability on the 
echo amplitude measured is believed to come from the position of the inclusion 
relatively to the probe. The inspection scanning steps ∆θ and ∆R are first calculated: 
the scanning step value in both directions is 70% of the beam effective diameter 
measured on a simulated Cscan in our case (see Fig. 6 and example of this calculation 
for zone 2). Then the radial and angular scanning uncertainties are taken as half of the 
scanning steps ∆θ and ∆R. The associated distribution laws are uniform. 

 
  

 
Figure 6. Example of scanning step calculation. 

 
 Probe orientation: the orientation uncertainty given by SNECMA is +/- 0.5° around 0°. 

The associated distribution law is Gaussian. 
 Water path: it can vary from +/- 1.6 mm around the nominal water path value. The 

distribution law is Gaussian. 
 Inclusion depth in a given zone is an uncertainty parameter because the inclusion can 

appear anywhere in the zone, with a uniform probability function. 
 

Other uncertainty parameters as the probe centre frequency and band width were not taken 
into account. The uncertainty parameters taken into account for the inspection of zone 2 are 
displayed in table 3. 
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Table 3. Uncertainties of input parameters for the simulation and assumed distribution law. 

 
 

3.2  Other parameters 

The characteristic parameter for a POD study is the inclusion radius (50 values from 
0.05mm to 1.5mm) and we computed 35 samples per inclusion. The detection threshold 
used by SNECMA is 10% to 15% of the response of a FBH with a diameter of 0.4mm 
located at the middle zone depth. The angular and radial scanning steps of the probe 
displacement over the billet planar surface were defined as described above. The water path 
( 	used for each probe and zone in the aim of focusing at the middle of the zone is 
deduced from the following formula (taking into account that the real focal length can be 
different from the nominal one): 

	 	 	 	 	 	 	 	 	  

 
where cL-Ti6-4  and cL-water are the longitudinal wave speeds in titanium and water. 

3.3   Simulated inclusion responses with uncertainty parameters 

For reason of limited space we present here only the results of CIVA. The EFIT-H results, 
using the same uncertainty parameters, are very similar due to the good agreement 
demonstrated in the preceding section. 

The 30x35 random configurations are automatically created by CIVA from the 
uncertainty parameters. The inclusion echoes are computed for each configuration, the 
maximum amplitude is extracted after a DAC application. The DAC is calculated with 
CIVA for each zone and probe by adjusting the gains to obtain the same responses for 3 
FBHs Ø0.4mm positioned at the beginning, the middle and the end of the zone. The results 
taking into account uncertainties obtained for zone 5 are presented in Fig. 7. The resonance 
at 0.5 mm is clearly observed, then, for greater inclusion radii, the amplitude increases, as 
expected, with the radius. 

 

 
Figure 7.  Simulated results with uncertainties obtained for zone 5, probe 10’’. The amplitude of the inclusion 
responses are in % of the response of a FBH Ø0.4mm located at the middle depth of each zone. 
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3.4  POD curves 

From the simulation results as shown in Fig. 7 (so called â vs. a data), POD curves can be 
calculated if the variances of the uncertainty parameters are known from the measurements. 
In Fig. 8 a typical example of a POD evaluation based on the results of the EFIT-H solver 
is shown. CIVA leads to a very similar result due to the good agreement presented in 
section 2.3 and 2.4. In contrast to Fig. 7 only 10 samples per inclusion were used and the 
variance of the uncertainty parameters was chosen to be significantly smaller. This leads to 
a much weaker scattering of the data in the â vs. a curve. Below the data points in Fig. 8 the 
corresponding POD curve calculated by the classical Berens approach [9] is shown. From 
this curve the 90% POD value and its 95% confidence bound can be determined. 
 However, it is obvious that in the present case the Berens POD approach is not 
really suited since it assumes a linear relationship between backscattered amplitude and 
inclusion diameter. Due to the resonance at 0.5 mm this is not perfectly fulfilled for the 
alumina inclusion. For this reason alternative POD estimation methods have been 
developed during the PICASSO project. Details are presented in [8]. 
 

 
 

Figure 8.  Example of POD evaluation based on simulation results obtained by the EFIT-H solver. 

Conclusions 

The application described in this paper shows that modern ultrasonic simulation codes like 
CIVA and EFIT-H are able to reproduce experimental â vs. a results for aircraft relevant 
UT applications very well. Therefore, experimental POD measurements can be 
supplemented by numerical simulations leading to a more comprehensive statistical basis 
and thus, to more reliable, faster and cheaper POD studies in the future. 
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