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WIDEM Deliverable Report 6.2: Inspection performance of axle 
inspection methods on existing designs 
 

1 Objectives 
To determine inspection performance on existing axle designs 
 

2 List of Abbreviations 
 
POD Probability of Detection 
UT Ultrasonic Testing 
NDT Non Destructive Testing 
MPI Magnetic Particle Inspection 
ACFM AC Field Measurement 
FSH Full Screen Height (an indication is noted as an amplitude as a percentage of FSH) 

3 Introduction 

3.1 Purpose and Role of Deliverables within WIDEM 
Inspection reliability data in the form of probability of detection curves (PODs) are needed to determine 
inspection intervals. Sources of experimental data with statistical background are not common, because of the 
considerable expense in preparing sufficient defective test samples to give good confidence in the results. Only 
the offshore and the aircraft industry have this type of data, although some exist for general weld specimens, 
and some examples are given below. The nuclear industry has tended to adopt a non-statistical approach and 
sets out to provide an adequate signal to noise ratio from known defects. The nuclear industry also uses an 
approach called inspection qualification, in which all supporting evidence for an inspection is given to support 
the case that an inspection is satisfactory. The same industry has also generated “Capability Statements” which 
are generic to each technique and can be used as evidence in inspection qualifications.  
 
The purpose of a POD curve is that it (with other factors considered elsewhere within WIDEM) enables a 
capability for a reliability assessment of the axle fleet and the can be used to optimise the inspection periodicity. 

3.2 Crack Location and Morphology 

3.2.1 Location  
Cracks in axles occur at two significantly different areas for inspection: 
 
1 On the axle body 
2 In the wheel or brake or driving seats. 
 
These areas may or may not be accessible for visual or surface inspection. The wheel seats can only be 
examined in this way during overhaul and consequent wheel replacement. 
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3.2.2 Crack Morphology 
The cracks formed in axles vary considerably in their appearance. Cracks in the body often form in small 
groups (Figure.1). Fretting cracks under the wheel or brake seat can have different appearances (e.g Figure 2 
and Figure 3). These sometimes start at 45 degrees to the surface. 
 

 
 
Figure.1 Example of crack group on UK axle 
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Figure.2 Crack under brake seat (axle from metro system) 
 

 
 

Figure 3 Fretting cracks in Lucchini Hollow axles 

3.3 Methods of Axle Inspection 
 
The methods of detection vary for solid and hollow axles. In general surface NDT methods (e.g magnetic 
particle inspection, eddy currents ACFM) can be used when the axle body is to be inspected (except possibly 
where access is restricted for example where there is no visual and/or hand access.  
 
For cracks under the wheel seat (for example) surface inspection methods can be used only when the wheels are 
removed. In service, ultrasonic methods are applied, either from the end of the axle to mid-span or further (far 
end scan), from the end of the axle to an adjacent seat (near end scan), or from the axle body across the seat 



   

 Pag 9/59 

(high angle scan). There are some automated phased array methods of deploying the angle scan, and some 
automated methods of deploying the far end scan  
 
The far end scan is also used as a general inspection over the length of the axle and because of convenience is 
applied at more regular intervals than surface methods. 
 
For hollow axles the inspection is carried out by a special rotating probe from the bore. TWI also developed a 
special probe for inspecting the wheel seat specially for the WIDEM project. 

 

3.4 Previous Inspection Reliability Studies most Relevant to Rail Axle Inspection 

3.4.1 Ultrasonics – Near End and High Angle Scans 
Most ultrasonics trials have been concerned with weld defects, which are not particularly relevant to axle 
inspection. These studies generally showed a very poor reliability for manual UT inspection in general (around 
50% POD for defects of greater than 10mm length and 1-4mm depth) (Verkkooijen 1997), and wide variation 
in operator performance in (Serco Assurance 1999)). However there were some studies carried out by Martin 
Marietta Aerospace in 1973-5 which are recorded in the NTIAC Non Destructive Evaluation Capabilities Data 
Book (copyright prevents reproduction of these without permission) (Rummel and Matzkanin). These give a 
90% POD for fatigue cracks in aluminium using a full skip pulse echo method (angle not recorded) at a crack 
length of around 0.05 inches (depth 1.2mm). The similarities between this trial result and the near end scan are 
that (a) the defect is a fatigue crack (b) angled ultrasonics is used (c) the inspection and defect surfaces are 
smooth. The differences are (a) the material (b) the inspection was full skip rather than half (c) it was carried 
out at 10MHz rather than 5MHz. However, the type of sensitivity shown here is that which might be expected 
from near end and high angle scans. The most significant difference is the higher frequency, which in this case 
would increase the POD values compared to those for the axles. 
 
The figure of 1.2 mm given above seems to indicate that the technique is better than the estimate of Benyon and 
Watson (2001) (90% POD at around 3mm). Moreover, Hall (1995) estimates the minimum flaw sizes 
detectable by the high angle and far end scans to be 0.5mm and 1mm respectively, although this is not 
associated with a POD estimate. There is therefore some evidence that the Benyon and Watson figure might be 
conservative, although the fact that it is a manual inspection might have influenced their estimate. 
 

3.4.2 Ultrasonics – Far End Scan 
The nearest equivalent result given is possibly that provided by Chapman and Bowker (2001) from a summary 
of work in the nuclear industry. This quotes a figure of 4mm deep x 15mm long 'reliably detectable' for ranges 
above 150mm in welds. The axle inspection far end scan is at a range of around 700mm and therefore this limit 
of 150mm would be exceeded for the axle case. 

 

The Chapman and Bowker result is not wholly inconsistent with the figure quoted by Benyon and Watson (50% 
POD at 5mm depth) given the increased range. This figure is typical of the one used to estimate intervals for 
inspection. However, strictly speaking there is no equivalent experimental data on POD for this inspection. 

 

3.4.3 Surface Inspections 
Studies have been made of MPI and of similar inspection systems to those used by ACFM and EMFaCIS 
(Pollard and Lear). 
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The results are summarised in Table 2. 90% POD is used as a reference, where this data is available, although 
full POD curves are available in the literature. 
 
Summarising these results is quite difficult, but there are some things which may be concluded: 
 
ACFM, MOSER (EMFaCIS) and MPI applied underwater had similar levels of detection. 
MPI sensitivity does vary considerably, but the majority of results suggest 90% POD for flaws around 1.5mm 
deep or less as a reasonable estimate on flat surfaces (Bowker et al 1999). 

 

The conclusion of the UCL work (Rudlin 1992) above does not agree with the study carried out within the rail 
industry on the axles (Pollard and Lear); neither does the latter agree with the expert estimates of Benyon and 
Watson (which also have similar PODs for MPI and eddy current). It should be noted that the UCL work was 
carried out with very early versions of the ACFM and EMFaCIS systems. However there is no study available 
other than the rail industry one that compares the performance of the techniques on good quality (non-welded) 
surfaces, and this is also the most recent study.  

 

As NDT performance is very component and technique specific, the rail industry result should be the most 
appropriate to use. The implications of not using this result if an accident occurred after MPI had been carried 
out could be politically very significant. There are however some things which perhaps need to be done as a 
follow up to this work to give the result full credence. 

 

3.5 Effects of Coatings on the NDT Methods 
Coatings, especially paint coatings, are applied to the axle to reduce the corrosion. Corrosion is a particular 
problem with certain freight wagons and with axles close to toilet outlets on passenger stock. These coatings are 
not normally removed for ultrasonics, do not need to be removed for the electromagnetic methods, and are 
removed and replaced for MPI. There is therefore some advantage in using the electromagnetic techniques, 
although the cost difference needs to be evaluated if the inspections are found to be technically equivalent. 
 
More recently thermally sprayed aluminium (TSA) coatings have become a possibility with a view to providing 
additional corrosion protection.  

4 Approach for Inspection Reliability Measurement in WIDEM Trials 

4.1 Measurement of POD 
The experimental measurement of POD first requires that a collection of cracked axles be obtained. The 
location and dimensions of the cracks should be determined by the best possible laboratory inspection methods. 
 
Once the collection is characterised then inspection trials can take place. Trials can be blind, where the operator 
is told nothing about whether cracks are present or not, or open, where an evaluation of the indication of the 
technique is made in the knowledge of the crack being present. Blind trials must be carefully arranged to 
minimise operator effects such as pre-knowledge of the cracks.  
 
In some cases (for example MPI) the data is in the form of detected/not detected. For ultrasonic and eddy 
current methods then the data can be either in this form or in the form of response vs defect size. The latter 
allows the calculation of POD from a smaller number of data points and is the method used for the LBF trial 
described below. These methods are described in more detail in other documents (Schneider and Rudlin 2004). 
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5 Work Carried Out 

5.1 Sample Acquisition and Manufacture 
 
The axles that have been obtained are as follows: 
 
Collection at TWI of service withdrawn solid axles. Some of these have service cracks and some have been 
fatigued to produce a crack Collection of cracks in solid axles owned Applied Inspection, Glasgow, that was 
hired for use in trials 
Collection of smaller solid cracked axles at LBF Darmstadt  
Cracks made for the project in hollow axles at Lucchini  

5.1.1 TWI Axles 
Characterisation was carried out by MPI and ACPD. The methods of obtaining this data are called crack 
characterisation and this is described below. Appendix A Table A1 gives available details of these cracks. 

5.1.2 Axles provided by Applied Inspection Ltd 
The axles provided by Applied Inspection Ltd were from a collection used for operator training. These were 
characterised by MPI and ACPD. Appendix A Table A2 gives details of these cracks. 

5.1.3 Lucchini Hollow Axles 
The hollow axles supplied by Lucchini were fatigue test samples and consisted of a single wheel seat in the 
centre of the axle. These were characterised by MPI and ACPD. And the results shown in Appendix A Table 
A3  

5.1.4 Darmstadt Axles 
The samples at LBF are from an urban Metro system.  There are 13 samples, 11 of which are cracked (the 
uncracked samples were not used). The sample identifications and crack dimensions are given in Table A4. 
 

5.2 Characterisation Methods 
 
The cracks were initially detected with magnetic particle inspection (MPI). An example is given in Figures.1 
and 2. These are used to measure crack length. 
 
The ACPD (alternating current potential drop) method was used to measure crack depth on all the cracks. This 
gives an estimate of crack depth at individual points on the crack and a profile can be built up. An example of 
the type of data is given in Figure.4. 
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Figure 4 ACPD Profile of crack depth 

 
Phased array pulsed echo ultrasonics was used as a check on the ACPD results for larger cracks. Smaller cracks 
could not be visualised with this technique applied from the same side as the crack due to the beamwidth of the 
available probe. This probe was also not large enough to provide a focussed beam when applied to the other 
side of the axle. An example of the results from this technique is given in Figure.5. 
 

 
 

Figure 5 Ultrasonic phased array images of crack 
 
Time-of-Flight-Diffraction (TOFD) ultrasonics was also attempted. This was difficult to apply because the 
geometry of the component did not allow ideal positioning of the probe (equidistant from the crack at the 

 

Plan of crack 
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surface). The shallow areas of the crack were hidden, but some indications were obtained. Figure 6 shows an 
example of one of these. 
 

 
 

Figure.6 Example of TOFD Image of crack in Darmstadt axles 
 

6 Inspection Trials 

6.1 Far End Ultrasonics-TWI axles 

6.1.1 Introduction 
The investigation into far end ultrasonics was carried out in various stages. 
 
1 An investigation by TWI of signals obtained from the known cracks using non-standard axle inspection 
procedures. 
2 An investigation by a Level 3 Inspector with many years of axle inspection experience and knowledge of the 
procedures applied to the axles in the test. This operator specified the procedure and gave the signals obtained 
from the known cracks (a “fingerprint” inspection. This operator also produced reference traces for the 
uncracked axle areas.  
3 A blind trial by 5 inspectors with Level 1 axle inspection qualifications. 

6.1.2 Sample Description 
The samples for the blind trials were selected from 20 held by TWI. Those selected included 5 samples which 
had had fatigue cracks induced by TWI. There were 4 Class 455 drive units, and the other was a pulley drive 
axle. The cracks in these samples were 5mm, 10mm and 15mm deep as measured by ACPD. 
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Also included were samples with known service cracks and crack free samples (including two of the Class 455 
type). 
 
Further data was taken from samples containing service cracks owned by Applied Inspection Limited  
 
In summary the crack situations examined are given in Figures 7-9. 
 
All samples had the wheels removed for the inspection trials 
 
 
 

6.1.3 Trial Geometries 
 
 

 
 

Figure 7 Plain Axles (slightly different wheel seat /bearing designs) 
 
 

Situation Distance Probe-
Flaw (mm) 

Probes Tested Other 
Seats/reflectors 
in path 

Comments 

End 1,2 ~1000 0 deg single  
0 deg twin 2MHz 
5 deg twin 2MHz 
5 deg twin 4 MHz 

None Blind and 
non blind 
tests 

 
Samples in blind trial (for details see Table A1):J,Q. Additional data for non-blind trials came from Applied 
Inspection samples 4,7,8. 
 
These samples are Group 1 from both ends (see Section 7.1.1). 
 
 
 
 
 
 
 
 
 
 

Wheel 
Seats 
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Figure 8 Commonwealth Pulley Axle 
 

 
Situation Distance Probe-

Flaw (mm) 
Probes Tested Other 

Seats/reflectors 
in path 

Comments 

Pulley End  0 deg single  
0 deg twin 2MHz 
5 deg twin 2MHz 
5 deg twin 4 MHz 

1  Blind and 
non blind 
tests 

Non Pulley End  0 deg single  
0 deg twin 2MHz 
5 deg twin 2MHz 
5 deg twin 4 MHz 

0 Blind and 
non blind 
tests 

 
Sample T 
 
This sample is Group1 from the non-pulley end and Group 3 from the pulley end (see Section 7.1.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wheel 
Seats 

Location 
of Crack 
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Figure 9 BR Axles Type 455 Motor axle (6 axles 4 with artificially induced cracks) 

 
 

Situation Distance Probe-
Flaw (mm) 

Probes Tested Other 
Seats/reflectors 
in path 

Comments 

Gear End 1200 0 deg single  
0 deg twin 2MHz 
5 deg twin 2MHz 
5 deg twin 4 MHz 

At least 3 Blind and 
non blind 
tests 

Non Gear End 1050 0 deg single  
0 deg twin 2MHz 
5 deg twin 2MHz 
5 deg twin 4 MHz 

1 but complex Blind and 
non blind 
tests 

 
Samples used E,F,G,H,S,R. 
 
These samples are Group 2 from the non-gear end and Group 3 from the gear end (see Section 7.1.1). 
 
 

6.1.4 Procedure  
 
TWI Level 3 operator 
 
The TWI operator was aware of the crack locations, but was not aware of standard axle inspection techniques. 
This operator adjusted the display on the ultrasonic set to show a region near the crack. He recorded the crack 
signal amplitude and the location and amplitude of the nearest geometric signal. The crack signal was identified 

Crack 
Location 

Brake/Drive 
seats  

Earth 
Return 
seat 

NON 
GEAR END 

GEAR END 
Wheel 
Seats 
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by its appearance at only part of the circumference, whereas geometry signals appeared over the whole 
circumference. 
 
A wide range of probes were tested. 
 
Axle Level 3 Inspector 
 
This inspector set up his instrument according to standard British Rail procedures for the particular axles. This 
usually meant a 50% reference signal from the far end spigot radius. The maximum amplitude obtained from 
each crack was then recorded with the different probes. 
 

6.1.5 Procedure (blind trials) 
 
The samples were laid out on a bench at a height of approximately 0.8m above the ground (slightly higher than 
normal inspection heights) as shown in Figure 10. Each axle was given a label which was different for each of 
the inspectors. 
 
Instructions to operators (blind trials) 
 
The instructions given to the inspectors are given in Appendix B. No time limit was placed on the inspection. 
Each inspector was provided with a “no cracks” paper copy of the screen image from each axle type recorded 
by the Level 3 Inspector. 
 

 
 

Figure 10 Workshop situation for far end crack detection tests 
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6.2 Investigation of High Angle UT Inspection for cracks in wheel seat areas 

6.2.1 Introduction 
The high angle scan (usually with 45 or 60 degree shear wave or similar probe can be used to inspect the wheel 
seat or adjacent areas from the other side of the axle. The path length for the ultrasonic beam is therefore of the 
order of 150mm or more. The cracks to be detected by this method could be either in the wheel seat, on the axle 
body close too the seat or in the radius. 

6.2.2 Sample Description 
A selected number of the Darmstadt cracks were used. Some experiments were also conducted on the samples 
at Springburn. These were on crack detection in radii. 

6.2.3 Procedure  
All samples had the wheels removed for the inspection trials. The inspector set up his instrument according to 
standard procedures for the particular probes and the amplitude of the signal from the cracks recorded.  
 
Different probe types were investigated. 
 
The tests on the cracks in the radii were set up with a standard procedure for the axle with the reference signal 
set from a wheeled axle with the correct geometry. 
 
The measurements were carried out on known cracks so the trial is not blind. 
 

6.3 Magnetic Particle Inspection 

6.3.1 Introduction 
The Inspector MPI Tests were carried out at Springburn Depot, Glasgow, Scotland over two night shifts on 
9/10 May 2007. Prior to this TWI had carried out an MPI inspection using manual methods to establish the 
range of cracks in the samples.  

6.3.2 Sample Description 
 
12 samples were selected from the 20 axles held by TWI.  Those not selected were axles with induced cracks 
where a crack starter was visible, and those with sufficiently large cracks so that useful POD data was unlikely 
to be produced.  
 
All samples had the wheels removed for the inspection trials. All the cracks tested were service induced. 

6.3.3 Equipment 
A standard Magnaflux bench unit was used, with fluorescent ink. The bench was provided with shroud to 
prevent ambient lighting during the inspection.  

6.3.4 Instructions to operators 
Two inspectors were used. One was a Level 2 MPI with 38 years experience of testing axles. The other was a 
Level 1 MPI with 22 years of axle testing experience. 
The inspectors were read a prepared script (Appendix B) giving them instructions and preparing for the trial.  
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6.3.5 Procedure – Blind Trials 
The sample was loaded into the unit and the shroud applied. Only the transverse (coil) magnetization was used 
with a current of around 1.1kA (standard for these axle sizes). This was applied before the ink and fluorescent 
light was applied. The supervisor went with the inspector into the shroud and recorded the results from the 
verbal comments and measurements given by the inspector. 
 

6.4 Investigation of Surface Waves 

6.4.1 Introduction 
The surface wave method was developed for Applied Inspection to inspect parts of plain axle and exposed seat 
radii from a small number of inspection locations. The surface wave technique can detect cracks on axles at 
some distance from the crack location, and this was tested in the trials.  
 

6.4.2 Sample Description 
The samples used were the TWI and Applied Inspection samples with cracks in the mid span of the axle. The 
inspection method was also tried on some of the cracks adjacent to the wheel seat. 

6.4.3 Procedure  
An Applied Inspection standard procedure was used. The equipment was set up on a slot with known depth and 
the response set to 80% FSH. The surface wave probe was then deployed to the axle in question and the signal 
amplitude measured. 
 
The trials were not blind, as the signals were recorded from known cracks. 
 

6.5 Investigation of High Frequency Eddy Current Probe 

6.5.1 Introduction 
This probe type is most frequently used in the aerospace industry. It is shown in Figure 11.  
 

 
 

Figure 11 App 05 Probe used for high frequency inspections 

6.5.2 Samples Tested 
A number of the TWI and Applied Inspection samples were tested. 
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6.5.3 Procedure 
The procedure for the inspection was supplied by Applied Inspection. This involved setting up the instrument to 
give 80% FSH for 0.5mm deep slot in a test sample. 
 
The measurements were carried out on known cracks so the trial is not blind. 
 

6.6 Investigation of Eddy Current Array 

6.6.1 Introduction 
The GE Eddy Current Array probe (Figure 12) was developed by Hocking NDT (now GE) for Applied 
Inspection to enable a large area of material to be inspected rapidly, it covers a width of approximately 25mm 
and is moved at right angles to the expected crack direction (i.e along the axle). It can be deployed for 
inspection of plain areas of axles in depot  
 

 
 

Figure 12 GE Eddy Current Array Probe 

6.6.2 Sample Description 
The samples used were the TWI and Applied Inspection samples with cracks in the mid span of the axle. The 
inspection method was also tried on some of the cracks adjacent to the wheel seat. 

6.6.3 Procedure  
The equipment parameters to use were supplied by Applied Inspection. The signal from a known slot 0.5mm 
deep was set at 100% FSH and the signal from each defect recorded and measured. The set up used has an 
instrument setting containing a high pass filter. This means that to record a signal the probe must be moving 
over the crack when testing occurs. 
 
The measurements were carried out on known cracks so the trial is not blind. 



   

 Pag 21/59 

6.7 Investigation of Eddy Current Weldscan 

6.7.1 Introduction 
The GE Weldscan probe (Figure13), as its name suggests, has been designed for weld inspection. It was 
developed for this purpose in the 1980’s. It has the property that the design limits the lift off signal. For the 
purposes of axle inspection, it is convenient that it has a radiused end, and therefore it is ideally suited to the 
detection of cracks in the wheel seat area. 

 
 

Figure 13 Eddy Current Weldscan Probe 

6.7.2 Sample Description 
There were only two samples in the UK range with suitable cracks to investigate (Samples O and Q).  
 
The measurements were carried out on known cracks so the trial is not blind. 
 

6.7.3 Procedure  
 
Setting up of the Weldscan probe is carried out with a flat test block containing slots of 0.5, 1mm and 2mm 
depth. The probe was set up with the 1mm slot at 80% FSH and other signals measured with respect to that. 
 

6.8 Investigation of ACFM 

6.8.1 Introduction 
ACFM (Alternating Current Field Measurement) is a technique developed at University College London in the 
early 1990’s and is currently marketed by TSC Inspection Systems. It is designed to give a calculation of actual 
crack depth from the The system consists of a large probe (or array of probes) that must be moved along the 
length of a crack to produce the appropriate signal. The scanning method is therefore around the axle rather 
than along it and it is most suited for situations when the axle can be rotated for the inspection. 
 
Unfortunately it was not possible to carry out tests on this method in this project for logistical reasons. 
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6.9 Investigation of TWI UT Inspection for cracks in wheel seat areas 

6.9.1 Introduction 
This method of inspection was originally developed with a view to assisting Lucchini in fatigue crack 
monitoring. In principle an ultrasonic beam deployed from the radius is set up to pass under the wheel seat for a 
short distance, and can in principle detect cracks under the wheel. It consists of a conventional small 
compression wave probe mounted on a specially designed wedge. Figure 14 shows deployment on the 
calibration sample. 
 

 
 

Figure 14 Deployment of the TWI Wheel seat probe 
 
It was shown in early experiments that the wave was not a surface wave so the presence of the wheel should 
have no effect, but it was never tested with a wheel in place. 

6.9.2 Sample Description 
The calibration sample details are shown in Figure 15. The Lucchini hollow axle samples were used .The 
geometry of the radius is critical in the probe design so it was only used on the radii where under wheel 
cracking was expected. Figure 16 shows the experiment in progress. 
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Figure 15 Details of Calibration sample (all slots 10mm long x 2mm deep). 

6.9.3 Procedure  
A test sample was made up containing three spark eroded slots of 2mm depth and 10mm length at different 
distances from the seat. These were set up to give an 80% FSH signal using Force P-Scan equipment. (The 
probe could equally be used with a standard UT set but this does not have the spatial recording facility. 
 
The measurements were carried out on known cracks so the trial is not blind. 
 

 
 

Figure 16 Examination of Lucchini Hollow axle with TWI Probe (the P-Scan equipment is in the background) 
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6.10  Investigation of Hollow axle Inspection by Rotating Bore Probe 

6.10.1 Introduction 
Inspection of hollow axles is normally carried out using rotating probes working from the bore of the axle to 
detect cracks in the surface, either on the axle body or the wheel seat. 

6.10.2 Sample Description 
The samples were provided by Lucchini and were fatigue cracked samples specially produced for the WIDEM 
project (although the intention of the samples was to study crack growth rather than as samples for inspection 
trials). These samples contained a single wheel seat at the axle centre rather than at the ends. 
 
All samples had the wheels removed for the inspection trials. 

6.10.3 Procedure  
The axles were inspected with the rotating probe equipment in Lucchini, Lovere (Figure 17). The gain of the 
system was initially obtained for 1mm deep slot set at 80% FSH. However many signals were reported at low 
amplitude so for each detected crack, the gain was adjusted to be 80% screen height and the added or subtracted 
gain recorded.  
 
The measurements were carried out on known cracks so the trial is not blind. 
 

 
 

Figure 17 Rotating Probe Equipment for hollow axle inspection 

6.11 Investigation of Near end UT Inspection for cracks in metro axles 

6.11.1 Introduction 
These experiments were carried out in two stages at LBF Darmstadt. The original procedure using a 0 degree 
probe was followed except a number of angled beam probes were used. 

6.11.2 Sample Description 
All the Darmstadt samples were used in this trial. All samples had the wheels removed for the inspection trials 
The general geometry and crack location for the Darmstadt axles are given in Figure 18. 
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Figure 18 Axle geometry and crack location 
 

6.11.3 Procedure  
A sample with a 3mm deep slot was provided for calibration. The procedure indicated that this should be set at 
80% FSH and indications larger than 40% reported. 
 
The measurements were carried out on known cracks so the trial is not blind, however in some repeat trials the 
operator was not advised of previous results so some indication of repeatability was obtained.  Figure 19 shows 
the experimental layout and the probe in operation. 
 

 
 

Figure 19 Testing the Metro Axles (near end) 
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6.12  Investigation of Far end UT Inspection for cracks in metro axles 

6.12.1 Introduction 
This was carried out for the purposes of investigation only. From the far end the cracks were at a distance of 
about 1m from the probe, corresponding to far end inspection to mid span of a full size axle. 

6.12.2 Sample Description 
This experiment used all the Darmstadt axles. All samples had the wheels removed for the inspection trials 

6.12.3 Procedure  
No formal procedure existed for this inspection as it was for the purpose of investigation only. For the purpose 
of the experiment the noise level was recorded so that the crack detectability could be estimated. Figure 20 
shows the inspection in progress and gives an idea of the restricted movement possible with the probe because 
it was working in a recess. 
 

 
 

Figure 20 Far End Inspection of Darmstadt axles showing access limitation. 
 

7 Results 

7.1  Far End UT (TWI/Applied Inspection Axles) 

7.1.1 Analysis and Results 
In order to generate POD curves from signal amplitudes, it is necessary to have both a threshold of detection 
and signal amplitudes. The reporting threshold was however used for the threshold. 
 
The results analysis for the POD considered various aspects of the trials. An extension of response versus size 
method (Schneider and Rudlin 2003) was used to account for variations in signal amplitude logS with: 
logD (where D is crack depth) 
‘Group’ i.e. geometrical complexity of axle 
Probe 
Operator 
Statistically significant interactions between above factors 
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The fitted POD model was  based on multiple linear regression of logS versus the above factors 
Non-detections and saturated signals treated as censored data 
Regression coefficients estimated by Maximum Likelihood method  
 
 
The factors affecting POD (in order of statistical significance were: 
 
Crack Depth  
Axle geometry 
Probe 
Operator 
 Interaction between probe and operator 
 
In the second case the detection is complicated by the noise of surrounding geometric signals. The axles were 
divided into 3 different groups. 
Group 1 Plain axles (wheel seats only) 
Group 2 Mildly complex - one other seat some distance from crack 
Group 3 Complex- crack close to geometry change 
 
Figures 21 (a) and (b) show the effect of two different geometries on crack detection 

 

 
 

Figure 21(a) Typical Crack Signal Group 
3 axle (Crack was 10mm deep) 

Figure 21(b) Typical Crack Signal Group 
2 axle (Crack was 10mm deep) 

 
 
Formal tests of statistical significance of were carried out on  

·  Main factors above 
·  Interactions between each pair of factors 

 
Formal tests of linearity of the relationship between log S (signal) and logD crack depth) were also carried out 
and a Log-normal probability plot of residuals of fitted model was also produced, including checks for 
statistical outliers. 
 
The results confirm the adequacy of the fitted model. 
 
The POD curves for each case are given below in Figure 22. 
 
 

  
MASTER 0 DEG (DOUBLE CRYSTAL) CLASS 
455 G.E. SAMPLE E  

MASTER 0 DEG (DOUBLE CRYSTAL) CLASS 
455 N.G.E. SAMPLE E  

17% F.S.H. @ 4.8 DIVISIONS F.S.H 24% @4.2 DIVISIONS 
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0° 2MHz Group 1 POD 5° 2MHz Group1 POD 5° 4MHz Group 1 POD 

   
0° 2MHz Group 2 POD 5° 2MHz Group2 POD 5° 4MHz Group 2 POD 

   
0° 2MHz Group 3 POD 5° 2MHz Group3 POD 5° 4MHz Group 3 POD 

 
Figure 22 The POD curves for each case of probe and axle geometry. 

 
This data can be usefully summarised by referring to the 90% POD for the “typical” operator (here taken from 
the main group). These results are shown in Table 1. 
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Table 1 Summary of results for 90% POD (best operators) 
 

  0 deg 2MHz 5 deg 2MHz 5 deg 4MHz 

Group 1 8-10 7-9 3-5 

Group 2 15-20 13-15 6-9 

Group 3 >25 >25 10-15 

 
 
 

Table 2 Order of Operator performance (from POD) 
DFGCE CFGED FGEDC 

0° 2MHz Group 1 5° 2MHz Group1 5° 4MHz Group 1 
DFGCE CFGED FGEDC 

0° 2MHz Group 2 5° 2MHz Group2 5° 4MHz Group 2 
DFGCE CFGED FGEDC 

0° 2MHz Group 3 5° 2MHz Group3 5° 4MHz Group 3 
 

Table 3 shows a summary of the hit/miss and false call records. 
 
 

Table 3 Hit/miss and False Calls 
 

0 degree 2MHz probe 
Operator P Q R S T 

No of correctly identified cracks 3 10 1 6 6 
No of indications called in non-crack positions 2 7 2 3 0 

No of ends correctly identified as flaw free 6 1 6 5 8 
 

5 degree 2MHzprobe 
Operator P Q R S T 

No of correctly identified cracks 8 3 4 6 7 
No of indications called in non-crack positions 0 7 0 2 0 

No of ends correctly identified as flaw free 8 1 8 6 8 
 

5 degree 4MHz Probe 
Operator P Q R S T 

No of correctly identified cracks 6 4 8 10 10 
No of indications called in non-crack positions 0 5 0 4 2 

No of ends correctly identified as flaw free 8 3 8 4 6 
 

(No of cracks in sample:12 (6 cracks from each end). 8 uncracked ends. 
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7.1.2 Discussion 
 
The results show that there are different POD curves for different situations. The POD is better for the higher 
frequency angled beam probe and for the simpler axles. Since the standard procedure for t\he simpler axles uses 
a 0 degree probe then there would be benefits from the use of higher frequencies and angled beams for the mid 
axle cracks. The same applies for the more complex geometries. The POD data used at present for estimating 
inspection intervals in the UK (Benyon and Watson) gave 13mm for Far End Scan 90% POD. This can be seen 
to be slightly pessimistic for inspection of trailing (simple) axles and optimistic for more difficult situations. 
 
The order of the operator performance was the same depending on the probe type used. This suggests a 
tendency for the operator to prefer different probes. The human factors affecting operator performance are 
considered later. However Table 3 suggests that some of the good POD results for the 0 degree probe also came 
with a higher number of false calls so that the benefit of a good POD would be lost. This was less so for the 
other probes but there were still some operators who gave a high number of false calls. 
 

7.1.3 Conclusions 
 
1 The performance of the far end inspection depends on the axle geometry, location of the crack and choice of 
probe. It is extremely dependent on operator performance, which can have a low POD but also a higher POD 
with false calls. 
 
2 In general the 4MHz angled beam probe gave a better POD than the traditional (i.e BR Procedure) 0 degree 
2MHz probe. 
 
3 The curves currently being used in industry to determine inspection intervals may be too pessimistic for 
trailing axles and optimistic for complex geometry driving axles. 

7.2 High Angle UT  

7.2.1 Results  
The POD curves for the high angle UT were produced relative to a noise level rather than to a fixed procedure 
because none was available for the particular geometry involved (most procedures estimate signal amplitudes 
relative to a geometry signal). 
 
The curves are given in Figures 23 and 24. Further results on radii are given in Table 4. 
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Figure 23 Probability of Detection Curve for high angle scan with 45 degree probes at different frequencies 

 

High Angle POD for 60 degree robes
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Figure 24 Probability of Detection Curve for high angle scan with 60 degree probes at different frequencies. 

 
Table 4 High Angle scan detection of cracks on radii 
 

Sample Crack Depth 
(mm) 

Signal Amplitude 

O 1.8 6dB less than threshold 
J 2 16dB less than threshold 
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7.2.2 Discussion 
 
The results show that the 90% POD for the high angle scan is at 1-2.5mm depth with the best results from a 
4MHz 45 degree probe. The results for the 45 degree probes are consistent with expectations with the higher 
sensitivities being obtained at higher frequencies, this is not so with the 60 degree inspection. The reason for 
this may be that the noise level was higher in the 60 degree inspection (mode conversions of the ultrasonic 
beam usually mean that a higher gain is needed for these inspections at this angle). The estimate of noise may 
have been more pessimistic for the 4MHz case. 
 
When attempting to detect cracks in radii, the results show below procedure threshold signals. This could be 
due to the changed angle of the cracks relative to the beam or the setting of threshold using a geometrical signal 
means a reduced gain.  

7.2.3 Conclusions 
1 The high angle scan gave a 90% detection rate of 1-2.5mm when detection set relative to noise 
 
2 This value should be used with care when attempting to detect cracks in radii or when the detection threshold 
set relative to geometrical signals. 

7.3 Magnetic Particle Inspection 

7.3.1 Results 
The results are shown in Appendix C. This compares the results obtained prior to the trials by TWI using a 
manual yoke with black ink and white paint and also shows the trial results. 
 
A summary (Table 5) shows the eventually concluded results. 
 
Table 5 Summary of MPI Results 
 

Sample ACPD Init MPI A B 
Number   1=Hit 0=miss 
O 

1.8 18 1 1 

>10 190 1 1 

P 

>10 130 1 1 

6.2 195 1 1 

0.4 23 0 0 

A 

1.6 38 0 0 
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H 

0 5 0 0 

2.2  1 1 

J 

2.2  1 1 
Q 

1.3  0 1 
 

7.3.2 Discussion 
The results shown in Appendix C the considerable variability of the operators’ reports, and also the severe 
limitation placed on the experiment by the choice of using service induced cracks. It can be seen that there was 
only one crack missed by one operator and not the other, and to produce a POD curve on this basis would be 
impossible. Operator A was far more experienced and Operator B produced many calls from scratches on the 
surface.  
 
It is important to realise that all the cracks used in these trials were detected by MPI, therefore in principle all 
can be detected. Therefore it is clear that operator performance is the critical factor in the POD for MPI as far as 
can be realised in these trials (the main other factor being crack gape or closure, which would require separate 
measurement) 

7.3.3 Conclusions 
The POD for MPI could not be determined from the number of service induced cracks available.  
 
The was clear indication of the wide variation in operator responses that are possible with MPI. 

7.4 Surface Waves 

7.4.1 Results  
Table 6 shows the results for the surface wave inspection tests 
 
Table 6 Results for surface wave inspection 
 

Axle Location MPI ACPD 
SW 
(60cm) 

SW 
(30cm) 
(Radius set 
to 100%) 

O radius 20 1.8  100+8dB 
B1 Body 12  60 100+6dB 
B2 Body 28 6.5 100 100+8dB 

J end 2 radius  2  
35% screen 
height 

Q radius  1.3  100-3dB 

26577 A 18 3.2  
35% screen 
height 

41641 B 10 1.3  
5% screen 
height 

14168 Corroded 14 1.5  >100%FSH 

99961  10 2  
Not 
detected 
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7.4.2 Discussion 
 
It can be seen from Table 6 above that the surface wave method has a capability for detecting surface cracks at 
some distance from the probe, and therefore has the potential for inspection of a large area with limited 
scanning. It can also inspect within the radius with reasonable sensitivity. 

7.4.3 Conclusions 
 
The surface wave method has shown potential for detecting small cracks over a large area with minimum 
scanning 

7.5 High Frequency Eddy Current probe 

7.5.1 Results 
The Results are given in Table 7. An example of the screen trace is given in Figure 25. 
 
 

 
 
 
 

Figure 25 screen trace (100% FSH) for the crack in Sample AB10560 using Probe App05. 
 
Table 7 Results from Eddy Current Probe (App05) 
(Note App05 is the Applied Inspection Code for the probe) 
 

Axle Location MPI ACPD App05 
26577 A 18 3.2 100 
41641 B 10 1.3 >100 
14168 Corroded 14 1.5 100 
TB2681 Body 5 0.5 68 
AB10560 Body 10 2.1 >100 
99961 Body 10 2 100 
Potash1 Body  1 100 
2 Body 8 0.5 75 
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7.5.2 Discussion 
An analysis of these results gives a POD of over 99% for cracks greater than 0.2mm. This is therefore clearly 
an effective method for surface cracks. The probe covers a very small area and therefore it is probably best used 
when the expected location of cracks is known. It is more limited in practice because the human factors may 
cause a signal to be missed or a part of the axle to be not covered. 

7.5.3 Conclusions 
The high frequency eddy current method seems to be a very effective method for detecting small surface cracks 
in axles but is limited by the extensive scanning required. 

7.6 Eddy Current Array 

7.6.1 Results  
The results from the eddy current array tests are shown in Table 8 
 
 
 
 
Table 8 Results obtained for the Eddy Current Array Probe 

Axle Location MPI ACPD 
ECArray(App09) 
% FSH 

O radius 20 1.8 100 
26577  18 3.2 80 
41641  10 1.3 60 
14168 Corroded 14 1.5 70 
TB2681  5 0.5 65 
AB10560  10 2.1 75 
99961  10 2 80 

Potash1 
Corroded 
Multiple  1 100 

2  8 0.5 80 
. 

7.6.2 Discussion 
An analysis of these results gives a POD of over 99% for cracks greater than 0.1mm. This is therefore clearly 
an effective method for surface cracks. The coverage is also good (approx 20mm wide scan). The POD will be 
more limited in practice because the human factors may cause a signal to be missed or a part of the axle to be 
not covered 

7.6.3 Conclusions 
The eddy current array method seems to be a very effective method for detecting small surface cracks in axles. 
 

7.7 Eddy Current Weldscan 

7.7.1 Results  
The results are shown in Table 9. 
 
Table 9 Results for Weldscan probe  
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Axle Location MPI ACPD Weldscan 
O radius 20 1.8 100 
41641 radius 5 0.75 80 
Coach3 radius 12 1.6 80 

 

7.7.2 Discussion 
There are insufficient results to give a POD in this case. However it can be seen that although the signal 
obtained is not directly proportional to the ACPD crack depth  

7.7.3 Conclusions 
The Weldscan probe provides an effective method of inspecting the radius area provided that it is accessible 
and that the scanning is good. 

7.8 ACFM 
ACFM work on the axles was not carried out due to logistical reasons (availability of equipment and personnel 
when needed). It is reasonable to expect that the results would be similar to the eddy current tests. 

7.9 TWI UT Inspection for cracks in wheel seat areas 

7.9.1 Results  
Figure 26 shows the A-Scan results from the calibration sample, and Figure 27 shows a typical scan with the P-
Scan equipment of a crack in a Lucchini sample. Figure 28 gives the POD curve when the threshold is set at 
40%FSH with the 2mm slot set at 80% FSH. 
 

Ascan at different locations 
Non defective area 

 
0                                                                   100mm 

  

Standing echo 
in probe 



   

 Pag 37/59 

 
0                                                                   100mm 

Detection of slot 1 

 
0                                                                   100mm 

Detection of slot 2 
 

 
0                                                                   100mm 

Detection of slot 3 

 

 
0                                                                   100mm 

Detection of slot 4 
 
 
Figure 26 Results from Calibration slots 
 
 

  
Crack 6.7mm depth (ACPD) Crack 0.8mm depth (ACPD) 

 
Figure 27 Images of cracks from P-Scan equipment 
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Figure 28 POD Curve for TWI Wheel seat inspection method 

7.9.2 Discussion 
The POD curve for the method gives 90% POD at just over 5mm crack depth. This means that the method 
could be useful in certain practical situations. This POD could be improved if a lower reporting threshold were 
used. Whether or not this is possible depends on the noise levels from the adjacent geometry. It should be noted 
that the probe wedge would need to be carefully designed for each different radius design at the wheel seat and 
the performance may vary.  
 
 
 
 

7.9.3 Conclusions 
The TWI developed method for inspecting under the wheel seat from the radius is effective and could be used  
as an alternative to other methods in this area 

7.10  Hollow axle Inspection by Rotating Bore Probe 

7.10.1 Results  
The calculated PODs are shown in Figure 29. 
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POD for Hollow Axle Inspection (10% threshold)
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Figure 29 POD curves from hollow axle inspection 

7.10.2 Discussion 
 
Figure 29 shows that detection by means of the hollow axle probe appears to be very poor, with a 90% 
detection only being achieved at around 15mm crack depth for the 45 degree probe and result from the 38 
degree probe showing an ineffective inspection. This is a rather surprising result. There may be several reasons 
 
(1) the setup was based on a 1 mm deep slot set at 80% FSH with the POD calculated for signals above 10%.  A 
1mm slot is a very good corner reflector at 45 degrees and this may set the sensitivity very high.   
 
(2) it is clear that the reflection from the cracks is much less than that from the slots, however it is also clear 
that most of the cracks can be identified from the ultrasonic signal provided a much higher gain is used. 
 
(3) The 38 degree result was probably highly affected by the fact that it didn’t detect a 30mm deep crack 
(although the results were always worse than the 45 degree probe. 
 
Unfortunately no results were recorded at the time from the forward facing probe and this may have been better 
oriented to the cracks. 

7.10.3 Conclusions 
1 The hollow axle UT inspection is clearly in need of further investigation. 
 

7.11 Investigation of Near end UT Inspection for cracks in metro axles 

7.11.1 Results  
The response vs. size method was used to analyse the data. The data points are plotted on log/log scale of 
response versus size (Figure.30). Using maximum likelihood estimation, two parallel regression lines are 



   

 Pag 40/59 

plotted through the two sets of data respectively, together with the corresponding 10% and 90% confidence 
limits. 50% of each population is therefore above the appropriate regression line and 50% below. Thus, the 
point at which the regression line crosses the reporting threshold corresponds to 50% POD. The POD curve can 
be derived from the confidence levels that correspond to the various points along the reporting threshold line 
(e.g. 90% POD occurs when the 90% confidence limit crosses the reporting threshold line and so on). 

 

Figure.31 gives the result for the 0 degree probes. This is an appropriate POD for the standard procedure for the 
metro axles. Figure 32 gives the POD for the angled beams which is more appropriate for near end scans. 

 

7.11.2 Discussion 
The results from Figure.31 show that the 90% POD is at about 3mm for the 5MHz probe and about 4mm for the 
2MHz probe. Since this method is detecting cracks at a relatively short range (less than the far end scan in full 
size axles) although using a method similar to the far end scan, this result appears to be slightly optimistic 
compared with the Benyon and Watson estimates.  

 

However there are some limitations to the experiment that may have led to this result and these need to be 
investigated further. The measurements were made by TWI personnel with no specific time limit to carry out 
the inspection rather than the normal personnel used for the inspection. Also the brake drum would be in place 
when the in-situ experiment was carried out. The result has been obtained by comparison with NDT data 
(mostly ACPD for the smaller cracks) and this is of course subject to inaccuracy. 
 
The difference between the 5MHz and 2MHz probes are also in line with expectations. The 2MHz frequency 
has a wavelength of around 3mm so the response to flaws of this order of size is likely to vary considerably. It 
is therefore likely that some flaws will be missed, and the POD affected. 
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Figure 30 Response vs size analysis for angled beam 
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Figure.31 Predicted POD curves for 0 degree beams 

 

7.11.3 Conclusions 
The 0 degree  
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Figure 31 Results from near end inspection (angled beams) 
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7.11.4 Discussion 
The results appear to show that the 90% probability of detection of cracks using the near end scan was between 
3-8mm crack depth depending on the type of probe used. Benyon and Watsons estimate for this value is around 
3mm so these results appear more pessimistic. There appears to be no obvious improvement to be gained by 
increasing the frequency or changing the angle. 
 
It can be seen that the repeated test did not give the same POD curve although the 90% POD point was similar. 
Further investigation of the repeatability of these tests showed a great deal of variation due primarily to the 
coupling conditions. The small area to inspect and the flat probe surface make this inspection quite difficult. 
 
It should be noted that this is a metro axle and therefore of small diameter compared to a standard train axle, 
however the path length was similar so the results should be reasonably comparable. 

7.11.5 Conclusions  
The 90% probability for the near end detection was found to be between 3-8mm depth. This was extremely 
variable due to difficult coupling conditions.  

7.12  Investigation of Far end UT Inspection for cracks metro axles 

7.12.1 Results 
The results are shown in Table 9 
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Table 9 Results from Far end scan of metro axles 
 

  Probe 
Sonatest 
SLF 2-25  

NRS La 0 
Lz 

NRS La 5 
Lz KK B2S 

Sonatest 
SLF 1-25 

GB TCBR 
2.5 

Sonatest 
SLF 5-25 

  Crystal Type single twin twin single single twin single 

  Angle 0 0 5 0 0 5 0 

  Frequency 2.25 2.5 2.5 2 1.25 2.5 5 

  Delay 2.014 9.725 9.725   1.955 15.917 1.875 

  Crystal diameter 25 dia 2 (?X?) 2 (?x?) 24 dia 25 dia 2 (?x?) 25 dia 

Crack Length(mm) Depth(mm) 
dB for 
80%FSH       

351 43 10 102 115  ND 100 ND 105 93.5 

306c2 57 14.7 81.5 105 106 88 101 91 82 

320 52 6.7 90 114 115 91 98 97 99 

151 110 31.3 63 87.5 85.5 64 74.5 69.5 66 

356 41 9.1 86 105 114 91.5 95.5 96 97.5 

364 43 7.6 97 109 110 103 98.5 103 99.5 
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7.12.2 Discussion 
 
It can be seen from the Table that not all the cracks were tested and that high gains were needed to detect the 
cracks. However it can be seen that cracks of the order 6-7mm deep could be detected by most of the probes, 
making the results comparable with the other far end trials. Although the distance was similar the manipulation 
of the probe was extremely difficult. Further analysis of these results is needed. 

7.12.3 Conclusions  
 
The results from this trial were comparable with other far end results. 
 

8 Human Factors Effects 

8.1 Introduction 
 
It has long been recognised that human factors play a large part in the performance of inspection tasks. A desk 
study carried out by RSSB and TWI for WIDEM in the human factors area included the following: 
 

o Attendance at the Programme for the Assessment of NDT in Industry (PANI)-3 meetings  
o Discussions of human factors with RSSB human factors specialists regarding experimental 

design 
o A literature survey carried out by RSSB 
 

In addition consideration of the trial results obtained in terms of the variation shown in human factors is made 
below. 

8.2 TWI/RSSB Human Factors Study 
 
The PANI 1 and PANI 2 (Serco Assurance 1999 and 2004) projects had shown that there was a considerable 
variation in operator performance for manual ultrasonic inspection(around 20%-80%) in the chosen inspection 
tasks and that this variation was larger than any effect of improved specific training or procedures. PANI 3 
attempted to find out the human factors which contributed to top performance. It was carried out by Serco 
Assurance and funded by the UK Health and Safety Executive. TWI had been a member of the Steering 
Committee of both PANI 1 and PANI 2 and RSSB also joined 
 
PANI 3 (Serco Assurance 2007) showed that there was some association between a good operator performance 
and a high result in tests mechanical comprehension and low results in tests for originality and caution. It was 
also shown that the best results were obtained when operators understand the geometry of the inspection and its 
effect on ultrasound and similar interactions of defects and ultrasound. These factors are not usually included in 
operator training. 
 
An RSSB study (Mills 2004) investigated the MPI method and also concluded that the maximum variation in 
performance was between inspectors and that no selection test yet had been successful in extracting the best 
inspectors. It also recommended that a number of factors be introduced to improve the likelihood of crack 
detection. 
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The literature review (Salt and Bellerby 2007) concerned itself mainly with the factors involved with visual 
inspection. This suggested a 60-80% POD and gave some idea of the test types that might help with selection of 
individuals for inspection work. 
 

8.3 WIDEM Results and Discussion (Human Factors) 
 
The results in WIDEM for the Far End Ultrasonic Inspection at Springburn and those from the MPI inspection 
were carried out by more than one operator and therefore show what variation is possible both between 
operators. Results from The ultrasonic tests at Darmstadt were able to give an idea of the repeatability of the 
results as the same tests were carried out with the same operator after a two year interval. 
 
The results from the far end tests at Springburn showed that the 90%POD for operators varied by a factor of 4 
or more, and the simple POD measure varied from less than 10% to 84% (derived from Table 3). This 
corresponds reasonably well with the PANI results (20% to 80%) although the PANI results were for weld 
inspection with Level 2 qualified inspectors (axle inspection is normally carried out initially by a Level 1 
inspector).  
 
The reason for some of the variation can perhaps be seen in Figure 33. It can be seen that the variation between 
a repeated experiment using the same operator, equipment samples and procedure separated by 2 years gave a 
difference in signal height of up to 20dB. It was also found that the variation in signal height was even greater 
for the calibration slot using the same probe and different operators (Table 4). 
 
This in essence shows that the inspection is inherently difficult to repeat. This is because the coupling varies 
continuously and the optimised position of the probe for maximum amplitude from the flaw is very localised. In 
fact it was noticeable during the inspection that the Sonatest probe was easier to optimise than the KK probe 
and this is reflected in Figure 3 as the maximum variability in the Sonatest probe is only 7dB. Couplant 
variation and sharply localised optimum positions for the probe are not unusual for ultrasonic inspections and 
undoubtedly account for some the variations attributed to human factors. They can be largely eliminated by 
automating inspections where possible. 
 
The MPI tests showed a considerable variation between the responses of the two operators, but this was mainly 
in the number of false calls.  
 
It should also be noted that none of the above is testing the operator vigilance. It can reasonably be assumed that 
these results were obtained with maximum vigilance. Whether they would be worse in actual operating 
conditions where a crack may occur very rarely is debateable, but does seem likely. In MPI in particular 
vigilance will probably be the main limitation of the technique, as it otherwise appears very sensitive. 
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Figure 33 Variation between recorded gain values for each crack inspected by the same operator with a 2 year 

interval between inspections 
 
Table 4 Variation in signals for the calibration slot 
 

 Op1 (2005) Op1(2007) Op2 (2007) Op3 (2007) 
Gain recorded 
for 80% FSH on 
calibration slot 
(dB) 

 
103 

 
72.5 

 
72.5 

 
78 

 

8.4 Conclusions 
 
1 The variation in results between WIDEM operators in the far end tests was typical of similar results obtained 
in other industries 
 
2 The POD variation between operators was found to be of the order of 10-80% with a consequent variation in 
90% POD of a factor of 4 in most cases. 
 
3 Tests on repeatability show that some of this variation mentioned above can be attributed to the difficulty of 
the task and inherent variations in the method, however operator vigilance may have a further effect on the 
results if it were possible to measure this. 
 
 
 
 

9 Summary of Conclusions 
Far End UT 
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1 The performance of the far end inspection depends on the axle geometry, location of the crack and choice of 
probe. It is extremely dependent on operator performance, which can have a low POD but also a higher POD 
with false calls. 
 
2 In general the 4MHz angled beam probe gave a better POD than the traditional (i.e BR Procedure) 0 degree 
2MHz probe. 
 
3 The curves currently being used in industry to determine inspection intervals may be too pessimistic for 
trailing axles and optimistic for complex geometry driving axles. 
 
High Angle UT  
 
1 The high angle scan gave a 90% detection rate of 1-2.5mm when detection set relative to noise. 
 
2 This value should be used with care when attempting to detect cracks in radii or when the detection threshold 
set relative to geometrical signals. 
 
MPI 
 
The POD for MPI could not be determined from the number of service induced cracks available. In the tests one 
crack of 1.3mm deep was missed. 
 
The was clear indication of the wide variation in operator responses that are possible with MPI. 
 
Surface Wave UT 
The surface wave method has shown potential for detecting small cracks over a large area with minimum 
scanning. 
 
High Frequency Eddy Current/Eddy Current Array 
 
The high frequency eddy current single probe method seems to be a very effective method for detecting small 
surface cracks in axles but is limited by the extensive scanning required. The array has a similar performance 
with much less scanning required. The results from one particular probe showed a 90%POD at less than 0.2mm 
crack depth. 
 
Weldscan Probe 
 
The Weldscan probe provides an effective method of inspecting the radius area provided that it is accessible and 
that the scanning is good. 
 
Hollow axle Bore Probe 
 
The hollow axle UT inspection results are poor and this technique is clearly in need of further investigation. 
 
Near End Scan 
 
The 90% probability for the near end detection was found to be between 3-8mm depth. This was extremely 
variable due to difficult coupling conditions 
 
Human Factors 
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The variation in results between WIDEM operators in the far end tests was typical of similar results obtained in 
other industries 
 
The POD variation between operators was found to be of the order of 10-80% with a consequent variation in 
90% POD of a factor of 4 in most cases. 
 
Tests on repeatability show that some of this variation mentioned above can be attributed to the difficulty of the 
task and inherent variations in the method, however operator vigilance may have a further effect on the results if 
it were possible to measure this. 
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Appendix A 

Details of Axles used in Trials 
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Table A1 List of TWI Axles  
 
 

Trial ID ID stamp on end Design MPI by TTS? MPI result Fat lab sample?ACPD crack depth(mm)MPI surface length(mm)Comments
T unknown Commonwealth Yes 10.2 25
R M1 69249SE 455 Yes 5 21
S SE 3880007 455 Yes 10 42
E M-169264 SE 455 Yes 15 50
G SE-3880027 455 Yes 10 26
A 695650 DA Unknown yes 3 crack-like indications no 6.2, 0.4 and 1.6 195, 23 and 38690mm from "A" end shoulder. Skewed 10 degrees from main axis
B M3 46172 Commonwealth yes 2 transverse indications no 6.5 (28mm long ind) 12 and 28 1240mm from "A" end.
C M3 44747 Mark 3 tapered yes No crack indications no Also stamped "M1"
F 47757/014 455 yes Longitudinal indication no Possible score mark
H SE-61001 455 yes Diagonal indication no 5 1260mm from shoulder "A"
J M6-27386-R-SC B4 Coach yes Multiple cracks no 1.0 to 2.2 range In radius of wheel seat, extend around most of circumference
L L-67243-12-65-BRM B5 yes No crack indications no
M M3-2000562 Mark 3 coach yes No crack indications no
N L54318R SC

B5
yes Mechanical damage no 255mm from "A" end of axle.Associated cracking not 

suitable for detection with UT
Q TB 63030 Class 156 trailer no Multiple fine cracks no 1.3 18 Located in seat radius, 425mm from end stamped 63030
K M1R 61796

Class 156 trailer

no 6 fine crack-like inds no all zero 11,5,15,17,6 and 20520,570,630,680,706 and 860mm from end stamped SE 
M161796. All are along axis of the shaft and are spaced 
around the circ

P M1 65365 Class 156 driver no Single long crack no 385 and 122 73.5 and 80.4Located in radius of bolted flange and flange face - on both sides
O M1 67160 GHH Class 156 driver no Single fine crack no 2 19 Located in seat radius, 427mm from end stamped 67160 GHH
D 86-6769 Mark 3 parallel yes No crack indications no
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Table A2 Samples from Applied Inspection 
 

Axle AI No MPI ACPD Location Remarks 
  (mm) (mm)   
26577 8 18 3.2 Body  
41641 7 10 1.3 Body  
14168 4 14 1.5 Body Corroded 
TB2681 5 5 0.5 Body  
AB10560 9 10 2.1 Body  
99961 6 10 2 Body  
Potash 1 Multiple 1 Body  
2 2 8 0.5 Body  
41641 7 5 0.75 radius  
Coach 3 12 1.6 radius  
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Table A3 Lucchini Hollow Axle Samples 
Axle No Drawing Imagine of Crack Distance from edge [mm] - side Length [mm] Depth max [mm] Comment

E0401348-04 SPR04-13 E0401348-04_crack1_1&2&3&4 13 - ID Side 40 1.5

E0401348-04_crack2_1 5 - ID Side 20 0.9
E0401348-05 SPR04-13 E0401348-05_crack1_1&2 5 -ID Side 60 19.4

E0401348-05_crack2_1 8 - ID Side 25 2.3

E0401348-05_crack3_1 13 - Motor Side ? ?
E0500011-0601 SPR04_11 E0500011-0601_crack1_1 5 - ID Side 100 35.1
E04011348-08 SPR04-13 E04011348-08_crack1_1 8 - ? 50 2.3 Multiple cracks seen in both ends of seat

Impossible to know the side of cracks: the axle is a short cut axle
E0500011-0602 SPR04_11 No Cracks
E04011348-02 SPR04-13 E04011348-02_crack1_1 8 - ID Side 20 0.8 Multiple cracks seen

E04011348-02_crack2_1 8 - ID Side ? ?
E04011349-06 SPR04-12 E04011349-06_crack1_1 Motor Side 12 0.5 Multiple cracks seen in both ends of seat

E04011349-06_crack1_1 Motor Side 6 0.6
E04011349-06_crack1_1 Motor Side 6 0.8
E04011349-06_crack1_1 Motor Side 7 0.5

E04011349-06_crack2_1 ID Side 37 3.5
E04011349-06_crack2_1 ID Side 15 2.6

E04011348-07 SPR04-13 E04011348-07_crack1_1 6 - ID Side 50 1.3 Multiple cracks seen in both ends of seat
E04011348-07_crack1_1 6 - ID Side 50 3.4
E04011348-07_crack1_1 6 - ID Side 10 1.2
E04011348-07_crack1_1 6 - ID Side 30 1.0

E04011348-07_crack2_1 15.5 - Motor Side 40 0.9
E04011348-07_crack2_1 15.5 - Motor Side 30 0.9

E04011348-01 SPR04-13 E04011348-01_crack1_1 ID Side 70 6.7 Multiple cracks seen in both ends of seat
E04011348-01_crack1_2 ID Side 40 1.2

E04011348-01_crack2_1 Motor Side 70 0.5
E04011348-03 SPR04-13 E04011348-03_crack1_1&2 6 - ID Side 0.5 Multiple cracks seen in both ends of seat

No imagine 5 - Motor Side 0.5
1509-01 SPR04-13 No imagine 5.5 - ? 20.6 Multiple cracks seen in both ends of seat

5.5 - ? 4.7 Impossible to know the side of cracks: the axle is a short cut axle
5.5 - ? 3.2
5.5 - ? 9.4  
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Table A4 List of cracks in Darmstadt axles 
 

Axle/Crack Length (mm) ACPD Depth 
(mm) 

 

H00089 27 5.6  
H00306C1 15 3.4 Crack 1 
H00306C2 57 14.7 Crack 2 
H00351 43 10  
H00151 110 31.3  
H00356 41 9.1  
H00141C1 10 1.7 Crack 1 
H00141C2 59 10.7 Crack 2 
H00320 52 6.7  
H00364 43 7.6  
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Appendix B  

 

Operators Instructions for Blind Trials 
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SCRIPT FOR AXLE INSPECTION TRIALS – Far End Inspection. 
 
Thank you for agreeing to participate in these trials. You will require the following equipment. 
MasterScan 400, 2MHz Twin 0degree compression probe, 2MHz  Twin 5 degree compression probe. Charged 
for at least 6 hours use. 
 
 
 
There are a number of things I must tell you before you start. 
 
Firstly, your participation will be completely anonymous. Your name will not be used in report of the results. 
There will be no report directly to your company. Your Company name may be used but only if this is 
requested by the Company. 
 
Secondly this data will be used to help assess the inspection period for the axles, and the factors associated with 
a good inspection. It is not intended to provide any personal evaluation. 
 
The trial has two parts. The order depends on our schedule. The parts are: an axle inspection with two different 
probes, and also a questionnaire. 
 
You will be presented with a series of axles to inspect. Inspect from one end first, then take a break before 
inspecting the other end. A reference trace will be given for both situations.  
 
Some of the axles have cracks, others do not. The identity of the axles will be changed between operators so 
please do not be tempted to advise the next operator of your findings. This will spoil our experiment.  
 
The axles are first to be inspected with a standard BR procedure (2MHz 0 degree compression wave, with the 
signal from the shoulder at the far end of the axle set at 50% FSH.  
 
First please inspect each axle and report whether or not you detected a crack. When you have completed all the 
axles, go back to the detected cracks and report the signal amplitude. 
 
Please then inspect the axles with the 2 MHz 5 degree probe, to the same sensitivity. 
 
If time is available you may be asked to carry out different inspections on other axles. 
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SCRIPT FOR AXLE INSPECTION TRIALS – MPI Inspection. 
 
Thank you for agreeing to participate in these trials.  
 
There are a number of things I must tell you before you start. 
 
Firstly, your participation will be completely anonymous. Your name will not be used in report of the results. 
There will be no report directly to your company. Your Company name may be used but only if this is 
requested by the Company. 
 
Secondly this data will be used to help assess the inspection period for the axles, and the factors associated with 
a good inspection. It is not intended to provide any personal evaluation. 
 
The trial has two parts. The order depends on our schedule. The parts are: an axle inspection, and also a 
questionnaire. 
 
You will be presented with a series of axles to inspect. Some of the axles have cracks, others do not. The 
identity of the axles will be changed between operators so please do not be tempted to advise the next operator 
of your findings. This will spoil our experiment.  
 
Please report the cracks you find in more detail than you would in a normal inspection. We need you to report 
each crack detected and its location. If you wish to report a crack group, then estimate the numbers in the 
group. 
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Appendix C 

Responses from MPI Tests 
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Appendix C OPERATOR RESPONSES - WIDEM MPI INSPECTION TESTS 
 
Sample  
Number 

Initial 
MPI 

Operator A Operator B 

K  None 49 inch from 3mm long 
41.25 inch, all circ 
17.25 inch 3mm long angled slightly 

O  420 from gear end 18mm long 420 from GE 100mm long 
830from GE 5mm long 
990 from GE 330 long +single crack 12mm long 
80mm from flange towards GE 2 cracks 
10+5mm long 
40 mm from flange toward GE small cracks total 
25mm long 
3mm long cracks under flange holes 
100mm from flange towards NGE small cracks 
130mm from flange many small cracks in angle 
403 from flange 6mm long 
¾ small cracks 200mm from NGE 
 
 

P   Crack on Flange 390mm long 
Other side 130mm long 

195 10mm long 
Crack on flange 390mm long 
Other side of flange 130mm long 
Group of small cracks 550mm from NGE 

D  Many Damage marks noted 
Gouge mark at 190 10mm long from 
non marked end (check) 

385 small crack on wheelseat 
430 5mm long crack on radius 
890 20mm long 
550 from RH end 10mm long 
190 from RH end 90mm long 
 

C  Groove around journal 150mm from 
C2 
425 from C2 small cracks total 30mm 
425 from C1 6mm long on edge of 
wheelseat 

220 from C2 5mm long 
330 from C2 5mm long 
440 from C2 20mm long 
830 from C1 5mm long 
440 from C1 5mm long outer edge of seat 
(different indication from Operator A. 

F  No indications  
A  135mm long 985 from A1 longitudinal 455 150 long 

985 150 long 
M  Damage on 1st wheelseat Damage noted 
H  Damage scratch 760 from gear end 650 long intermittent 
J  400 from J1100mm long on radius 

400 from J2 400 long 
400 from end 90mm long 
400 from end Most of circ 

L  Damage to radius at 1st seat (L1 end) None 
N  Physical Damage near WS Damaged area noted 
Q  None 430 from Q1 12mm long 
 

 


