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Development of a rail track ultrasonic inspection method 

 

By Rodrigo Soeiro Marques

Abstract 
Ultrasonic testing technology is broadly used 

worldwide. The ultrasonic phased array (PA) 

inspection variant came to introduce new potential 

and should therefore be explored. The railroad 

sector can benefit from the introduction of this 

technology in the most varied areas, namely rail 

track inspection. 

 

The INTERAIL consortium aims to develop an 

integrated high speed inspection system which 

makes simultaneous use of three inspection 

methods: ultrasounds, alternating current field 

measurement (ACFM) and artificial vision. The 

validation of the defects detected by ultrasounds will 

be performed by phased array. 

 

Numerical models were developed in Civa software 

in order to select the most appropriate phased array 

probes for validation of the defects detected by the 

ultrasonic system the INTERAIL consortium is to use. 

The simulations aimed to study the acoustic beam 

pressure distribution, as well as the beam response. 

Experimental trials using the Multix phased array 

device were performed in order to proceed to model 

validation. 

 

Introduction 
Even though severe rail accidents are relatively rare 

within the European Union, their frequency of 

occurrence is still at an intolerable level. 

Classification of rail accidents depends on their 

causative factor, which can be either a human error, 

infrastructure defect or train equipment failure.  A 

great percentage of all infrastructure related 

accidents in the rail industry is due to catastrophic 

rail failure. The growing increase in train traffic, in 

conjunction with higher axle loads and operating 

speeds, means that the catastrophic failure of a rail 

section may result in derailments with extreme 

consequences that can be avoided, provided proper 

inspection and maintenance are performed. 

 

Magnetic flux leakage was the only available 

technique for the high speed inspection of rails until 

1953, when ultrasonic transducers were added to 

the test vehicles for the first time. The inspection 

concept for the high speed inspection of rails has 

remained largely unaltered ever since. 

 

Facing this scenario, the INTERAIL consortium 

planned on developing an integrated inspection 

system to install in a rail wagon, which will make use 

of ACFM, ultrasounds and artificial vision. The flaws 

detected by the ultrasonic model will be validated by 

the phased array technique. It is in this context that 

this work takes place. Numerical models of phased 

array beams and defect responses will be developed 

in order to select the appropriate probe setups for 

inspecting the rails. 

 

Body 

Target defects 

The target defects are the starting point for selecting 

the beam orientation and should be presented 

foremost. Several types of defects are commonly 

found in in-service rails. However, not all defect 

types are detected by UT inspection.  The ultrasonic 

module will deal with internal defects. 

 

Horizontal cracking of the rail head 

It’s a manufacturing defect characterized by the 

gradual separation of the upper part of the rail head.  

It starts inside the rail head at 

approximately 10-15 mm depth 
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from the running surface and progresses parallel to 

it. It may curve downwards and give rise to a 

transverse crack. This defect type may be combined 

with crushing of the rail end. Being this the case, a 

widening of the running surface is generally 

observed. 

 

Horizontal cracking at the web-head fillet radius 

This defect tends to separate the head from the web. 

It starts by progressing parallel to the web-head fillet 

as it develops and may curve either upwards or 

downwards (passing in some cases through a fishbolt 

hole) or in both directions simultaneously. In all 

cases, this crack causes the 

head to break away or leads 

to fragmentation of the rail. 

 

 

Longitudinal vertical cracking of the rail head 

This is a manufacturing defect. This flaw gradually 

divides the head in two parts, following a plane 

parallel to the rail web. When the defect reaches the 

running surface, it is identifiable by a black line. A 

depression of the running surface 

can then be observed as well as a 

widening of the head 

corresponding to the opening of 

the crack. 

 

Progressive transverse cracking of the rail head 

This type of defect can have several causes; it may 

develop from a defect inside the rail head, from an 

internal horizontal crack, from a wheel burn or a 

squat. In the less common cases, head checks or 

deep shelling of the gauge corner may also give rise 

to a transverse crack of the rail head. The origin 

point of this defect is not necessarily central.  After a 

certain time, the crack 

reaches the outer region 

of the rail head. It then 

becomes visible on the 

faces of the web. At this stage, breakage of the rail is 

imminent. Statistical data from SNCF reveals that the 

orientation for this flaw type varies in a range 

between 0˚ and 40˚ with the vertical direction. 

 

Inspection of web and foot 

These areas are to be inspected from a broader point 

of view, rather than looking for a particular defect 

type. Web and foot defects often tend to develop 

upwards or downwards in oblique directions. These 

oblique components are the target when inspecting 

web and foot. 

 

 

 

The entire rail web is to be inspected. As for the rail 

foot, only the area directly underneath the web will 

be interrogated using the phased array technique.  

 

Beam modeling and computation 

There are two beam-related parameters of 

paramount relevance when performing a PA 

inspection: the acoustic beam orientation and its 

acoustic pressure distribution.  

 

The desired beam configuration should be selected 

according to the target defects and their 

characteristic orientation, in order to maximize the 

amplitude of the defect response. Furthermore, the 

beam configuration should be such that it promotes 

enough acoustic pressure in the area that is to be 

inspected. 

 

Both of these parameters complement one another, 

meaning that they should be optimized jointly in 

order to ensure two requirements: a beam 

orientation which ensures that the ultrasonic beam 

reflects back to the probe and a beam that possesses 

enough acoustic pressure to ensure the detectability 

of defects. 

 

Beam with the highest acoustic pressure  

Defect response computations simulating several 

ultrasonic beam types interrogating a side-drilled 

hole (SDH) were performed. The following figure 
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shows an A-scan superposition in order to compare 

the defect response among the beam types: 

 

Focused beam is clearly the beam configuration that 

yields the highest defect response and was therefore 

the beam setup used in simulations. 

 

Probe selection approach and criteria 

The characteristics of the available probes are as 

follows: 

Frequency 

(MHz) 
Elements 

Gap 

(mm) 

Element 

width (mm) 

Ortho 

dimension 

(mm) 

2 32 0.25 1.25 22 

2 60 0.2 0.55 12 

4 64 0.15 0.65 8 

4 32 0.15 0.65 8 

5 32 0.1 0.4 10 

10 32 0.05 0.31 7 

 

Defect response computations were performed 

using 5 mm diameter SDH’s at several depths. The 

ultrasonic beam was generated at an angle capable 

of assuring the detection of the target defects that 

appear in the area of interest. When choosing the 

most suitable probe for detecting horizontal cracking 

of the rail head and longitudinal vertical cracking of 

the rail head, no defect response comparison was 

performed because the main issue resided in the 

probe dimension constraints; acquisitions were 

performed afterwards in calibration samples 

containing 5 mm SDH at several depths in order to 

verify the probe suitability, confirming that it 

provided defect detectability in the profile area of 

interest at an acceptable gain level and without 

generating signal noise. As for the other target 

defects, the probes selection criterion was the 

amplitude of the defect response obtained in 

simulation.   

 

Results and discussion 

The optimized probe and respective beam 

configuration will be presented for each of the target 

defects: 

 

Horizontal cracking of the rail head; horizontal 

cracking at the web-head fillet radius 

The following setup was used: 

 4 MHz 64 elements probe, straight wedge 

with 38 mm height, L-waves 

 Probe longitudinal axis normal to rail 

longitudinal axis 

 4 focal points between 20-60 mm depth 

 Electronic scanning (32-element sequences 

with 1 element scanning step) 

 

Some shots of the obtained acoustic field are 

presented in the image below: 

 

 

 

 

 

The superposition of the several focal areas within 

the same sequence ensures that the desired 

inspected area is effectively covered in depth. 

 

Longitudinal vertical cracking of the rail head 

Similarly to the formerly presented setup, the 5 MHz 

32 elements probe was selected due to a 

dimensional constraint. The used setup was the 

following: 

 5 MHz 32 elements probe, straight wedge 

with L-waves 

 32 mm height straight wedge 
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 Probe longitudinal axis normal to rail 

longitudinal axis  

 Unisequential 

 10 focal points at 70mm depth angled 

between -10 and 10 degrees  

Focal points location and covered area, as well as 

acoustic field are: 

 

 

 

 

 

 

 

The maximum acoustic pressure area is not 

located at the desired focal point. A loss up to 

6 dB is considered as acceptable and will not 

invalidate the capability of accurately 

assessing the defects. Shot 9 (above picture 

on the right) possesses the highest acoustic 

pressure loss, with 4.9 dB at the top and 3.9 

dB at the bottom of the beam.

 

Inspection of web and foot 

Civa simulations were performed interrogating a 5 

mm diameter SDH in the rail foot, at a depth of 162 

mm, using several probes generating 4 focal points 

between 60-170 mm depth aligned at 37 degrees 

with the vertical direction. The normalized A-scan 

comparison presented next reveals that the most 

appropriate probes for inspecting the lower part of 

the web and foot were 2 MHz 32 elements and 2 

MHz 60 elements.  

 

When both A-scans are normalized, it can be seen 

that an amplitude offset of +16.8 dB must be given 

the 2 MHz 60 elements probe A-scan for it to reach 

the same amplitude of the 2 MHz 32 elements probe 

A-scan. This leads to the conclusion that the 2 MHz 

32 elements probe has a greater sensitivity for 

detecting defects at the target area and should be, 

on a first approach, the most appropriate for the 

task. 

 

Due to the larger element orthogonal dimension of 

the 2 MHz 32 elements probe, it creates a wider 

beam than the 2 MHz 60 elements probe; should 

some parasite echoes exist resultant from several 

beam reflections in the web, they do not appear in 

Civa simulations. Experimental validation using this 

beam setup was needed in order to assess the 

existence or not of parasite echoes in the inspection 

area and prove the suitability of the 2 MHz 32 

elements probe. The two probes were compared in 

the same scenario of the Civa simulation. The results 

are depicted in the two following images: 

 

In the first image, the 2 MHz 60 elements probe 

needed a gain of 33.6 dB to put the hole echo at 80% 

screen height, whereas the 2 MHz 32 elements in the 

second image probe only needed 23.8 dB. Both 
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probes present some level of signal noise, being 

more intense in the 2 MHz 60 elements probe.

 

The absence of parasite echoes, together with the 

need for less gain for maximizing the hole echo, as 

well as the absence of signal noise from the 60 mm 

depth up to the rail foot surface makes the 2 MHz 32 

elements probe suitable for inspecting the rail web 

and foot. The noise only exists from the inspection 

surface up to a depth of 60 mm. Considering that 

this configuration will only be used beyond the 60 

mm depth, the presented noise is not an issue. 

 

The beam configuration for inspecting these areas is 

the following: 

 2 MHz 32 elements probe, 39.5 degrees 

wedge, T-waves 

 Probe longitudinal axis parallel to rail 

longitudinal axis 

 4 focal points between 60-172 mm depth 

aligned at 37 degrees 

 Unisequential 

 

The focal points distribution and the profile area 

covered by this configuration are as follows: 

The next images show shots 1 and 4, as well as the 

respective beam widths. 

 

 

 

  

 

A beam width ranging from 15.6 to 17 mm 

guarantees the inspection of the full width of the 

web and the foot area below the web. 

 

Progressive transverse cracking of the head 

The simulation consisted of a 5 mm SDH in the rail 

head at a depth of 22 mm and generating 6 focal 

points between 10-60 mm depth aligned at 70 

degrees with the vertical direction.  

 

Civa computations showed that the 2 MHz 32 

elements probe and 2 MHz 60 elements probe have 

the higher sensitivity for detecting flaws contained in 

this area. Superposition of the A-scans followed by 

normalization, resulted in the following: 

 

After normalization, there is a difference of 8.7 dB 

between the amplitudes, being that the 2 MHz 32 

elements probe yields the highest defect response. 

 

The approach to follow would therefore be: 
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 2 MHz 32 elements probe, 39.5 degrees 

wedge, T-waves 

 Probe longitudinal axis parallel to rail 

longitudinal axis 

 6 focal points between 10-60 mm depth 

aligned at 70 degrees with the vertical 

direction 

 Unisequential 

 

Focal points location and covered area are presented 

in the following figures: 

 

  

 

Shots 1, 3 and 6 showing 

the beam shape, acoustic 

pressure distribution and 

focal width according to the -6 dB criterion are 

shown in the following set of pictures: 

 

 

 

 

 

 

 

 

 

The larger orthogonal dimension of the 2 MHz 32 

elements probe in comparison to the remaining 

probes translates into generating a wider beam. This 

feature represents an advantage in comparison to 

the other simulated probes when inspecting the rail 

head, as the 2 MHz 32 elements probe covers a 

greater head width and may detect non-centered 

flaws that the other probes might miss.  

 

From the previous images shown it is possible to 

verify that the focal width decreases as the depth 

increases; it has a maximum width of 20.7 mm at 10 

mm depth and minimum width of 13.8 mm at 60 

mm depth. 

 

A difficulty for the probe to generate the focal point 

at the prescribed distance in shots 4 to 6 was 

evident. This is due to the high incidence angle used, 

which makes the amplitude of the ultrasonic wave 

decrease. Instead of the desired focal point, an 

effective focal point is created at a shorter distance. 

 

From the aforementioned shots, shot 6 has the 

maximum amplitude loss relatively to the effective 

focal point, which is 3 dB.  In order to determine if 

this probe is still capable of yielding the highest 

defect response to a defect located at 60 mm depth, 

which corresponds to the depth of desired focal 

point 6, a new defect response was computed for 

the three probes with the highest defect response 

and compared among them. The results are shown 

in the following A-scans: 
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The superposition of the A scans shows that for a 

SDH located at a depth of 60 mm, the 2 MHz  32 

elements probe still yields the highest defect 

response and is therefore the probe to select. 

Experimental validation 

Four probe setups were selected by the obtained 

simulation results: 

Setup 1: 

 4 MHz 64 elements probe, straight wedge 

with 38 mm height, L-waves 

 Probe longitudinal axis normal to rail 

longitudinal axis 

 4 focal points between 20-60 mm depth 

 Electronic scanning (32-element sequences 

with 1 element scanning step) 

Setup 2:  

 5 MHz 32 elements probe, straight wedge 

with L-waves 

 32 mm height straight wedge 

 Probe longitudinal axis normal to rail 

longitudinal axis  

 Unisequential 

 10 focal points at 70mm depth angled 

between -10 and 10 degrees  

Setup 3: 

 2 MHz 32 elements probe, 39.5 degrees 

wedge, T-waves 

 Probe longitudinal axis parallel to rail 

longitudinal axis 

 4 focal points between 60-172 mm depth 

aligned at 37 degrees 

 Unisequential 

Setup 4:  

  2 MHz 32 elements probe, 39.5 degrees 

wedge, T-waves 

 Probe longitudinal axis parallel to rail 

longitudinal axis 

 6 focal points between 10-60 mm depth 

aligned at 70 degrees with the vertical 

direction 

 

Prior to the inspection of the rail samples containing 

real defects, these probes were calibrated. 

Calibration involved two steps: wedge calibration 

using the V1 calibration block and compensation of 

the amplitude loss with distance. 

 

V1 Block calibration 

An error of a few tenths of a millimeter in the wedge 

height is enough for a flaw to be erroneously located 

by millimeters. The V1 block is used for calibrating 

ultrasonic flaw detection equipment in both 

laboratory and on-site conditions. The echo from the 

100 mm radius was used for calibrating the wedge 

height, so that the flaw positioning is accurately 

assessed. 

 

 

 

 

The wedge calibration for the angle wedge is 

depicted in the figure following figure. 

 

 

For calibration of the straight wedges, the 25 mm 

thickness of the V1 block was used. 
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The 1st and 3rd backwall echoes were used for 

measuring a 50 mm distance. 

 DAC calibration 

Acoustic signals from the same reflecting surface will 

have different amplitudes at different distances from 

the probe. As an example, a reflector at 40 mm 

depth will generate an amplitude response higher 

than that of the same reflector at an 80 mm depth. 

Distance amplitude correction (DAC) provides a 

mean of establishing a reference level sensitivity as a 

function of reflector-probe distance. The DAC allows 

for signals reflected from similar discontinuities to be 

evaluated where signal attenuation as a function of 

depth has been correlated. The Multix phased array 

device electronically compensates the A-scan for loss 

in amplitude over material depth. 

 

Recalling the depths to inspect with the different 

setups:  

 The head will be inspected from the 

running surface to a 60mm depth with a 

beam at an angle of 70 degrees. It will also 

be inspected within the same depth range 

with the straight probe; 

 The head will also be inspected from its 

side with a straight probe, from a range of 

0 to 72 mm. 

 The web and foot will be inspected 

between 60 and 172 mm. 

 

 The 5 mm SDH’s in the calibration samples are at 

the depths of 8, 22, 43, 80 and 162 mm. For each 

depth range, the holes should be chosen so that the 

inspection range is contained within the top and 

bottom holes. Following this criterion, the holes for 

performing DAC calibration for each setup were:  

 

 

 

 

 

 

 

 

 

Having wedge and DAC calibrated, rail samples were 

ready to be performed. 

Rail samples testing 

Acquisitions were performed in rail samples with 

defects suffered in service. 

 

The following figures show the defects detected with 

the four previously presented setups. 

 

Setup 1: 

The first picture shows a defect detected in sample 

C3 at 6 mm depth with 60% amplitude, whereas the 

second image shows a defect detected in the same 

sample at 5 mm depth with saturated amplitude. 

 

 

Setup 2: 

 

 

 

 

 

 

Setup Depth range (mm) Selected holes (mm) 

1 10 to 60 8, 22, 43, 80 

2 10 to 72 8, 22, 43, 80 

3 60 to 172 43, 80, 162 

4 10 to 60 8, 22, 43, 80 
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The previous picture depicts a defect detected in rail 

sample C3 at 41.7 mm depth and saturated 

amplitude. 

 

Setup 3:  

First picture shows a Defect detected in rail C1 at 

115mm depth and 63.2 % amplitude. 

 

 

Previous image depicts a Defect detected in rail C1 at 

115mm depth and 63.2 % amplitude 

 

Setup 4: 

The following picture shows a defect detected on rail 

C4 at 17.7 mm depth with saturated amplitude.

 

 

The last image depicts a defect detected in rail C2 at 

40.3 mm depth with saturated amplitude. 

 

 

 

Conclusion 
 

Four setups were selected according to the 

simulation models developed. The rail head was 

interrogated from the running surface with a straight 

angle and 70 degrees refraction angle up to a depth 

of 60mm. A straight probe was also used for 

interrogating the rail head in its full width from the 

side, with a beam angular range between -10 and 10 

degrees and focal points set near the opposite side 

of the rail head distributed along the head height. As 

for the foot and web, the refraction angle was 37 

degrees, with the beam interrogating from 60 mm 

depth down to the full rail depth.  

 

The four setups selected by modeling were validated 

with trial tests and deemed suitable for the 

inspection of rail tracks. 


