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Abstract 

Civa ultrasonic simulation software is used to describe and explain puzzling aspects of positioning and amplitude 

issues associated with surface-breaking planar flaws and calibration notches.  Time-base calibration for shear 

wave inspections are verified using standard calibration blocks.  However, when an operator maximises a 

response from a planar surface-breaking flaw or calibration notch it can be seen that the soundpath calculated by 

the trigonometric function, d = (t/cos θ), does not always indicate the distance to the far surface.  Civa simulation 

modelling is used to explain and quantify the apparent error.  

 
 

Keywords: ultrasonic, 60° refracted angle, mode conversion 
 

 

1.  Introduction 
 

Like many papers by the author, this paper is not intended to be an academic work.  Instead, it 

is the meant to provide an explanation to a commonly seen but often mis-understood aspect of 

manual ultrasonic inspection.  Traditionally, referenced handbooks for ultrasonic inspection 

[1, 2, 3] provide a simple equation to calculate the sound path distance to the opposite wall of 

a plate for a weld inspection; d = (t/cos θ).  
 

d = (t/cos θ)   Equation 1  

 
Where: 

d is the soundpath distance A-B 

θ is the nominal refracted angle  
t is the thickness of the plate 

 

 

 
Figure 1 Sound path equation 

 

Variations on this equation are also used.  The full skip soundpath distance would be 2d.  To 

estimate depth to indications in the first half-skip, the operator would read the soundpath 

distance to the maximised signal on the A-scan display and simply divide that by the cosine of 

the refracted angle.  
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However, when the response of an indication is from a calibration notch (or a planar surface-

breaking flaw) the soundpath reading obtained for the maximised response does not always 

provide a value that indicates the opposite surface.  

 

Square notches are a common target used to set sensitivity.  One reason might be because they 

also represent a potentially critical flaw (e.g. a surface-breaking crack).  But a more likely 

reason is that they are relatively easy to machine into a calibration block. The ease of 

machining a notch in a pipe (as opposed to drilling a side drilled hole) is likely the reason for 

its use in piping inspections in ASME V Art. 4 (see Figure T-434.3.1 in ASME BPVC) [4].  A 

notch can also be seen in the same code in the description for ultrasonic weld inspection of 

plate (see Figure T-434.2.1 Non-piping Calibration Blocks).  However, it should be noted that 

for non-piping applications, ASME does not use the notch in establishing the distance 

amplitude correction curve.  In ASME applications, the sole purpose of the notch is described 

in the Non-mandatory Appendix B (B-465 CALIBRATION CORRECTION FOR PLANAR 

REFLECTORS PERPENDICULAR TO THE EXAMINATION SURFACE AT OR NEAR 

THE OPPOSITE SURFACE).   

The caution is made there that “The opposite surface notch may give an indication 2 to 1 

above DAC for a 45 deg shear wave, but only 1/2 DAC for a 60 deg shear wave. Therefore, 

the indications from the notch shall be considered when evaluating reflectors at the opposite 

surface.” 

 

This caution is particularly relevant when inspecting welds in thinner wall plates where the 

weld caps are not ground flush and access with a 45° beam is not feasible.  In this case, use of 

a 60° refracted beam is recommended to allow the probe to get close enough to the weld cap 

such that there is a direct path to the root region of the weld.  

 

This paper will use Civa simulation software to illustrate aspects of concern when using 60° 

beams to assess planar indications on the far surface.  We will illustrate: 

1. The relative amplitude of surface notches to side drilled holes using the 3 common 

refracted angles used in manual ultrasonic scanning 

2. The effect on plotting accuracy of surface-breaking flaws based on maximised 

amplitude 

3. Images of the sequence of events causing the reduced amplitude when using 60° 

 

2. Modelling Parameters 
 

In the Civa 2020 simulation configuration the following parameters were used; 

Probe: 

Frequency 5MHz 70% Bandwidth 

Diameter 9mm 

Wedge Velocity 2340m/s 

Wedge Angles 45°, 60°, 70° refracted in steel  

Material: Steel 

Density 7.8 g/cc 

Compression mode velocity 5900m/s 

Shear mode velocity 3230m/s 

Reference Target 

 3mm diameter side drilled hole (SDH) 
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In order to obtain reference sensitivity-amplitude, the simulated probe was scanned over a 

3mm diameter SDH located at the half-thickness depth in a 20mm thick block of steel.   

 

 
Figure 2 Reference sensitivity scan 

 

To obtain a direct comparison of amplitude with scan position using the echo-dynamic feature 

of Civa, the scan path was configured to be the same for all targets and probes.  Step size was 

1mm and the total scan path was 100mm.  All scans started with the exit point of the probe 

placed directly over the target and the probe pulled away from the target.  Water was 

configured as the coupling medium and the backing medium was configured to be air.  Figure 

3 illustrates the echo-dynamic results of the scan on the SDH.  

 

45° 

60° 

70° 

 

Figure 3 SDH echo-dynamic responses for 45°, 60° and 70° beams 

 

3mm SDH 

Scan path 
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Because all scans were 100mm long, the target could be detected at 4 points along the scan 

path for the 45° beam but only 3 and 2 points on the 60° and 70° respectively.  

 

 

3. Comparing Surface Flaw Responses to SDHs 
 

The first step in this comparison is to examine the relative amplitudes of notches to the 

reference amplitude that was established using the SDH.  Notches were configured to have the 

same length as the SDH (i.e. 50mm long) to ensure that the full beam width interacted with 

the target.  Placement of the notches was on the far surface of the plate at the same axial 

position that the SDH had been located.  A variety of notch heights was used; 0.5, 1, 1.5, 3, 5 

and 10mm.  However, it soon became apparent that the very high notches for the 45° beam 

provided no benefit to this comparison due to the very large amplitudes they generated.  This 

is seen in Figure 4 where only up to the 1.5mm high notch is used in the comparison and it is 

9.5dB higher than the maximum amplitude from the 3mm SDH.  When the 3mm high notch 

was plotted it was found to be 13dB higher than the SDH.  

 

 
 

Figure 4 45° SDH versus far surface notches 

 

In the limited range of notch-heights up to 3mm for the 5MHz 9mm diameter 45° probe used, 

there is an approximate doubling of amplitude with a doubling of the notch height. 

 

When using a 60° beam, notch responses are significantly different from those seen with the 

45° beam.  Figure 5 plots the SDH responses (solid black line curve) against responses of all 

six notch heights.   

 

3mm SDH 

1.5mm notch 

1 mm notch 

0.5 mm notch 
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Figure 5 60° SDH versus far surface notches 

 

Because the amplitude response from the notches, relative to the SDH, is much lower for the 

60° beam, all the notches were plotted.  Colour coding of the curves is used to help identify 

the targets.  

 

Target Line colour 

3mm SDH Black  

0.5mm notch  Dark blue 

1mm notch Green 

1.5mm notch Red 

3mm notch Purple 

5mm notch Pale blue 

10mm notch Red dashed 

 

In addition to the relatively small range of amplitudes (-13dB to +2.3dB relative to the SDH 

reference) the echo-dynamic curves illustrate some interesting features.  All curves tend to 

have a double peak.  The amplitude change no longer appears to have a directly proportional 

relationship to the notch height and virtually no change is seen in amplitude going from a 

5mm high notch to a 10mm high notch.  

 

Curves tend to shift the point of maximum amplitude to earlier scan positions as the notches 

get higher.  

 

This shift to an earlier scan position also indicates a shorter soundpath.  The effect is easy to 

see when the maximum amplitude location is plotted as a B-scan on an overlay (see Figure 6).   

 

In Figure 6 the soundpath distance from the exit point of the probe to the peak amplitude 

signal is seen to be 36.6mm.  Yet the assumption usually made for the maximum amplitude 

from a surface-breaking flaw is that the soundpath distance to the maximum amplitude 

indicates the corner.  Using Equation 1, the 36.6mm soundpath should suggest that the flaw is 

located at 18.3mm depth instead of 20mm.  This actually places the depth of the flaw slightly 

above the upper tip.  

3mm notch 

3mm SDH 

1 mm notch 

1.5 mm notch 

5mm notch 10mm notch 

0.5 mm notch 
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Figure 6 B-scan of 1.5mm hight notch with 60° beam 

 

 

Although only 10° difference exists between the 60° and 70° beams, significant differences 

can be seen in their echo-dynamic curves.  Figure 7 illustrates the comparison of the notches 

to the reference SDH targets for the 70° beam.  

 

In the 70° beam plots the notches are no longer seen to produce a double peak and instead of 

the maximum amplitude positions relative to the scan position decreasing, as it did for the 60° 

beam, there is a trend to detect the maximum amplitude at a greater scan distance.   

 

 
 

Figure 7 70° SDH versus far surface notches 

 

3mm notch 

3mm SDH 

0.5 mm notch 

5mm notch 

1.5mm notch 

Maximum 

amplitude 

1 mm notch 

1.5 mm notch 
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4. Comparing Plotted Depths and Standoffs to Surface Flaws  
 

Civa’s echo-dynamic plots are easily confirmed for general trends by measuring the 

sound path and standoff distances for the maximum response for a 1.5mm notch.  These were 

recorded for a nominal 45°/60° and 70° probe in the lab.  Calculated depth was determined 

using a modification of Equation 1 (i.e. d = (SP *cos θ) where SP is the soundpath to the 

maximum amplitude as measured on the A-scan). 

 

 

Lab results 1.5mm notch 

Angle Standoff 

(mm) 

Soundpath 

(mm) 

Depth actual 

(mm) 

Depth 

Calculated (mm) 

45° 20 28.6 20 20.2 

60° 32.5 36.8 20 18.4 

70° 56 58.6 20 20.04 

 

 

A similar set of values can be extracted from the Civa simulations.  Variations exist compared 

to the lab results (e.g. inaccuracies in the manual assessment may occur due to actual probe 

angle, measurements made using pencil and ruler, coupling variation, skew, etc.).  However, 

variations are not significant and the trends are confirmed. Note that the Standoff distances on 

the lab piece and Civa models are measured from the exit point to the surface point above the 

notch.  

 

 

 

Civa results are tabulated for notches up to 3mm height; 

Notch 

Height 

(mm) 

Angle Standoff 

(mm) 

Soundpath 

(mm) 

Depth actual 

(mm) 

Depth 

Calculated 

(mm) 

0.5 45° 20.6 28.7 20 20.3 

0.5 60° 33.5 39.3 20 19.7 

0.5 70° 47.9 51.9 20 17.7 

1 45° 20.4 28.6 20 20.2 

1 60° 30.5 36.7 20 18.4 

1 70° 54.4 58.2 20 19.9 

1.5 45° 20.3 28.8 20 20.3 

1.5 60° 30.4 36.6 20 18.3 

1.5 70° 54.6 58.2 20 19.9 

3 45° 20.5 28.6 20 20.2 

3 60° 31.5 37.4 20 18.7 

3 70° 54.7 58.3 20 20.1 
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When using Equation 1 with the results for the 70° beam it can be seen that the maximised 

soundpath distance underestimates the depth to the bottom of the 0.5mm notch (17.7mm) but 

for all notch heights greater than 0.5mm the maximised signal provides an estimated depth 

that is within less than 0.5mm of the wall thickness.   

 

Maximising a surface-breaking planar flaw with a 60° beam tends to underestimate the flaw 

depth which might cause an operator to think the flaw is not surface breaking.  Therefore, in 

addition to concerns for amplitude as described in ASME [4], operators should be aware of 

the potential for inaccuracies in plotting of depths and standoff distances to surface-connected 

planar flaws when using 60° beams.  

 

 

5. Explanation of the Observations 
 

With 24dB added and displaying the 5mm notch, the Civa B-scan display shows a pattern of 

signals that occurs prior to the notch.  Figures 8 and 9 display the probe position along with 

the A-scan at that position and a B-scan showing the beam path (blue line) and an “X” where 
the black cursors cross.  The “X” matches the point on the A-scan where there is another “X” 
indicated.  

 
Figure 8 60° on 5mm notch – A-scan near upper tip 

 

Transverse 

Long. 
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Figure 9 60° on 5mm notch – A-scan reflecting off backwall towards upper tip 

 

Civa provides a useful tool to identify the mode-sources of the signals identified by the “X”. 
This is the “Modes Identification” tool.  Not only does Civa provide the modes that form the 

signal, it also provides the apportioning of pressure contributed from each combination of 

return paths.  The first 4 modes contributing have been selected in each case and are noted in 

the boxes at the rectangles surrounding the indications.  

 

Mode/Contribution values for Figure 8 

 TdTrbL - 53.9% 

 TdLrbL - 20.7% 

 LbTrbT - 19.6% 

 LdT .- 2.5% 

 

Mode/Contribution values Figure 9 

 LdTrbT - 47.5% 

 TdTrbL – 32.6% 

 LrbTdTrbT – 6.9% 

 TdLrbL – 6.4% 

 

The letters abbreviate modes, surfaces and when reflections occur.   

 L indicates Longitudinal mode 

 T indicates Transverse mode 

 r indicates a reflection from a surface 

 b indicates backwall 

 d indicates defect 

Transverse 

Long. 
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E.g. TdTrbL 53.9% indicates the path of the transverse mode to the defect that then moves off 

in transverse mode to the backwall where it reflects and mode converts to longitudinal mode.  

And this portion contributes 53.9% of the signal strength.  

 

Because reflections on the vertical face of the notch are occurring at less than the critical 

angle, from both the direct path of the transverse mode and the transverse mode reflected off 

the backwall, mode conversions occur.  These mode conversions significantly reduce the 

available pressure returning to the probe in transverse mode.  The reflection coefficient of a 

transverse mode incident on a free boundary at 30° is only about 11% with the majority of the 

reflected sound pressure being converted to longitudinal mode [3].  Although the incident 

angle for the 70° transverse beam on the vertical face of the notch is also below the critical 

angle (i.e. at 20° incidence) the reduction of reflection coefficient due to mode conversion is 

much less (about 58% compared to the 11% for the 60° beam).  

 

It is worth noting that although the ray paths for the reflected and mode converted rays in 

Figures 8 and 9 indicate directions that do not return to the probe, the real “beam” is in fact a 
wavefront with a cylindrical shape.  As a result, the off-axis beam can still provide a signal for 

the probe to receive.  The arc-shaped pulses are seen forming in the last frame of Figure 10 

which is a series of photoelastic frames for a single probe position similar to the position in 

Figure 8.  
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Figure 10 Pulse progression at an 

emission point simlar to Figure 8 
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6. Conclusions 
 

Civa simulation software has been used to accurately illustrate depth estimation errors that 

result when using the 60° beam angle in manual ultrasonic testing. The “Modes 
Identification” tool in Civa helps to understand how amplitude reductions occur due to mode-

conversions at boundary conditions.  Origin of the modes predicted by the Civa “Modes 
Identification” tool have been confirmed using photoelastic visualisation.  
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