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Abstract 
Probability of detection curve provides valuable data for the reliability of the used non-destructive testing 
method. The calculation of a probability of detection curve requires dozens of measurements from defects that 
represent well the parameters (size, shape, angle, roughness, etc.) of service-induced defects. Compared to the 
relatively slow experimental work, computer simulations allow hundreds of defects to be generated and 
responses to be calculated with a relatively small effort. 

In this work: 1) Cracks are generated according to parameters from service induced cracks. Roughness, tilt and 
skew are varied randomly according to literature values and height of the crack is varied as a size parameter. 
2) Ultrasound responses of the cracks are calculated with CIVA software. 3) Probability of detection curve is 
calculated using the calculated amplitude data and the defined detection limit. Example calculations for cracks, 
resembling mechanical fatigue cracking, are shown. 
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1.  Introduction 

Simulation on NDE is strongly rising area and it will give new ways to approach for example 
ultrasonic  responses  on  different  types  of  reflectors  and  the  determination  of  probability  of  
detection (POD) curves. Typically POD analysis needs a lot of time and money due to a large 
amount of test samples and inspectors. However, computational models can be rapidly used to 
estimate the detection probabilities before any measurement is done [1, 2]. 

Most of the ultrasound simulations are done with smooth defects which resemble EDM notch. 
However, defects (i.e. cracks) found in in-service-inspection (ISI) can have different shape, 
surface roughness, tilt and skew. These properties affect much the reflection of ultrasound and 
should be included in the ultrasonic simulations. For example roughness affects the scattering 
properties of the ultrasound. In perpendicular incidence, the scattering causes the amplitude to 
drop, but because scattering is also dependent on angle and frequency, the response from ISI 
crack may be even higher compared to EDM notch [3]. 

The main goals of this research are to 1) model defects that resemble ISI-defects and 2) to use 
these defects to generate POD curves. 

2.  Materials and methods 

Following measurement was simulated: 45° angle probe with 2 MHz transducer (MWB45-2), 
the flaw is surface breaking and has a semi-elliptical shape (length/height = 4). Probe is 
linearly scanned over the centre point of the flaw. Probe is located on a steel plate with 
thickness  of  25  mm  and  transverse  sound  velocity  of  3230  m/s.  Flaw  and  probe  are  on  
opposite sides of the plate. 
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2.1 Numerical work 

2.1.1 Defect generation 

In the first part of the research, defects were made by generating a random surface. Typical 
crack parameters (roughness, correlation length) were calculated from the random surface and 
the values were matched to literature values [4]. Surfaces were then meshed to triangular 
pieces and every piece was individually placed into model so that they constructed a solid 
plane with realistic roughness (Figure 1). Meshing, parameter extraction and the generation of 
defects were automatized with MATLAB 2010b.  

 
Figure 1: Random surface representing a semi-elliptical crack with size of 2*8 mm2 (left). Same surface with tilt 

and skew, and meshed to 108 triangular surfaces which are exported to CIVA 10.1. 

Two sets of simulations (2*150 simulations) were generated. Both of them had defect height 
varying from 0.5 to 8 mm. Skew and tilt angle of the flaw were normally distributed with 
mean angle of 0° and standard deviation of 10° (Figure 2). The deviation of tilt and skew were 
taken  from  Figure  3.  The  first  data  set  was  made  with  smooth  defect  resembling  an  EDM  
notch while the second crack was rough (Rq = 100 µm).  

   
Figure 2: Histograms of tilt and skew angle used in the POD simulations. Blue data set is for smooth EDM 

notches, green for cracks with roughness. Mean value and standard deviation are calculated for both data sets. 



   
Figure 3: Typical topographic (left) and angular (right) parameters of ISI cracks [4]. Bars represent the mean 

value of measured parameter and the error bar the standard deviation of parameter. The crack types are: 
1) IGSCC in austenitic stainless steels, 2) IGSCC in nickel base alloys, 3) IDSCC in nickel base alloys weld 

metal, 4) TGSCC in austenitic stainless steels, 5) Thermal fatigue of austenitic stainless steels, 6) Mechanical 
fatigue and 7) Solidification cracking (hot cracking). Skew data for type 2 and 5 samples is not available. 

Cracks were meshed with element size of 500 µm. This means that the correlation length, 
which is the average rate of change in the surface, is also 500 µm. This value is higher than 
the values reported by Wåle [4]. The smaller correlation length values would have required a 
higher amount of triangles in the mesh, which would have increased the simulation time 
notably. For example correlation length of 250 µm would increase the simulation time by the 
factor of 4.  

In order to verify the idea of a meshed defect, a comparison between smooth and rough crack 
in angular scan was done (Figure 4).  

2.1.2 POD calculation 

The response from each simulation is calculated with CIVA 10.1. After simulations, the 
maximum signal from each crack is extracted and defect size (a) vs. signal response (â) is 
plotted. From â vs. a relationship and prior to measurement determined evaluation level, a 
POD curve is calculated. The calculation of POD curve is done according to MIL-HDBK-
1823A [5]. The signal value which will be detected (evaluation level) is DAC-6 dB where 
DAC is signal from 1*4 mm2 perfectly aligned smooth defect. 

3.  Results 

When the crack is perfectly aligned, the amplitude from a smooth EDM notch is ca. 1.41 dB 
higher compared to crack with roughness. This value is consistent with theoretical value 
(1.31 dB). However, this difference disappears when the crack is not perfectly aligned (skew 
> 15°) and reflection changes from specular to diffusive. 



 
Figure 4: Simulated angular response of 2*8 mm2 smooth and rough cracks as a function of skew angle. Plus 
signs represent data points and solid line the average of data. With 0° skew angle, the reflection from rough 

crack is lower as expected. When the angle increases, the difference disappears. 

Data (a vs. â), evaluation level, linear fit and calculated POD curves are presented in Figure 5. 

   
Figure 5: a vs â (left) and probability of detection (right) for rough and smooth cracks with varying skew and tilt 
angle. Linear regression (green and blue dashed line) and evaluation level (black dashed line) are also presented 

in a vs â-plot. Dashed lines in POD plot are POD = 90 % limits (1.56 mm for rough cracks and 3.28 mm for 
smooth cracks). 

4.  Discussion 

If the response from rough crack as a function of skew angle is studied from Figure 4, it can 
be seen that the response from rough crack should always be between maximum and 
minimum of response from EDM notch. This can also be verified from Figure 5: for a certain 
crack height, the maximum and minimum response is always achieved with smooth crack. 
This means that even though the mean value from rough and from smooth crack is 
approximately the same, the deviation or responses is much higher with smooth cracks. In 
POD curve, this causes the curve to “elongate” in x-direction. Moreover, the linear fit in a vs. 
â  –plot  reveals  that  due  to  tilt  and  skew,  the  response  from  rough  crack  is  actually  1.0  dB  
higher than response from smooth crack. Because the slope of the fit is approximately the 
same in both cases, this difference remains constant trough the simulated size range. 



With rough defects, 90% detection probability is achieved with 1.56 mm crack height. 
However, with smooth EDM notches the 90% detection probability is achieved with 3.28 mm 
height. If skew and tilt angle are removed so that defect is always perfectly aligned, the 90 % 
POD limits would be 0.35 mm for EDM notches and 0.39 mm for cracks with roughness. 
This means that tilt and skew affect less to the detection probability if the defect is rough. 

5.  Conclusions 

The results should be verified. To verify the simulation of ISI cracks, the ultrasound response 
of rough crack as a function of size, tilt angle and skew angle should be measured and 
compared to simulation. The problem is however that the variation of size and tilt requires 
multiple defects, whereas skew angle can be varied in planar sample by rotating the 
transducer. This means that multiple defects with well-known surface parameters (roughness) 
and varying tilt is needed.  

To verify POD curves, a lot of data (hit or miss as a function of defect size) from actual 
inspections is needed. This data should be taken from literature because its generation 
requires excessively time and effort of many NDT inspectors. 
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