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ABSTRACT 
Near-surface cracks in railheads caused by rolling contact fatigue (RCF) represent a kind of rail defect 

that degrades the rail track quality. Depending on the rail load and the number of load repetitions, such 

cracks can reach a severe level quickly. Based on the results of many studies, one can establish that the 

crack growth can be summarized as follows. In the first phase, the crack is initiated at or close to the rail 

surface due to shear stresses created by the interaction between the wheel and rail. The crack then 

propagates downwards at an angle of about 30⁰. After a certain period of transition, the crack starts 

propagating horizontally or vertically, or branches. If the crack propagates horizontally, it can potentially 

cause rail spalling. If it propagates vertically, then it becomes more severe and dangerous. 

To overcome such defects, the infrastructure manager removes the top of the railhead by performing rail 

grinding periodically. Prior to the grinding, the rail tracks need to be inspected to figure out how deep 

the cracks are by performing non-destructive testing (NDT). Eddy current testing (ECT) is a method 

commonly used to estimate rail surface crack depths. As practised in the railway industry, ECT mostly 

estimates the crack depth and the number of cracks, without analysing any other crack parameters, such 

as the crack propagation angle, crack length, crack area, crack branches, etc. Moreover, ECT has no 

ability to identify multi-level cracks, sub-surface cracks, densely located cracks, etc. Since the crack 

depth and the amount of cracks are the main crack parameters that can be provided by ECT, the inspector 

has no knowledge about how severe the surface crack is. However, information on the crack phase, 

which can be derived from the crack profile (the crack angle, crack depth and crack length) is beneficial 

to determine whether the crack is on an initial or a severe level. Such information also assists in deciding 

the right time for grinding and in avoiding severe cracks remaining for a long time in the rails. 

Motivated by the benefit of knowing the crack parameters, phased array ultrasonic testing (PAUT) was 

used in the research presented in this thesis to inspect rail surface cracks. Generally, ultrasonic testing 

is used to inspect defects of rails in the far field of the surface, for example in the body or at the bottom 

of the rails. Ultrasonic testing is not used to inspect near-surface cracks because of the existence of a 

dead zone located a few millimetres in front of the transducer and caused by piezoelectric crystal ringing 

inside the transducer. In the present research, by utilizing a wedge and a phased array technique, and by 

setting the optimum gain in the calibration process, the existence of a dead zone could be mitigated. 

Thus the surface cracks could be observed clearly from the breaking surface to the deepest tip. Based 

on the measurement results obtained, the crack profile (the propagation angle, depth and length), the 

crack branches and the multi-level cracks could be observed well.  

To verify the measurement results, the inspected railheads were sliced into pieces with a uniform  

thickness of 0.65 mm. From these pieces, 3D crack networks were reconstructed. Complete information 

on the crack profiles (the angle, depth and length) of all the cracks under the inspected surfaces was 

collected and presented successfully and satisfactorily. From the reconstructed crack images, the crack 

tips, multi-level cracks and crack branches can be seen. These confirm that the measurement results can 

be used to observe the crack profile well. To provide a brief summary of the results, one can state that a 

3.5 mm crack tip depth and a 6 mm crack length were estimated well with an error of 8% and 4%, 

respectively. The measurement system still showed an inability to detect vertical crack paths, because 

the ultrasonic waves could not be reflected by these paths. 

After the completion of the studies performed for this thesis, an assessment was made of the potential 

of the measurement speed of the investigated system when applied to the field inspection of rails. This 

assessment was based on the state-of-the-art technology available in this field. A discussion of this 

assessment is provided in order to motivate rail inspectors to select the studied system for application to 

real field inspection of rails.  
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SAMMANFATTNING 
Sprickor nära ytor i rälhuvuden som orsakas av rullande kontaktutmattning (RCF) är en vanlig typ av 

järnvägsfel som försämrar spårkvaliteten. Beroende på spårbelastningen och antalet repetitioner av 

lasten kan sprickorna snabbt nå en oacceptabel nivå. Tidigare forskning visar att spricktillväxten kan 

sammanfattas enligt följande: I den första fasen initieras sprickorna på ellerhära rälytorna genom de 

skjuvspänningar som skapas av växelverkan mellan hjul och räl. Sprickan sprider sig sedan i ungefär 

30⁰ vinkel under ytan. Efter en viss övergångsperiod börjar sprickorna föröka sig horisontellt, vertikalt 

eller förgrena sig. Om de sprider sig horisontellt kan sprickorna orsaka flisning. Om de sprider sig 

vertikalt blir sprickorna allvarligare och farligare. 

För att komma till rätta med sådana fel tar infrastrukturförvaltaren bort delar av toppen av rälshuvudet 

genom att utföra järnvägsslipning med jämna mellanrum. Före slipningen måste järnvägsspåren 

inspekteras för att ta reda på hur djupa sprickorna är genom att utföra oförstörande provning (NDT). 

Virvelströmsmätning (ECT) är en av de vanliga metoderna för att uppskatta sprickdjup på järnvägsspår. 

De flesta metoder inom branschen, inklusive ECT, ger endast en grov uppskattning av sprickdjupet och 

antalet spricker utan att analysera några andra sprickparametrar, såsom sprickvinkelutbredning, 

spricklängd, sprickområde, sprickgrenar etc. De har inte heller någon förmåga att identifiera sprickor 

som ligger i flera nivåer, ytnära sprickor, täta sprickor etc. Eftersom djupet är den enda sprickparametern 

som kan tillhandahållas från ECT, har inspektören ingen kunskap om hur allvarliga ytsprickorna är, 

medan information om sprickfasen, som är känd från sprickprofilen (sprickvinkel, sprickdjup och 

spricklängd), är fördelaktig för att bestämma om sprickorna är i initial eller allvarlig nivå. Denna 

information är viktig för att bestämma rätt tid för slipning och därmed undvika att allvarliga sprickor 

blir kvar i rälen, som annars skulle kunna äventyra säkerheten. 

Motiverad av fördelen med att känna till dessa sprickparametrar, användes i denna studie fasvis array-

ultraljudsgivare (PAUT) för att inspektera spårytor. Generellt används ultraljudstester för att inspektera 

skador på räl långt ner under rälytan, såsom vid skenans liv eller botten. Ultraljudstestning används inte 

för att inspektera sprickor nära ytan eftersom det finns en död zon vid några mm på framsidan av givaren 

som orsakas av piezoelektrisk kristallringning inuti givaren. I denna studie, genom att använda kil, 

Phased Array teknik, och ställa in optimal förstärkning vid kalibreringsprocessen förekomsten av den 

döda zonen kunnat minskas. Således kan då ytsprickorna observeras tydligt från rälytan till den 

sprickspetsarna.  Mätresultaten har genom verifiering visat att sprickprofilen (utbredningsvinkel, djup 

och längd), sprickgrenar och sprickor på flera nivåer kan observeras med förhållandevis god 

noggrannhet. 

För att verifiera mätresultatet skars de inspekterade rälhuvudena upp i tunna skivor med 0,65 mm 

tjocklek. Från dessa skivor rekonstruerades 3D-nätverk av sprickorna. Fullständig information om 

sprickprofiler (vinkel, djup och längd) för alla sprickor under de inspekterade ytorna samlades därmed 

in och uppmättes med god noggrannhet. Från de rekonstruerade sprickbilderna sprickspetsar, 

flernivåsprickor och sprickgrenar ses. Jämförelser med dessa verkliga data bekräftar att mätresultaten 

från de utvecklade mätprinciperna kan användas för att observera sprickprofilen väl. För en kort 

beskrivning av resultaten uppmättes 3,5 mm sprickdjup 6 mm spricklängd med 8 % respektive 4 % 

mätnoggrannhet. Mätningssystemet har fortfarande brist på detektion för vertikala sprickvägar på grund 

av ultraljudsvågor som inte kunde reflekteras tillbaka av dessa banor. 

I slutet av denna studie presenteras en bedömning av möjligheten att genomföra mätningar vid hög 

tåghastighet för de utvecklade mätprinciperna om de i framtiden utvecklas så att de kan appliceras på 

mättåg.  Bedömningen tillhandahålls för att motivera tillämpningen av forskningsresultaten vid 

utveckling av ett system som kan monteras på mättåg för kontinuerlig mätning på verkliga spår.  
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INTRODUCTION 

 

 

 

1. Defects in rails 

Since railway tracks are subjected to the passage of trains for years, they naturally suffer from 

various types of defects as time goes by. The high and intense forces and dynamics of wheel-

rail interaction result in severe wear and defects in rails. In addition, harsh environments 

contribute to various types of more severe rail degradation, such as corrosion, wear, spalls, etc. 

Defects caused by rolling contact fatigue (RCF) have been considered as a type of defect that 

can potentially lead to serious problems. According to the Federal Railroad Administration’s 

statistics, from 1995 to 2002 there were 122 RCF-caused derailments in the whole world. The 

railway industry really started to manage RCF defects seriously after this type of defect 

reportedly caused the 2000 Hatfield derailment in the United Kingdom, in which three 

passengers died  and 33 were injured (Singh and Sr, 2008; Magel, 2011). Network Rail and 

Balfour Beatty, which were the infrastructure manager and the maintenance company for the 

rail, respectively, were fined 13.5 million GBP in total since they were found responsible for 

the accident (Papaelias, Roberts and Davis, 2008).  

Frequent high loads and friction forces due to direct contact between the train wheel and the 

rail surface cause the RCF phenomenon at the rail surface. As a result, various kinds of defects 

occur on the surface. The wheel-rail contact is illustrated in Figure 1, which shows the three 

regions of the railhead where the wheel and rail are mainly in contact with one another (Matin 

Shahzamanian Sichani, 2013).  

Region 1 is a region of contact between the gauge side of the rail and the wheel flange. On high 

rails, the width of this region is about 15–25 mm depending on the wheel and rail profiles. 

Region 2 is a region of contact between the running surface of the railhead and the wheel tread. 

This contact is made most often on straight or tangent track or in mild curves. The width of this 

region ranges from about 20 mm to 70 mm on tangent and low rails, depending on the wheel 

and rail profiles. There can also be two points of contact between the wheel and rail in this 
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region, especially when the wheel or the rail is worn. Region 3 is an area of contact between 

the field side of the rail and the wheel, which usually happens on the low rail when the train is 

moving on the track in a sharp curve. In this region, the contact stresses can possibly be high 

due to hollows of worn wheels (Lundmark, 2007; NSW Transport RailCorp, 2012). 

 

 

Figure 1. Possible wheel-rail contact zones (Matin Shahzamanian Sichani, 2013). 

RCF causes defects in these regions. Surface defects at the rail surface can be categorized as 

gauge corner cracks, running surface cracks, shelling, squats, and crushed heads. Most of the 

defects are initiated or triggered by the existence of near-surface cracks, leading to either surface 

or sub-surface cracks (Eden, Garnham and Davis, 2005; Dhital and Lee, 2012). In addition, 

surface cracks are more frequently found on the railhead than other types of surface defects, 

especially on heavy-load railway tracks. On such tracks, the stress load suffered by the railhead 

is relatively higher than that on normal commuter track lines. Hence, higher levels of rolling 

contact fatigue occur on heavy-load tracks.  

- Near-surface cracks 

The scope of the research performed for this thesis has been limited to the inspection of near-

surface cracks and since it is important for the railway owner. Near-surface cracks in this study 

can be in the form of surface cracks that propagate from a crack mouth at rail surface to 

underneath (open surface cracks) or cracks that are located close to rail surface but has no crack 

mouth (closed surface cracks) (Dhital and Lee, 2012).  Rail crack monitoring is an important 

tool for preventing surface cracks arising in rail tracks and becoming more serious threats to 

railway services. Surface cracks can be spalled and lead to comfort problems for train 

passengers. These cracks can potentially be initiated in the gauge corner region (region 1 in 
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Figure 1) and the running surface region (region 2 in Figure 1). The cracks typically occur at a 

depth of 2-5 mm under the rail surface at various propagation angles, depending on their phase 

of growth. Surface crack growth can be classified into three phases (Ringsberg, 2001), which 

are shown in Figure 2. A surface crack is initiated at an angle of 10-15° from the surface or at 

a position close to the surface (the initial stage, phase i), after which the crack propagates more 

sharply at an angle of 30° after passing 40-50 µm of a white-etching layer (WEL) under the 

surface (the transient stage, phase ii) (Pal et al., 2012; Pal, Daniel and Farjoo, 2013). Then, after 

propagating down to a depth of around 3-5 mm from the surface, the crack can possibly grow 

in the horizontal direction and potentially spall if it propagates back to the surface. The crack 

can also grow deeper at a sharper angle or branch in either the horizontal or the vertical direction 

(the severe stage, phase iii).  

 

Figure 2. Three phases of RCF-caused near-surface cracks (Ringsberg, 2001). 

Based on a study performed by Cannon and Pradier (1996), there are two types of RCF-caused 

surface cracks that have been identified in railheads, namely head checks and squats. Head 

checks are mostly formed in the area close to the gauge corner and are usually found on the 

high rail and the crossing rails (Ringsberg et al., 2000). Meanwhile, squats are formed in an 

area at the top of the rail, having been initiated by a leading crack and a trailing crack (Kalousek 

and Magel, 1997; Kumar, 2006). In the initial stage, the squat area is depressed in the crown 

area, forming a lung-like shape (Molodova, 2013; Popovic and Vlatko Radovic, 2013).  

However, with regard to the crack propagation angle, after the initial stage, surface cracks at 

the top of the rail grow downwards vertically and more steeply than those at the gauge corner. 

An example of this kind of steep crack profile can be seen in Figure 3, which was produced  



 

5 

 

using X-ray tomography (Jessop et al., 2016). The steeper propagation angle of the surface 

crack at the top of the rail may potentially have been caused by a distribution of the hardened 

region under the rail surface (Magel et al., 2016). The results obtained by Magel et al. (2016) 

showed that the region at the gauge corner was hardened roughly until a depth of 20-25 mm, 

while the region at the top of the rail was hardened more shallowly until a depth of 5-10 mm 

under the surface. After the thinner hardened region at the top of the rail, the surface cracks in 

the next region below have a shorter transient stage before growing downwards at a steeper 

propagation angle. 

 

Figure 3. An example of a steep surface crack (Jessop et al., 2016). 

In general, crack geometries are challenging to observe because of their arbitrary structures. 

Hence, it is difficult to determine the right maintenance action to mitigate such defects. To 

select the best maintenance action, monitoring the rail track condition is very crucial. Thus, a 

thorough evaluation of the commonly used methods for investigating surface cracks needs to 
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be conducted. It is also urgent to assess how the different methods deal with arbitrary crack 

structures.  

2. Rail maintenance and inspection 

To overcome near-surface defects, the rail maintainer grinds the rail surface to a depth of  

several millimetres. This maintenance action is called rail grinding and is performed with the 

following three aims: (1) the removal of near-surface defects such as gauge corner cracks, 

running surface cracks, squats, etc; (2) the modification of deformed rail profiles, i.e. profiles 

deformed by wear; and (3) the elimination of fatigue layers on the rail surface. 

To grind the rail surface, grinding wheels are attached to a train or wagon and they grind the 

rail surfaces while the train is moving. The configuration of the grinding wheels on the rail 

surface corresponds to an intended standard rail profile. Figure 4 provides an illustration of 

grinding wheels on a rail (Zhe et al., 2017). In a single pass, the grinder can remove a layer of 

rail material which is up to 0.2 mm thick. Hence, to remove a thicker layer, the rail surface must 

be ground multiple times. 

 

Figure 4. Grinding wheel on a rail (Zhe et al., 2017). 

Before grinding, the rail maintainer needs to determine the grinding depth. The depth should 

ideally be decided according to the three aims of grinding mentioned above. These aims refer 

to the defect depths, the wear level of the rail profile to be corrected to the standard profile, and 

the fatigue layer depths. 

Regarding the defect depth, the grinding depth should be optimized in terms of creating a 

balance between removing the near-surface defects and maintaining the remaining useful life 
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(RUL) of the rails. If the grinding depth is too thin, the deeper surface defects are not removed 

and thus remain after grinding. But, at the same time, the RUL is not reduced much. On the 

other hand, if the grinding depth is too large, more defects can be removed but more rail material 

is ground away, thus shortening the RUL of the rails. Therefore, an optimum grinding depth 

certainly can reduce the maintenance costs to maintain the rails and make the RUL as long as 

possible. Hence, in order to determine the optimum crack depth, the surface cracks need to be 

inspected. In practice, the crack depths are measured with various non-destructive methods. In 

the next section, some of the primarily used methods are explained. 

2.1.  Eddy current testing 

As is the case in some countries, for instance in Sweden, Trafikverket – the railway 

infrastructure manager in Sweden – primarily uses eddy current testing (ECT) to inspect near-

surface cracks. An eddy current (EC) measurement unit is installed under a measurement train 

and inspects the rails while the train is moving. The working principle of ECT is based on a 

magnetic field source interacting with conductive materials. An EC is induced in the test piece 

when the magnetic field impinges on the materials. The EC field will change if a defect exists 

under the probe. The primary magnetic field comes from a coil (or coils) penetrating the 

material and generating ECs as depicted in Figure 5. The EC induced in the material then 

generates a secondary magnetic field that opposes the primary magnetic field. This opposing 

magnetic field weakens the primary magnetic field and, hence, the coil impedance 

proportionally decreases when the EC intensity within the material increases. Through this 

mechanism, any irregularities under the inspected surface can be detected by ECT (García-

Martín, Gómez-Gil and Vázquez-Sánchez, 2011).  

 

Figure 5. The generation of EC flow in the inspected material (García-Martín, Gómez-Gil and 

Vázquez-Sánchez, 2011). 
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Evaluations of this technique have revealed that there are some drawbacks limiting the 

maintenance manager’s ability to decide the grinding depth based on the measurement results 

concerning the surface crack status. Figure 6 shows an example of an EC rail inspection report 

for rail tracks on Malmbanan (the Iron Ore Line) in the north of Sweden. The report shows an 

estimation of the average crack depth for every single metre of rail track. One signal peak in 

the figure (see the blue and orange lines) represents one metre of the rail track. The information 

to be derived from these results is marred by a significant error of measurement. Simplifying 

various depths of surface cracks within one metre of rail track into only a single depth means 

neglecting many surface cracks. In reality, a number of surface cracks are usually located close 

to each other in concentrated locations on rail tracks. As mentioned by Rajamäki et al. (2018), 

shallow penetration of eddy currents into rail surfaces during measurements can lead to large 

defect signals from an array of small defects. Related to this statement, the black dots in the 

figure show the quantity of defects in the rail track. However, the quantity of defects is 

consistent and concentrated in some places, which indicates unreliable measurements, because 

there is a low probability of such consistency occurring. Thus, ECT needs to be evaluated for 

rail surface defect inspection, in terms of measuring the surface defects’ depths and counting 

the number of surface defects. The reason why they use ECT for rail inspection is because it is 

eminent for its speed of measurement. On Malmbanan, Trafikverket runs the measurement train 

at 50-80 km/h, which is relatively fast compared to other options of inspection. From the quality 

of the results, as explained above, one can deduce that this inspection method seems to be 

reliable for detecting the existence of surface defects, but more clarification is needed regarding 

the method’s ability to measure the depth of surface defects. In addition, EC is also sensitive to 

lift-off variation. “Lift-off” is the distance between the coil and the inspected material. When 

the inspection is carried out by moving the probe at a high speed, the lift-off may naturally vary 

and cause difficulties in analysing the EC signals.  

Many researchers have performed investigations to prove that ECs can be used to measure the 

dimensions of near-surface defects (their depth, length, etc.) (Hadlock and Hower, 1990; 

Hansen, 2004; Hartmann, Ricken and Becker, 2006; Bettaieb et al., 2009; Yang, Zhao and 

Zhang, 2011; Harzalla, Belgacem and Chabaat, 2014; Ramos et al., 2014; Liu et al., 2017; Zhu 

et al., 2018; He et al., 2019). Some researchers have also conducted studies attempting to 

measure defects within rail materials with the EC method (Song et al., 2014; Liu et al., 2017; 

Zhu et al., 2018). However, in most of these studies, artificial defects have been used to prove 

the accuracy of ECT in measuring defects. The profile of real cracks in the railhead is too 
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complex to be represented by artificial defects. In a few studies, real cracks have been measured 

with the EC method (Pohl et al., 2004; Song et al., 2011; Szugs et al., 2016; Rajamäki et al., 

2018), but in these studies the ECT results have not been verified thoroughly against the real-

life dimensions of the real cracks. 

 

  

Figure 6. An example of an eddy current rail inspection report (Trafikverket, 2019). 

The complexity of crack networks makes measurement using ECs challenging. Generally, 

before an EC inspection is performed, defects of known size are used as a reference to analyse 

further the measurement results (Dias and Sukasam, 2011; ASTM, 2015). This approach should 

be ineffective for rail crack measurement since rail cracks are most likely not identical with the 

reference defect in terms of various parameters, for example the crack depth and length, the 

crack thickness, the crack branches, the crack angle, and the area of the crack path. Some 

researchers have presented the influence of those parameters partially, such as the influence of 

the branching of cracks (Yusa et al., 2016), the crack thickness (Song et al., 2011), and surface-

breaking cracks (Beissner, 1988; Erin et al., 2017). Hence, the reference results cannot be used 
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as a basis for accurately estimating the size of the inspected cracks. All of the cracks inspected 

in the studies cited above were manufactured or, otherwise, only simulated. 

2.2. Magnetic flux leakage 

Another older non-destructive testing method that was used for a long time before ECT and 

ultrasonic testing were introduced is magnetic flux leakage (MFL). This method is the earliest 

non-destructive testing (NDT) method to have been installed in a measurement train and it was 

first used in 1923. Its operating mechanism involves the creation of magnetic flux in the rail, as 

illustrated in Figure 7. A Hall sensor is used to measure the magnetic field. If there is any change 

in the magnetic field, this indicates that an irregularity is located in the magnetic flux area. 

However, this method is mostly only sensitive to transverse cracks in the rail, due to the 

coinciding orientation of the magnetic flux lines and the normal direction of the crack surface. 

Furthermore, a big longitudinal crack may only interfere to a lesser degree with the magnetic 

flux and can be underestimated during inspection (Clark, 2004).  

 

Figure 7. Magnetic flux leakage detection of an irregularity in an inspected material. 

 

In terms of the signal disturbance caused by increasing the speed of the measurement train, EC 

performs better than MFL, but EC has a greater sensitivity to lift-off that may give other 

disturbances (Papaelias, Roberts and Davis, 2008). Because the MFL method relies on magnetic 

flux to detect and measure cracks, it results in a similar challenge to that presented by ECT. The 

complexity of converting the signal responses of cracks into depth information is the main 

drawback for delivering accurate measurements.  

 

 Pipe 
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2.3. Ultrasonic testing  

Another non-destructive testing method that is commonly used for rail inspection is ultrasonic 

testing. Some countries, such as the United Kingdom and Australia, are using ultrasonic testing 

with two different setups, namely the rotating wheel and the sliding plate setups. For both setups, 

multiple single ultrasonic probes are used with different transmission directions. Figure 8 

illustrates the setups and their configurations for transmitting ultrasonic waves in various 

directions (Santa-aho, Nurmikolu and Vippola, 2017). 

 

Figure 8. Schematic presentation of the rotating wheel and the sliding plate setups (Santa-aho, 

Nurmikolu and Vippola, 2017). 

Briefly, the mechanism of ultrasonic testing involves a transducer generating ultrasonic waves 

which are transmitted into the inspected material. The waves then hit a crack, a wall or some 

other irregularity inside the material and are reflected to the transducer. The reflected waves are 

then received and recorded. Based on these recorded signals, the irregularities under the 

material surface are analysed. Figure 9 shows an illustration of how an ultrasonic transducer 

inspects a crack under the surface. 
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Figure 9. An ultrasonic wave is reflected to a transducer from a crack. 

Testing using a piezoelectric ultrasonic transducer, unlike eddy current testing, requires a 

couplant liquid layer at the interface between the inspected material and the transducer to ensure 

high energy transfer to the material and an adequate signal-to-noise ratio. For rail inspection, a 

water jet or spray is usually used as the couplant (Santa-aho, Nurmikolu and Vippola, 2017). 

One challenge of ultrasonic testing is the low signal-to-noise ratio in the area close to the surface 

of the inspected material due to a ringing of the piezoelectric element inside the transducer 

while the reflected wave signal is being received. This area is called the dead zone. Hence, it is 

difficult to carry out an inspection in the area less than 4 mm under the surface with this method. 

Practically, it is more useful to inspect the rail body than the area near the surface.  

3. Problem statement 

The commonly used inspection methods can deliver information on the crack depth without 

considering the profile of cracks. In addition, these methods, especially the EC and MFL 

methods, can potentially give inaccurate results since the working mechanism of these methods 

involves the conversion of signal changing into the crack depth by referring to data from 

calibration. However, signal changing does not always only correspond to the depth of a crack, 

but can correspond to various other factors, such as rough surfaces, voids, or shallow cracks 

with a relatively big hollow, etc (Rajamäki et al., 2018). Thus, there is a significant possibility 

of these methods delivering inaccurate measurement results for the crack depth.  

Furthermore, besides the crack depth, knowledge about the phase of growth and the profile of 

the cracks in the rails is additional knowledge which is beneficial to the rail maintainer. As 
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mentioned previously, surface cracks propagate in different phases and have a unique growth 

behaviour that can be characterized. Thus, by knowing the status of the surface crack growth, 

the rail maintainer can estimate the degree of danger involved in letting the cracks remain 

unremoved in the rails. However, there is no device available on the market that has been tested 

for this purpose. Most of the non-destructive methods in use focus on detection of the existence 

of defects and their depths. There is no proven method that can be used to give information on 

the phase of the crack growth based on the observation of crack profiles, areas and branches. 

Thus, there is a vital need to acquire a tested measurement system that has been proven capable 

of inspecting crack profiles. By knowing the crack profiles, the severity level of the cracks can 

be estimated, as well as the direction of the crack propagation. The severity of the cracks can 

also be evaluated in terms of the broken area under the rail surface if the crack area can be 

observed non-destructively. Branching and multi-layer cracks also contribute to the cracks’ 

severity.  

Therefore, rail maintainers have limited accurate information about the surface crack condition 

if they only rely on the NDT methods available for inspection. The focus of the research 

performed for this thesis has been directed on finding an alternative method for rail maintainers 

for the inspection of surface cracks, an alternative method that can produce more accurate 

measurement results and can observe the profile of surface cracks better than the methods 

commonly used at the moment. 

Since the objective of the present research has included solving the real problem of rail 

inspection, the possibility of implementing the alternative inspection systems investigated in 

this research for real field inspection of rail track also needs to be studied. This topic is discussed 

in detail in Chapter 6. 

4. Aim and research questions 

4.1. Aim 

The aim of the research conducted for this thesis has been to investigate a better alternative 

NDT method for inspecting near-surface cracks in railheads. This alternative method is 

expected to provide more information about the crack structure for a better rail grinding strategy. 
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4.2. Research questions 

1. How accurate is eddy current testing for inspecting near-surface cracks in railheads? 

2. Is there an alternative NDT method that potentially can be optimized to deliver better 

inspection of near-surface cracks in railheads? 

3. How accurate is the optimized NDT method for the inspection of near-surface crack 

structures? 

Table 1 shows a correlation of the contents of the papers appended to this thesis with the 

research questions mentioned above. 

Table 1. Correlation of the articles’ contents with the research questions. 

 Paper 1 Paper 2 Paper 3 Thesis  

RQ 1   X  

RQ 2 X   X 

RQ 3  X  X 
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STATE OF THE ART AND 
RESEARCH GAPS 
 

 

 

The development of rail testing technology started in the late 1920s, initiated by Dr Elmer 

Sperry due to the needs of the US railway industry (Clark, 2004). For years NDT methods have 

been evolving dramatically and many innovations have been introduced and studied. Specific 

topics concerning the development of surface defect inspection in railheads have also been 

given more attention in the 21st century since the Hatfield derailment accident (Kenderian, 

Djordjevic and Green, 2001; Mandriota et al., 2001; Deutschl et al., 2004; Dixon, Edwards and 

Jian, 2004; Pohl et al., 2004).  

A comprehensive discussion about the state of the art of non-destructive testing for rail 

inspection has been presented in a well-known study by (Papaelias, Roberts and Davis, 2008). 

Various rail inspection methods were explained in this study, but it did not extensively discuss 

near-surface crack measurement. In this chapter, NDT methods for near-surface crack detection 

are discussed, especially the potential of these methods for measuring and observing crack 

profiles. Three parameters of the crack profile are taken into account, based on the literature, 

namely the crack propagation angle, the crack path length and the crack tip depth under 

inspected surfaces.  

1. Alternative NDT methods for near-surface defect measurement 

1.1. Eddy current testing (ECT) 

(J. C. Moulder et al., 1990; J.C. Moulder et al., 1990; Tai, 1997) presented a photo-inductive 

imaging technique that combines eddy current and thermal wave techniques to capture 

information on the crack contour under the inspected surface. This technique requires a thermal 

source to heat up the surface, and then the temperature gradient of the zone surrounding the 

crack is coupled with the eddy current signal response. Due to the heating process required, this 

technique is less practical for field application. 

2 
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(Huang et al., 2003) proposed an eddy current probe for estimating crack profiles. An eddy 

current array probe was used to increase the scanning speed and increase the spatial resolution 

to recognize multiple cracks that are difficult to analyse with a single probe. The arrayed coils 

consisted of 3x10 coils and were flatly configured. Although this probe could determine the 

defect size with higher accuracy because of the increase in the spatial resolution, the resolution 

was limited to the dimensions of the coils. The coils’ diameter and inter-coil distance influence 

the spatial resolution. In addition, a certain combination of both parameters may produce a more 

satisfactory signal-to-noise ratio (SNR) for a certain crack size only, which obstructed the 

analysis for measuring various cracks and decreased the accuracy of the results. 

(Tian and Sophian, 2005) tried to reduce the lift-off variation of ECT, i.e. the variation in the 

distance between the inspected material and the inspecting probe. Two reference signals from 

good samples were used to help eliminate the lift-off variation in ECT signals. This technique 

could reduce the effect well. However, implementation of the technique needs to be verified for 

other case studies, because the causes of lift-off in different cases could be significantly 

different.  

(Todorov, Mohr and Lozev, 2008) used advanced eddy current (AEC) array probes to inspect 

fatigue cracks in welded specimens, showing that the crack depth measured using an AEC array 

probe was not accurately matched with the results obtained using fractography, as presented in 

Figure 10. Although the crack profiles were slightly the same in some segments of the crack, 

the depth of some crack parts was estimated with significant errors. Crack depths of 1.4, 5.1 

and 9.1 mm obtained using fractography were measured as 0.8, 1.7 and 2 mm, respectively, 

using an AEC array probe. This inaccuracy was caused by a fundamental difference between 

the calibrating defect and the measured crack.  

(Yusa et al., 2014) used a similar array consisting of 23 eddy current detectors to detect surface-

breaking cracks and estimate the depth and length of a series of cracks. Figure 11 shows the 

probe array. The cracks’ size range was 1.1–8.5 mm in depth and 9.6-26.3 mm in length. With 

the help of a k-nearest neighbour algorithm, the depth could be estimated better, although the 

accuracy rate was disordered and depended on the size of the cracks. For the crack length 

measurement, the results were less satisfying, since the method employed by (Yusa et al., 2014) 

relied on the distance between the coils to give indications of the edge of the cracks. As a result, 

the error was at least 2 mm for all the crack measurements. 
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Figure 10. Fractography indications (top) and advanced eddy current array indications for three 

fractured specimens (Todorov, Mohr and Lozev, 2008). 

 

Figure 11. Eddy current probe array (Yusa et al., 2014). 

(Rajamäki et al., 2018) presented some drawbacks of the eddy current method, especially for 

crack inspection in railheads, drawbacks that influence the accuracy of eddy current 

measurement. The sensitivity of the eddy current probe to the distance between the probe and 

the inspected surface (the clearance) is a drawback which may disturb the measurement signals. 
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Moreover, eddy currents are unreliable for the measurement of densely located cracks, such as 

head checks in railheads. The large number of variables that can influence the measurement 

signals of eddy current testing, such as the crack length, depth and geometry, the cracks in the 

vicinity of cracks, the electromagnetic properties and the clearance, decrease the reliability of 

eddy current testing in measuring and observing near-surface cracks in railheads. 

(Nafiah et al., 2019) utilized pulsed eddy current testing for evaluation of the depth and angles 

of artificial cracks with a series of depths and angles. The results were post-processed with 

artificial neural networks, and it was shown that this could increase the accuracy of the predicted 

crack angle. It should be noted that in this experiment, the crack had only one angle, which is 

not the case with real cracks. 

1.2. Magnetic flux leakage (MFL) 

Magnetic flux leakage relies on permanent magnets or DC electromagnets that are equipped to 

magnetize the inspected surface. A sensor is located near the surface to record the magnetic 

field. Any defects inspected under the magnet will be recorded by the sensors.  

(Hwang, 2000) predicted the shape and size of defects by post-processing MFL signals by 

employing a wavelet basis function (WBF) neural network. This work showed the significant 

role of the neural network in improving the accuracy of defect shape predictions. Additional 

studies followed, such as that performed by (Joshi, Tamburrino and Udpa, 2006), which used 

adaptive wavelets and a radial basis function neural network (RBFNN), the study conducted by 

(Li and Lowther, 2010), which used topological shape optimization for the shape prediction, 

and the study carried out by Liu and Zhang (2014), which used a least-squares support vector 

machine (LS-SVM) to increase the prediction accuracy. However, the defects investigated in 

the above-mentioned studies had only a simple shape, such as V or U notches. RCF cracks have 

different shapes than these defects and, hence, predicting RCF crack shapes is more challenging 

than predicting the crack shapes investigated in the above-cited studies. Figure 12 (from Liu 

and Zhang (2014)) shows a comparison of the defect shapes obtained using two 2D 

reconstruction methods for MFL.  
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Figure 12. Comparison of the defect shapes obtained using two 2D reconstruction methods for MFL 

(Liu and Zhang, 2014).  

Gao et al. (2015) tried to monitor the crack profile of multiple cracks in a railhead with a 3D 

sensor array consisting of sensors directed to three different orientations, denoted by X, Y and 

Z, representing the longitudinal, transversal and vertical orientations of the railhead. These 

sensors could present a good measurement and display of the shapes of artificial defects for all 

three orientations. However, with this sensor array, the visualization of a real RCF crack sample 

did not present detailed shapes of the cracks, and there was a loss of angular information and a 

number of small cracks. This problem was caused by a lower spatial resolution. Moreover, the 

inspected cracks were closely spaced and due to the arbitrary distribution of the multiple cracks, 

the signals from the different sensors of the array were superimposed on one another. Figure 13 

shows the results for the real RCF cracks.  
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Figure 13. MFL testing results for real RCF cracks (Gao et al., 2015). 

1.3. Ultrasonic testing 

Ultrasonic testing has been proven capable of detecting defect locations under an inspected 

surface in many studies and industrial practices. In contrast to ECT and MFL, ultrasonic testing 

relies on the reflection of transmitted waves after hitting cracks under the surface. 

Jacques, Moreau and Ginzel (2003) used a phased array ultrasonic transducer to measure the 

depth and determine the angle orientation of non-surface-breaking machined notches and actual 

flaws. By using a backscatter technique, the defects could be estimated well; for example, flaws 

at a depth of 3.1 mm and 1.3 mm, oriented at an angle of 3° and 24°, respectively, were 

estimated to have a depth of 2.8 and 1.8 mm and an angle orientation of 5° and 30°, respectively. 

These authors concluded that the backscatter technique was better at determining the size of 

surface-breaking defects than time-of-flight diffraction (TOFD), as was also stated by Gruber 

(1980). As the depths were close to the surface, the defects in the study carried out by Jacques, 

Moreau and Ginzel (2003) can be categorized as near-surface cracks, although they only studied 

artificial cracks. 

Satyanarayan et al. (2007) inspected a vertical notch with a phased array transducer. The results 

showed the insensitivity of the transducer for the detection of a notch body. However, the notch 

tip could be detected, although intense scattered crack signals occurred and caused less accurate 

size measurements. Furthermore, Satyanarayan et al. (2009) used the synthetic aperture 

focusing technique (SAFT) and a phased array technique to detect notches with different sizes. 

Both techniques could track the notch depth and length growth during dynamic pressure loading. 
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Most of the notches detected in this study were located in the far field of the inspected surface. 

The techniques could deliver a good accuracy of measurement with an error of 6% for a notch 

depth of 22 mm under the surface. For this case, the SAFT was a good technique to use.  

Sy et al. (2018) used phased array ultrasonic testing (PAUT) with various combinations of 

longitudinal and shear waves and with the total focusing method (TFM) to predict the location 

of a vertical slot inside a solid sample. In this study, the shear wave mode gave clearer results 

than the longitudinal wave mode. However, as explained in Kurokawa and Inoue (2010), the 

optimum setting of an ultrasonic testing system needs to be chosen for specific characterization 

of the defects. In order to increase the measurement accuracy, the transducer frequency is an 

essential variable since it influences the wavelength of the generated waves that interact with 

the defects. A higher-frequency transducer generates a shorter wavelength and better signal 

separation, but results in difficult signal interpretation. A shorter wavelength is more sensitive 

to any smaller inhomogeneity in the inspected material, i.e. the rough surface of a crack or 

crystal grains in the material. This sensitivity causes higher scattering and to a certain extent 

causes difficulty in analysing the measurement result. In contrast, a lower-frequency transducer 

generates a longer wavelength, but is insensitive for detecting small defects, hence lowering the 

measurement accuracy. 

Another challenge of ultrasonic testing when inspecting near-surface cracks is the low signal-

to-noise ratio (SNR) of signals at the inspected surface. As discussed by Shakibi et al. (2012), 

due to ringing inside the transducer, there is an uncertainty concerning the time at which the 

transducer receives the reflected waves. This uncertainty becomes worse when the inspected 

defect depth is shallower.  

1.4. Laser ultrasonic testing 

Laser ultrasonic testing uses lasers to generate the ultrasonic waves in the inspected materials, 

for the purpose of avoiding making contact with the material surface and omitting the 

requirement of using a liquid couplant. 

Hernandez-Valle et al. (2014) employed a Rayleigh wave generated by a laser beam to inspect 

artificial branched defects, aiming to discover the defect geometry through non-destructive 

inspection. Analysis of the results showed that the existence of branches could be recognized. 
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Figure 14 shows a cross-sectional view of the defects. The branches were positioned at the top 

and centre of the slots. 

 

Figure 14. Inspected branched defects (Hernandez-Valle et al., 2014). 

Figure 15 shows the signal recordings for both defects, with the left panel showing the top-

branched defect and the right panel showing the centre-branched defect. The position of the 

branch at the top of the straight slot can be seen in the amplitude of the signals. However, from 

a single signal recording like this, the branch length variation cannot be distinguished, which 

will lead to a wrong analysis. In the above-mentioned study, an attempt was made to distinguish 

the branch length by studying B-scans.  

 

Figure 15. Rayleigh wave amplitude as a function of the scan position. The left figure shows a defect 

with a branch at the top and the right figure shows a defect for the centre (Hernandez-Valle et al., 

2014). 

Figure 16 shows the B-scans of defects with different branch lengths. To distinguish one branch 

length from another successfully, all the possible wave propagation paths from the wave 

generation point to the defect and then to the detection point should be identified and tracked 

on the B-scans one by one. The coloured lines in Figure 16 are the tracks of all the possible 

Top Center 
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wave propagations that passed through the defect and were recorded by the detector. Using 

these lines, the branches’ lengths could be calculated by considering some geometry principles. 

However, this method cannot be used to inspect a real crack profile, which mostly has an 

arbitrary geometry profile. A real crack does not have a standard reference which can be used 

to convert its amplitude signal to an estimated size.  

Stratoudaki, Clark and Wilcox (2016) successfully used a laser ultrasonic phased array to 

inspect slots with various angles and drilled holes in two aluminium blocks using a combination 

of the total focusing method (TFM) and full matrix capture (FMC) for data collection and post-

processing, respectively. The inspected defects were located at depths ranging from 5 to 20 mm. 

This study achieved a phased array mechanism for laser ultrasonic testing by moving a single 

beam laser generator combined with a detector between a series of scanning points on the 

aluminium surfaces. Stratoudaki, Clark and Wilcox (2016) demonstrated the potential of a laser 

ultrasonic phased array for inspecting crack profiles, although they only used a single beam at 

a time. Crack detection using multiple laser sources was reported by Bruinsma and Vogel 

(1988), but this approach significantly increases the cost of applying the measurement system. 

 

Figure 16. B-scans showing incident, reflected and mode-converted waves for different branch 

lengths: (a) 0.5 mm, (b) 1 mm, and (c) 2 mm (Hernandez-Valle et al., 2014). 
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Davis et al. (2019) found that a rough surface of a fabricated material causes a greater scatter 

wave propagation in laser ultrasonic inspection. A complicated microstructure of mixed 

columnar and equiaxed grains caused by rapidly changing thermal cycles during component 

fabrication may also increase the wave scattering. These phenomena can potentially interfere 

with the analysis of cracks in the near-surface area.  

In addition, an intense wave superimposition due to multiple wave generation at the material 

surface limits the area at the near surface to be inspected, hence lowering the signal-to-noise 

ratio (SNR). As explained in Stratoudaki, Clark and Wilcox (2016), surface, longitudinal and 

shear waves are generated simultaneously. The superimposition area is affected by the aperture 

of the array. In this study, with a 13.8 mm array aperture, the area was 7.4 mm long and 

extended from the generation point down to the material. This presents a challenge when 

utilizing the laser ultrasonic method to inspect crack profiles in the near-surface area.  

Pei et al. (2020) utilized a fibre phased array laser ultrasonic method to inspect slots (with a 

height of 1, 3 and 5 mm) at the bottom of aluminium blocks (15 mm thick). When using a pulse-

echo-like method (a generator and a detector positioned closely), the slots could be measured 

in terms of the crack length, but the detection was poor for measuring the crack height. 

Subsequently the height could be measured better when the detector was moved to a position 

above the slots and using the time-of-flight diffraction (TOFD) method. However, the slots 

were located at the bottom of the blocks and their depth was more than 10 mm from the surface. 

The problem of the main bang (generation of ultrasonic waves in the inspected materials) 

covering up the near-surface area, causing a low SNR, appeared in all the signal measurements, 

and this problem makes it difficult to utilize this method to inspect near-surface cracks.  

1.5. Electromagnetic acoustic transducer (EMAT) 

The electromagnetic acoustic transducer (EMAT) consists of electrical coils and magnets that 

can generate ultrasonic waves in a conductive material. Instead of generating ultrasonic waves 

in the transducer, the EMAT generates them in the inspected materials. Thus, the EMAT does 

not need a couplant to scan the materials. However, due to this mechanism, the EMAT is less 

efficient in converting electrical energy into a mechanical force than piezoelectric transducers. 

The EMAT requires a high power input to generate sound, typically needing several cycles of 

energy ranging from 600 to 1200 volts. The EMAT can induce a relatively lower amount of 

sound compared to the piezoelectric transducer (Lopez, 2013).  
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Edwards et al. (2006) used a setup consisting of a small trolley carrying two EMATs for the 

generation and reception of ultrasonic waves. These authors employed Rayleigh waves to detect 

normally-directed slot defects in a rail sample. The EMAT could detect cracks with depths 

ranging from 1.5 to 20 mm, and then measured the surface defects while the device was moved 

at a speed of around 0.2 m/s to show its potential for real field measurements. In this study, the 

existence of surface defects could be detected. Rosli et al. (2010), belonging to the same 

research group at the University of Warwick, tried to identify the signatures of angled surface 

cracks from the propagation of Rayleigh waves that crossed the cracks. By studying B-scans of 

the angled crack measurements, the dynamics of the wave propagation path and the signatures 

of different crack angles could be analysed. Due to the complexity of this identification, Rosli, 

Fan and Edwards (2012) then utilized a crack characterization algorithm to carry out this work. 

Further explanation of the algorithm can be found in their paper. This method could estimate 4 

mm deep cracks angled at 30° and 7 mm deep cracks angled at 45° as cracks with a depth of 

4.5±0.6 mm (angled at 34°±10°) and 7.4±0.9 mm (angled at 45°±10°), respectively. They also 

processed the waves with pitch-catch method, which can effectively estimate the crack 

dimensions. Edwards et al. (2015) continued their work by focusing on the detection of 

branched surface defects. Using the same procedures, some shapes of surface defects, as 

depicted in Figure 17, were inspected. The pattern recognition relied on signal enhancement of 

the recorded wave signals. Examples of signal enhancement can be seen in Figure 18. Different 

branch locations were distinguished based on the enhancement factor. Figure 19 shows the 

enhancement factors for distinguishing branch locations and lengths. 

Furthermore, Edwards et al. (2015) also inspected two real surface cracks in an aluminium billet 

for simulation of the method to estimate real surface crack depths and angles. The results 

showed an excellent agreement with results obtained using the alternating current potential drop 

(ACPD) method, in terms of the crack depth. However, as the ACPD method is a simple 

measurement method that relies on the potential difference between one area near the mouth of 

the cracks and another area at the other side of the mouth, this method is marred by some 

potential causes of error and generally produces measurements with significant error for severe 

surface cracks, as described in Anandika, Stenström and Lundberg (2019). Concerning the 

crack angle estimation, a single value of the angle for each crack could be delivered. 

Unfortunately, in this study, this angle was not verified with other measurements. As generally 

found in surface crack growth, the propagation angles were arbitrary. The crack propagation 

angle changes dynamically from time to time during daily railway operations, influenced by 
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factors such as the friction force, the dynamic of the impact pressure, the loading on the surface, 

the hardness and phase transformation of the materials, etc. Hence, further research is needed 

on the use of a single pair of EMATs to discover the surface crack geometry with Rayleigh 

waves. 

 

Figure 17. Branched defect geometries (Edwards et al., 2015). 

 

 

Figure 18. Examples of signal enhancements of Rayleigh waves detecting branched defects: (a) 

branch at the top of the main defect, (b) branch in the middle of the main defect (Edwards et al., 

2015). 
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Figure 19. Enhancements as a function of the branch length for real cracks. 

Some studies have investigated the phased array EMAT, motivated by the ability of this 

approach to steer and focus the ultrasonic waves by controlling delays of the wave transmission 

and the reception of each coil element.  Sawaragi et al. (2000) constructed a V-shape phased 

array EMAT to detect defects on the inner side of a pipe by employing a shear horizontal wave 

from the outer side of the pipe and produced C-scans of the defects. Another phased array 

EMAT was investigated by Isla and Cegla (2017) for the inspection of a 0.2 mm wide and 0.8 

mm high slot defect at the back surface of a 30 mm thick aluminium plate. The wave could 

successfully be steered obliquely toward the defect and could image the defect clearly according 

to coded sequences in post-processing.  

Xiang et al. (2020), belonging to the research group at the University of Warwick mentioned 

above, have also conducted research on the development of a phased array EMAT that employs 

Rayleigh waves to inspect near-surface defects. Each coil can be controlled independently and, 

hence, waves with different wavelengths can also be utilized. The array has shown potential for 

reducing the lift-off effect because of the phasing. 

1.6. Alternating current field measurement (ACFM) 

Nicholson et al. (2011) showed the capability of an ACFM sensor to detect RCF cracks in a rail 

sample. This study tried to estimate the vertical angle of surface-breaking cracks. The 

estimations were based on results from machined angled defects. The RCF cracks were 

estimated with simple semi-inclined ellipse shapes. Since only a single value of the angle was 

estimated for each crack, the estimations were roughly matched with the real cracks. The 

estimations only matched well with small and simple cracks which had no branches and did not 

propagate widely. 
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Another finding from Nicholson et al. (2013) is that Bx (the measurement of the reduction in 

density above the deepest part of the defect) is greatly reduced when detecting multiple cracks 

compared to when isolated cracks are being detected. As the number of cracks increases, the 

Bx signal decreases. This effect saturates above a certain number of defects, depending on the 

spacing of the cracks.  

Shen et al. (2015) tried to correlate ACFM signals and the propagation of surface-breaking 

cracks in a railhead. The Bx of an ACFM signal is insensitive to the vertical angle of cracks in 

the range of 30°-90°. Estimation of the crack pocket length for a crack with a known pocket 

length of 3.2 mm and a known vertical angle of propagation of 10° showed an error of 50%, 

which does not constitute a good accuracy. Meanwhile the signal for Bz (the measurement of 

the disturbance to the current flowing around the ends of a crack) showed a response to the 

crack angle variation. This is due to the decrease in the current intensity and the shift in the 

current intensity position caused by variations of the vertical angle of the cracks. Continuing 

this work, Shen (2017) compared the signal amplitudes of machined slot cracks with angles 

from 10° to 90°. Based on the signal amplitudes of the magnetic field in the vertical direction 

(Bz), the magnitudes increased in a row with an increase in the angles. Moreover, the system 

could predict real RCF crack angles of 24⁰-33⁰ with an error of 3⁰-5⁰, which is promising for 

further development of the approach. 

2. Crack depth visualization for measurement verification 

For non-destructive testing, it is crucial to validate the measurement system used and verify the 

measurement results. In this connection, the fact that, in practice, the inspected materials are 

not destroyed by NDT makes it possible to confirm the result accuracy. Consequently, to 

develop and start operating a robust non-destructive measurement system, it has to be verified 

for measuring defects that are as similar as possible to the ones that will mainly be inspected 

later in the field. 

 

Most of the studies about crack geometry estimation with NDT methods documented in the 

literature have used artificial defects in their experiments. Hence, there has been no problem 

verifying the results since the defect geometry has been known before the inspections. However, 

when real cracks are inspected with NDT, it is a challenge to verify the results. Pal et al. (2012) 

verified the ultrasonic testing of squats in a railhead by performing metallographic observations 
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to verify the crack detection underneath. However, metallography is mainly used to study the 

material microstructure. Therefore, the focus of metallography is directed on a smaller area, 

while the verification of NDT results needs to be achieved in a larger observation area. 

Moreover, metallography is also performed in 2D, which makes it less relevant for the 

verification of measurements of the full structure of surface cracks. 

 

Based on literature reviews published in various studies, it can be established that there are 

three main methods for discovering the nature of rail crack networks which can be used to verify 

NDT measurement results. These methods are discussed in the following sections.  

2.1. Comparison of the measurement results of one NDT method with the 

corresponding results of another NDT method 

Edwards et al. (2015) verified the EMAT measurement results for real rail defects with the 

corresponding results obtained using the ACPD method. Comparing the results obtained with 

one NDT method with the corresponding results obtained using another NDT method is a 

common way to confirm measurement results. This comparison method is less convincing since 

each NDT method has its own measurement errors, and comparing one set of results with 

another in this way does not confirm any accurate agreement with real crack geometry 

information. In particular, because of its working mechanism, the ACPD method shows a 

varying potential for delivering an accurate reference for the crack geometry. For instance, since 

this method relies on the potential difference between its contact pins, there is a possibility that 

the electric current will pass over the shortest path of the inspected crack instead of the longest 

path of the crack, which will then lead to inaccurate measurements.  

2.2. Serial cutting 

Another verification method is serial cutting, which was investigated in Garnham et al. (2011). 

In this study the cracked railhead was cut into seven pieces. The crack networks were 

reconstructed by connecting the crack marks in those pieces, but since the pieces were very 

thick (10-20 mm), the reconstructed surface crack networks were vague. Figure 20 shows this 

railhead slicing.  
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Figure 20. Serial cutting of the railhead and schematic reconstructions of the crack shapes. 

 

Kandroodi et al. (2017) verified the defect depth, length and width estimation obtained using 

MFL by “digging up” the cracks. Unfortunately, no clear explanation was provided as to how 

this “digging up” was performed. In this study, there was no attempt to study the crack profile, 

but only to verify the deepest depths, lengths and widths of all the inspected cracks. Hence, this 

research was marred by a certain lack of efficiency in that a great deal of effort was devoted to 

digging up cracked areas, only to verify three geometry units.  

2.3. X-ray tomography 

X-ray tomography is a testing method commonly used for revealing crack networks. Jessop et 

al. (2016) used X-ray tomography to study some rail surface cracks. In their study, some surface 

crack networks inside the rail sample could be observed well. The rail sample dimensions were 

limited to 10x10x30mm, and cut to dimensions of 8.7x7.3x24.8mm due to some edge effects. 

A limitation of the sample volume to be scanned was also carried out by Zhou et al. (2015) to 

perform serial slicing of a railhead sample into some pieces and then scan them with X-ray 

tomography to obtain the whole structure of the surface crack networks. Figure 21 shows the 
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slicing and the crack profiles within the sample obtained in this study. However, in the above-

mentioned studies, the discovered crack networks were not used to verify any NDT 

measurement results.  

 

Figure 21. Crack network extraction from a railhead sample (Zhou et al., 2015). 

Table 2 summarizes all the important conclusions from the studies mentioned above, as well 

as the challenges of each method, revealing their current limitations in applications.   

Table 2. Summary of the state of the art. 

Conclusions Reference 

Eddy current (EC) testing 

The coils’ diameter and the inter-coil distance of the arrayed probe 

influence the spatial resolution. 

(Huang et al., 

2003) 

An arrayed EC probe can estimate the depth and length of a series of 

cracks better with the help of the K-nearest neighbour algorithm.  

(Yusa et al., 

2014) 

Pulsed ECT can be used to evaluate the crack depth and angle of artificial 

cracks by using artificial neural networks. 

(Nafiah et al., 

2019) 

Challenges 

The coils’ diameter and the inter-coil distance of the arrayed probe 

influence the spatial resolution. 

(Huang et al., 

2003) 

The lift-off effect is mixed with the EC signals from the cracks, causing 

misinterpretation of the signals.  

(Tian and 

Sophian, 2005) 

- The large number of variables that may influence the measurement 

signals of ECT decreases the reliability of the method for measuring 

and observing near-surface cracks in railheads. 

- Shallow penetration can lead to large defect signals 

from an array of small defects. 

(Rajamäki et 

al., 2018) 

Magnetic flux leakage (MFL) 

MFL can be used to predict 3D defect profiles in gas pipelines with a 

wavelet basis function neural network with a considerable accuracy.  

(Hwang, 2000) 

MFL can predict the defect profiles of artificial defects with adaptive 

wavelets and a radial basis function neural network (RBFNN). 

(Joshi, 

Tamburrino 

and Udpa, 

2006) 

 
Created by 

segmentation 

HC=Head checks 



 

32 

 

MFL can predict the defect profiles of artificial defects with topological 

shape optimization. 

(Li and 

Lowther, 

2010) 

MFL can predict the defect profiles of artificial defects with a least-

squares support vector machine (LS-SVM). 

(Liu and 

Zhang, 2014) 

- A 3D sensor array and MFL have been used to inspect real surface 

cracks with a low spatial resolution. The system could not show 

enough detailed features of the profile; nor could it show the crack 

depth and the number of cracks. 

- Adjacent MFL interactions for closely spaced and arbitrarily 

distributed multiple cracks make the signals of the sensors of the 

array superimposed on one another. 

(Gao et al., 

2015) 

Challenges 

The use of a machine-learning approach to estimate the crack depth with 

neural networks is limited by the availability of training data, which in 

some cases can be difficult to prepare. 

(Hwang, 2000) 

MFL can predict the orientation of multiple cracks, but cannot evaluate 

the depth and surface shapes of the cracks. 

(Gao et al., 

2015) 

Ultrasonic testing 

The backscatter technique is more beneficial for measuring surface-

breaking defects than time-of-flight diffraction (TOFD). 

(Gruber, 1980) 

A combination of the SAFT and a phased array has been able to measure 

accurately notches with a depth of 22 mm under the surface with an error 

of 6%. 

(Satyanarayan 

et al., 2009) 

A higher frequency transducer generates a shorter wavelength and better 

signals separation, but results in difficult signal interpretation. A shorter 

wavelength is more sensitive to any smaller inhomogeneity in the 

inspected materials. 

(Kurokawa 

and Inoue, 

2010) 

Challenges 

It is difficult to detect defects that coincide with the arrival of transmitted 

waves, since the waves are reflected away from the receiving transducer 

(e.g. in the case of a vertical crack). 

(Satyanarayan 

et al., 2007) 

A higher transducer frequency results in a higher spatial resolution, but 

also creates more intense echoes. 

(Kurokawa 

and Inoue, 

2010) 

A low signal-to-noise ratio at the front of the transducer decreases the 

detectability of any defects in the near field of the inspected materials.  

(Shakibi et al., 

2012) 

Significantly weaker waves transmitted through irregularities make the 

area under the irregularities less sensitive for detection, so that multilayer 

defects are more challenging to inspect. 

(Zhu et al., 

2019) 

There have been substantial technological advances, but they have 

resulted in longer measurement processing times, which does not work 

for some applications and can potentially result in significant revenue 

losses.  

(Loveday, 

Long and 

Ramatlo, 

2020) 

Laser ultrasonic testing 

A laser ultrasonic phased array has been used to inspect slots with various 

angles and drilled holes in two aluminium blocks with a combination of 

the total focusing method (TFM) and full matrix capture (FMC) for data 

collection and post-processing, respectively. The inspected defects were 

located at depths ranging from 5 to 20 mm. 

(Stratoudaki, 

Clark and 

Wilcox, 2016) 
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Challenges 

A rough surface of a fabricated material causes a greater scatter wave 

propagation in laser ultrasonic inspection. 

(Davis et al., 

2019) 

An intense wave superimposition, due to multiple wave generation at the 

material surface, limits the area at the near surface to be inspected, hence 

lowering the signal-to-noise ratio (SNR). 

(Stratoudaki, 

Clark and 

Wilcox, 2016) 

The laser may cause microscopic material transformation (e.g. melting, 

plastic deformation or cracking, etc.) in the material surface, especially in 

the ablation regime, in which the high incident power causes the 

vaporization of material on the surface. 

(Pan et al., 

2019) 

The EMAT 

The EMAT is used to identify the signatures of angled surface cracks 

from the propagation of Rayleigh waves that cross the cracks. By 

studying B-scans of the angled crack measurement, the dynamics of the 

wave propagation path and the signature of different crack angles can be 

analysed. 

(Rosli et al., 

2010) 

The EMAT has been used a with crack characterization algorithm and 

been found capable of estimating 4 mm deep cracks angled at 30° and 7 

mm deep cracks angled at 45° as cracks with a depth of 4.5±0.6 mm 

(angled at 34°±10°) and 7.4±0.9 mm (angled at 45°±10°), respectively. 

(Rosli, 

Edwards and 

Fan, 2012) 

The same procedure as that mentioned above has been applied to detect 

branched surface cracks, Furthermore, two real surface cracks in an 

aluminium billet were inspected to simulate the method to estimate the 

real surface crack depths and angles. 

(Edwards et 

al., 2015) 

A 0.2 mm wide and a 0.8 mm high slot defect on the back surface of a 30 

mm thick aluminium plate has been inspected. The waves could 

successfully be steered obliquely toward the defect and the defect could 

be imaged clearly according to coded sequences in post-processing. 

(Isla and 

Cegla, 2017) 

A V-shape phased array EMAT has been constructed to detect defects on 

the inner side of a pipe by employing shear horizontal waves from the 

outer side of the pipe and producing C-scans of the defects. 

(Sawaragi et 

al., 2000) 

Research has been conducted on the development of a phased array 

EMAT that employs Rayleigh waves to inspect near-surface defects.   

(Xiang et al., 

2020) 

Challenges 

Crack branches and angles have been estimated, but estimating real crack 

profiles has proven difficult.  

(Edwards et 

al., 2015) 

Employing a phased array EMAT to generate delayed multiple Rayleigh 

waves seems promising, but more work has to be carried out to clarify the 

complexity of phased array setting, lift-off and noise.  

(Xiang et al., 

2020) 

ACFM 

Based on the signal amplitudes of the magnetic field in the vertical 

direction (Bz), the magnitudes increase in a row with an increase in the 

angles. This method can also predict real RCF crack angles of 24⁰-33⁰ 

with an error of 3⁰-5⁰, which is promising for further development of the 

method. 

(Shen, 2017) 

Challenges 

The ACFM method has a low sensitivity for recognizing asymmetrical 

crack profiles if only a single ACFM sensor is used.  

(Shen, 2017) 

Verification of NDT measurement results 
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The measurement results of one NDT method have been compared to 

those of other NDT methods for the purpose of result verification. For 

example, EMAT measurement results for a manufactured crack have been 

compared to the corresponding results obtained using the ACPD method. 

(Edwards et 

al., 2015) 

The use of serial cutting for result verification has been investigated. A 

railhead has been sliced into seven pieces to study the crack distribution 

throughout the inspected railhead. The sliced pieces were quite thick, so 

that the reconstructed crack networks were fuzzy.  

(Garnham et 

al., 2011) 

The use of X-ray tomography for result verification has been investigated. 

The impracticality of using this measurement method for field inspection 

limits its use to indoor testing. 

(Zhou et al., 

2015) 

 

3. Research gaps 

3.1. Features and challenges 

In terms of revealing the crack profile with non-destructive testing, each method mentioned in 

the previous section has its own features and challenges. Both aspects indicate the potential for 

exploring research gaps for the respective methods. For example, the features can be developed 

to obtain more advanced qualities or new features can be developed for correlation with crack 

parameters. In addition, challenges can be overcome or decreased to deliver results of a higher 

quality. 

For the electromagnetically based techniques, especially ECT, a register mechanism could be 

created to track the changes in the lift-off and correlate the register changes with the signal 

dynamics. One remaining challenge for ECT is verification of the influence of the various crack 

parameters on the EC signal changes. Hence, the detection and measurement of any crack 

parameters and characteristics – such as the crack length, crack depth, and crack branches – are 

challenging and require a large number of experiments to verify each parameter’s influence on 

the signal changes. For the EC array probe, the coil diameter and the inter-coil distance are vital 

factors that affect the spatial resolution of the probe. For every inspection case, there is an 

optimal combination of both factors. There is no universally perfect combination of the coil 

array – in terms of the diameter and the inter-coil distance. 

An intense main bang at the generation of the initial wave by the laser at the surface of the 

inspected material causes a low signal-to-noise ratio in the near-surface area. Hence, it is 

difficult to utilize laser ultrasonic testing to inspect defects in that area. In addition, a rough 
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surface of a fabricated material will cause a greater scatter wave propagation in laser ultrasonic 

inspection. 

3.2.  Array techniques 

Examining the state of the art in this field reveals that the phased array technique obviously can 

deliver more comprehensive information than a single transducer. 

o When applying electromagnetically based techniques, a probe array can deliver more 

comprehensive information about the crack parameters, as well as covering a wider area. 

In addition, working with multi-frequency measurements can also create layers of 

magnetic fields that can identify crack structures layer by layer. A combination of both 

techniques, i.e. a probe array and multi-frequency measurements, can hypothetically 

increase the accuracy of crack parameter measurements, especially measurements of the 

crack tip depth. 

o Research on the application of the laser ultrasonic array to crack measurement started 

with a study performed by Stratoudaki, Clark and Wilcox (2016), followed by a study 

carried out by Pei et al. (2020), who measured defects in the far field. More research on 

the use of laser ultrasonic testing for near-surface crack measurement is needed to 

determine its potential. 

o Furthermore, the research on the use of the EMAT in a phased array which was 

performed by Isla and Cegla (2017) showed that the waves can be steered obliquely. 

Hence, it would be very interesting to investigate this wave steering for the inspection 

of near-surface cracks.  

o A series of EMAT research studies on surface crack inspection utilizing Rayleigh waves 

has been performed by a research group at the University of Warwick (Edwards et al., 

2006, 2008, 2015; Rosli et al., 2010; Rosli, Edwards and Fan, 2012; Xiang et al., 2020) 

and has shown good results concerning the conversion of signal responses of the wave 

after propagation to machined slots near the inspected surface. More research is needed 

before this measurement system can be utilized to inspect real near-surface cracks, since 

real crack structures are more complex than machined ones. Although the wave most 

likely can only propagate to crack structures that break the surface and possibly may 

miss sub-surface cracks that do not break the surface, this technique can still be 
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developed to estimate the surface-breaking crack structure and thus the crack growth 

level can still be predicted.  

o Another interesting research gap to be explored concerns the use of a 2D phased array 

transducer. Instead of only using a line array of transducers, a plane array of transducers 

can possibly deliver more information from the inspected cracks. As proposed by Yusa 

et al. (2014) in their investigation of a 2D eddy current probe array, this same technique 

can also be applied for other testing methods, for example the piezoelectric ultrasonic, 

laser ultrasonic, and EMAT methods. One of the newest technological products on the 

market in this field is the ultrasonic 2D transducer. The transducer’s dimensions are 

31.96 x 31.96 mm and it contains 128 x 128 elements. The capability of this transducer 

to steer the generated wave has not been studied. However, even without steering the 

wave, this transducer may give more comprehensive results for near-surface crack 

inspections. 

3.3. Verification of measurements of real near-surface crack profiles 

There are a limited number of studies on the verification of NDT measurements of real surface 

cracks. Based on a study of the state of the art, one can establish that X-ray tomography and 

serial slicing can be used to verify real crack measurements. By verifying the measurement 

results thoroughly with one of these techniques, the measurement system and accuracy can be 

evaluated. 

3.4. Research gaps fulfilled by the present study 

The research performed for this thesis has filled knowledge gaps in the following areas: 

o decreasing the dead zone that arises when performing ultrasonic testing for near-surface 

inspection, 

o the application of serial cutting of rails to observe full near-surface crack networks in 

the rail and to verify NDT measurements, 

o the investigation of near-surface crack profiles with PAUT, 

o investigation of the limitations of PAUT for observing multi-layer near-surface cracks, 

o the estimation of near-surface crack networks with PAUT. 
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3.5. Considerations taken into account when choosing the NDT method studied 

primarily in the present research 

Based on the literature review presented in this chapter, ultrasonic testing with a piezoelectric 

transducer was selected to be the main method for achieving the purpose of the present research. 

This choice was motivated by the following lines of reasoning. 

1. Compared to electromagnetic-based NDT, i.e. ECT and MFL, ultrasonic-based NDT 

rely on the reflection of ultrasonic waves from the transmitting transducer. This 

mechanism eliminates one source of potential measurement inaccuracy, since the 

generated waves only interact with the inspected crack surface. In contrast, in the case 

of electromagnetically based NDT, the generated magnetic field crosses regions under 

the inspected surface, so that all the inhomogeneity is “picked up” and its signature 

appears in the responded signals. Hence, differentiation of the signature of one 

inhomogeneity from that of another has to be achieved successfully to decrease the 

inaccuracy.  

2. Based on the literature review, one can conclude that the phased array technique offers 

more advantages for the detection of defects. The ability of this technique to collect 

signal responses from multiple points and combine all of them on one measurement 

occasion means that a wider area can be covered and scanned on one occasion. In 

addition, the technique’s ability to steer the waves means that the waves can inspect 

cracks with a greater variety of angles than single-element transducers can inspect. 

Among all the ultrasonically based NDT methods, the piezoelectric ultrasonic 

transducer has been developed to a more advanced level. Various phased array 

ultrasonic transducers are commercially available on the market at a relatively 

affordable price and the measurement system is easier to prepare before use. One 

challenge that needs to be overcome before the system can be used to inspect near-

surface cracks in the field is the low signal-to-noise ratio in the dead zone in the near 

field of the inspected surfaces. Other challenges are discussed further in the next 

chapters. 
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RESEARCH METHODS 
 

 

 

This chapter explains the steps taken to answer the research questions specified in Chapter 1. 

Two NDT methods have been used in this research, the first of which is eddy current testing 

(ECT), while the second is phased array ultrasonic testing (PAUT). The reason for focusing 

primarily on the latter method was explained in Chapter 2.  

Furthermore, two types of defects were used to verify the measurement accuracy of the methods. 

The first type was a series of machined near-surface defects, which were created to obtain the 

optimum setup for the ultrasonic measurement system. The second type of defects was cracks 

in a rail sample cut from a section of tangent track in Sweden to test the measurement accuracy 

of the methods on inspecting near-surface cracks in a railhead. 

1. Measurement of defects of known depth in a steel block using ultrasonic 

testing 

In order to study the optimum measurement configuration for inspecting near-surface cracks, a 

set of artificial defects was prepared. In a block of mild steel (complying with EN 10278) ten 

30° ±1° surface-breaking cracks were made with depths ranging from 0.25 to 2.5 mm ± 0.02 

mm. Figure 22 provides a schematic diagram of the artificial cracks in the steel block. The 

cracks were made using electrical discharge machine (EDM) wire. Due to the cylindrical profile 

of the wire, the crack tips have a semicircular form. The width of the artificial cracks is 0.35 ± 

0.02 mm. A cross-sectional view of the cracks is shown in Figure 22 and the dimensions of the 

cracks are shown in Table 3. The 30°-inclined and flat crack wall reflects transmitted signals to 

the ultrasonic probe, while the semicircular tip reflects the signal away from the probe. Hence, 

in the ultrasonic measurements, the semicircular tip was not considered as the reference for the 

measurements, but the straight crack wall was used for the reference. For the ultrasonic signal 

analysis, D in Figure 22 was the reference for the crack depth measurements and E was the 

reference for the crack length measurements. 
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(a) 

 

 

(b) 

Figure 22. Schematic diagram presenting a cross-sectional view of the artificial cracks in the 

steel block: (a) a cross-sectional view of an artificial crack (see dimensions in Table 1); and 

(b) an illustration of the steel block sample with ten surface cracks. 

 

Table 3. The dimensions of the artificial cracks (in mm) – tolerance ± 0.2 mm. 

Crack no. A B C D E 

1 2.50 5.00 2.65 2.30 4.59 

2 2.25 4.50 2.36 2.05 4.09 

3 2.00 4.00 2.07 1.80 3.59 

4 1.75 3.50 1.78 1.55 3.09 

No:    1 2 3 4 7 6 5 8 9 10  

6 cm 

10x30° 
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5 1.50 3.00 1.50 1.30 2.59 

6 1.25 2.50 1.21 1.05 2.09 

7 1.00 2.00 0.92 0.80 1.59 

8 0.75 1.50 0.63 0.55 1.09 

9 0.50 1.00 0.34 0.30 0.59 

10 0.25 0.50 0.05 0.05 0.09 

 

- Ultrasonic measurement system 

The ultrasonic inspection device used in the present research consists of an R/D Tech Omniscan 

MX with a phased array probe. The defects were detected by generating longitudinal waves 

(LW) and shear waves (SW). Schematic diagrams of the crack measurements are shown in 

Figure 23. 

 

Figure 23. Schematic diagram of the crack measurements performed with the phased array probe. 

 

An Olympus 5L64 A12 5 MHz phased array probe with an Olympus SA12-N55S wedge, the 

dimensions of which were 73 × 45 × 23 mm, was used to detect the fabricated surface cracks. 

The phased array probe consists of 64 elements with a 0.6 mm pitch. A 5-MHz ultrasonic probe 

was selected because it was considered to be a relatively higher-frequency probe than the 

ultrasonic transducers commonly used for rail inspection, which have a frequency of 

approximately 0.4–3 MHz (Hesse and Cawley, 2007). A higher-frequency transducer generates 
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a shorter wavelength and provides a better signal separation, but results in more difficult signal 

interpretation. A shorter wavelength is more sensitive to any smaller inhomogeneity in the 

inspected material, such as a rough surface of a crack or crystal grains in the material. This 

sensitivity causes higher scattering and may cause difficulty in analysing the measurement 

results (Kurokawa and Inoue, 2010). The wedge is attached to provide a delay line and an 

inclined incident wave. The ultrasonic signal is transmitted and received based on the pulse-

echo principle. 

Furthermore, the LW and SW mode settings change the wavefront of the wave transmitted from 

the probe. With different wavefronts and propagation velocities, the LW mode and SW mode 

generate different results when scanning the cracks. All of the measurements were completed 

using the sectorial method, with an angular range of 29°-70°. The type of ultrasonic views used 

to visualize the measurement results is explained briefly in Appendix A and B. 

2. Measurement of near-surface cracks in a railhead with ECT and PAUT 

A piece of rail was cut from a section of tangent track in Sweden, as can be seen in Figure 24. 

Cracks were detected by visual inspection on the surface of the rail sample. This rail had 

numerous surface cracks that could be seen with the naked eye. ECT and PAUT were conducted 

on the rail. Some spots were selected to evaluate the inspection’s performance.  

 

   (a)                                                                      (b)  

Figure 24. The inspected rail sample: (a) cross-sectional view of the measurement track locations and 

the probe positions; (b) the locations of the measurement tracks along the rail sample and the 

locations of the pre-selected spots. 
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2.1.  Eddy current testing 

The rail sample was inspected with ECT by moving the probe manually along the rail surface. 

The probe was kept in contact with the rail surface during the measurement and, hence, the lift-

off only depended on the roughness of the rail surface. The probe was also guided manually to 

keep it in strict alignment with the rail surface, with an estimated side movement of ± 1 mm. 

The surface roughness was 1 µm, measured with the reference from the mechanical stylus 

method. 

In this inspection, the probe was moved on three different measurement tracks. The tracks are 

on the centre, corner and side of the railhead, as shown in Figure 24a (track 1, 2 and 3). The 

probe was moved on these tracks to obtain the highest crack signals and to find the track with 

the most significant signal response for further analysis. In addition, two cracked spots were 

selected to investigate the ECT accuracy. Figure 24b shows the spots’ locations on the rail 

sample. For clarification, it should be noted that the spots mentioned here are referred to as 

“regions” in Paper 2 in Part 2. 

Among the different types of EC probes, the differential probe is usually used to inspect small 

cracks due to its sensitivity for detecting small irregularities near the inspected surface. This 

probe was used for measuring near-surface cracks in the railhead, as they are commonly used 

by rail maintainers to inspect rail track (Bentoumi, Aknin and Bloch, 2003; Opanasenko et al., 

2016; Chandran et al., 2019). In the probe, there are two coils used to inspect cracks, as shown 

in Figure 25a. Both of the coils generate magnetic fields which are in an opposite direction to 

one another. Hence, the output voltage is zero when there is no crack under the probe. Figure 

25b illustrates how the signal varies when scanning a material with a crack (García-Martín, 

Gómez-Gil and Vázquez-Sánchez, 2011). Although the probe is sensitive for detecting small 

defects, it does not detect gradual variations in the test materials because of the close position 

of the coils to one another. 
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(a)                                                              (b) 

Figure 25. Differential-mode probe: (a) differential-mode coils inspecting a metal surface; (b) signal 

variation of a differential-mode probe inspecting a crack. 

The coils generate ECs in the rail material under the probe perpendicular to the magnetic field. 

There are two main disadvantages of using a differential EC probe for inspecting rails. Firstly, 

there is the problem of signal cancellation, which makes the measurement of defects unclear. 

Secondly, another problem is the skin depth effect, which is caused by the fact that the magnetic 

field strength decreases exponentially as the depth of the inspected materials increases; this 

phenomenon limits the penetration depth (García-Martín, Gómez-Gil and Vázquez-Sánchez, 

2011). 

Observing the material surface from above, the EC-penetrated areas created by the coils are 

illustrated in Figure 26a. In this figure, area 1 and 2 are the penetrated areas for coil 1 and 2, 

respectively. When the probe is moved toward a crack, firstly the crack enters area 1 at point a 

(associated with point a in Figure 26b, which shows an example of a crack signal) and has not 

yet entered area 2. Then at point a, the voltage signal is increased until point b is reached, as 

shown in Figure 26b. When the crack enters area 2 but is still in area 1, i.e. after point b, the 

voltage signal decreases. The voltage becomes zero or close to zero (depending on the crack 

geometry) when it is precisely midway between the two coils (point c). Then it hits a peak again 

when the crack leaves area 1 but is still in area 2 (at point d). The signal decreases again until 

zero when the crack leaves area 2 (at point e). This description concerns ideal crack signals 

resulting from a crack inspection using ECT. Thus the crack signal tends to be symmetrical for 

an ideal single-crack, as shown in Figure 26b, and in the following it will be referred to as a 

twin signal. Based on this mechanism, the first and last quarter-parts of the twin crack signals 

can be used to evaluate the cracks inside the inspected material, since in these parts the cracks 

are most likely to be detected by one of the coils without its signals being superimposed by 

those of the other coil.  
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However, near-surface cracks in rails are typically located close to each other, so that the crack 

signals tend to become asymmetrical and difficult to analyse. Moreover, since the differential-

mode EC probe is sensitive to any irregularities on the surface of the inspected materials, i.e. 

surface roughness or grinding marks on the rail, such irregularities may disturb the crack signals 

considerably.   

 

(a) 

 

(b) 

 

Figure 26. (a) Areas penetrated by ECs generated by differential coils, viewed from above. (b) 

Typical twin crack signal of a differential probe inspecting a single-crack. 

 

2.2.  The eddy current probe 

A differential-mode EC probe was moved along the rail sample while the voltage magnitude 

was recorded. The coils’ distance to one another was 5.5 mm and their width was 2.5 mm. The 

probe was moved approximately at a speed of 0.2 ± 0.15 m/s for the inspection of the rail. The 

measurement frequency was 70 kHz. 
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2.3.  Phased array ultrasonic testing 

Spot 2, shown in Figure 27, was then inspected with a phased array probe. The area of the spot 

measured 10 × 15 mm and it was located close to the gauge corner of the railhead where the 

train-wheel–rail interaction occurred.  

The spot was selected without knowing the exact location of the whole crack path from the 

surface to the tip underneath. Hence, the inspection within this spot was conducted regardless 

of whether the whole of each crack was scanned or not. 

 

Figure 27. The inspected spot 2. 

 

2.4.  The phased array probe 

The probe used for this measurement was exactly the same as that used for the measurements 

of defects of known depth mentioned in Section 1 of this chapter. The same measurement setup 

was also used for this experiment in order to confirm the optimum gain setting that was tried in 

the previous experiment. 

A wedge was attached to the probe to provide a delay line and an inclined incident wave. The 

ultrasonic signal was transmitted and received using the pulse-echo principle. For all the 
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measurements in this experiment, a shear wave was employed and generated in the sectorial 

mode (for a relevant explanation of this wave selection, see Paper 1 in Part 2). Ultrasonic 

scanning performs best when it scans defects that are perpendicular to the direction of the 

incident shear wave. Figure 28 shows an illustration of the reflection of the wave from the probe 

at an inspected crack. Since the direction of any cracks under the spot was unknown, the 

scanning probe was directed longitudinally both to the left and right of the spot, as shown in 

Figure 29. The scanning was carried out in two opposite directions with the intention of 

obtaining better results than if only one direction had been used, since scanning in two opposite 

directions improves the chances of obtaining measurable reflected waves. Directing the probe 

in the lateral (transversal) direction in the spot was difficult due to the curved profile of the rail 

surface; since the probe could not be given a stable position, measurements in this direction 

were not carried out. 

 

Figure 28. (a) The probe directed towards the right; and (b) the probe directed towards the left in the 

longitudinal direction of the rail. 

 

Figure 29. Direction of the probe on the rail for measurement. 

While directing the probe in the longitudinal direction of the rail, to both the left and the right, 

the probe was moved in steps of 1 mm in both the longitudinal and the lateral directions. Figure 

30 shows the line-marked scanning location of the spot. This location comprised 11 lateral and 

16 longitudinal moving steps. Since the probe was held by hand, it could be unintentionally 
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moved or tilted. Under this condition, to obtain the best scanning and the best results, the 

measurement was saved approximately ten times per step. Among the ten measurements, the 

most intense measurement result was selected. 

 

 

Figure 30. Lines showing the measurement positions and rail slicing. 

 

3. Reconstruction of the near-surface cracks for measurement verification 

After the inspections described in Section 2 of this chapter, the inspected spot of the rail was 

sliced into pieces in the lateral direction of the railhead to observe the crack marks on all the 

pieces. Then the marks from all the pieces were reconstructed into a 3D image of the surface 

crack networks. These image reconstructions would be used to verify the accuracy of the PAUT 

results. 

The inspected spot was sliced into ten thin pieces using an EDM cutting wire. The white dashed 

lines in Figure 30 show the slicing locations. The thickness of the wire was 0.35 mm. Hence, a 

0.35 mm thick section of rail material was lost for each slice. The thickness of each remaining 

rail slice was 0.65 mm. 

Figure 31a shows one of the sliced rail pieces from the spot. The marks of surface cracks can 

be observed at the top right corner of the piece, inside the red dashed ellipse. The surface crack 
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network could be determined and observed by combining the crack marks from all the rail 

pieces. 

- 3D image reconstruction of the surface cracks 

The sliced rail pieces from the inspected spots were photographed individually on both sides in 

such a way that the crack marks from all the pieces could be reconstructed into a 3D image of 

the rail surface crack network. For example, Figure 31a presents a photograph of one side of 

the fourth piece from spot 2. Figure 30 shows the location of the fourth piece in the inspected 

spot before slicing. The coordinate locations of the rail profile and the surface cracks were 

collected via digital plotting. The rail profile and crack paths were manually digitalized. Figure 

31b shows a digital plot of the fourth slice in a 2D coordinate system. 

 

 

 (a) 

Crack marks 
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(b) 

 

 (c) 

Figure 31. (a) Side of the fourth sliced rail piece and a zoomed-in picture of the crack marks; (b) 2D 

digital plotting of the fourth rail piece; (c) 3D digital plotting of the rail profile and cracks from all 

pieces. 
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The coordinate data from all the ten pieces were then combined to reconstruct a 3D image of 

the cracks in a 3D coordinate system, as shown in Figure 31c. Within this reconstruction, the 

alignment of each slice with its neighbours was not perfectly matched because of an 

imperfection in the slice jig used for the photography. For this reason, the data plotting of a 

piece was shifted by rotating it or moving it vertically or horizontally to align it with its 

neighbours. For example, Figure 32 shows the data plotting of a side of the fourth piece and a 

neighbouring side of the fifth piece before and after the shifting. 
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(a)                                                 

 

 (b) 

Figure 32. 2D digital plotting of the fourth and fifth sliced rail pieces (a) before and (b) after shifting. 

 

Figure 33 shows a closer view of the reconstructed crack image. The crack paths were sorted 

into groups with different colours based on their proximity to one another and thus were 

assumed to be continuous crack paths. Three cracks were identified in Figure 33a, where the 

green, red and magenta lines represent them. All the cracks were surface-breaking. The two 

black lines under the red lines represent small branches of the red crack. Based on these data, 

crack networks were then drawn through interpolation by following the Delaunay triangulation 

theorem, as shown in Figure 33b for spot 2. A more detailed explanation of Delaunay 

triangulation can be found in de Berg et al. (2008). The full structure of the cracks and crack 

depths could be observed in Figure 33b and could be used to evaluate the measurements for 

both ECT and PAUT. The broken surfaces are shown by the red areas. These three broken 

surfaces were matched with the broken surfaces shown in the zoomed-in picture of the inspected 

spot in Figure 34, inside the three red dashed ellipses. The crack shown inside the white dashed 

ellipse in this figure could not be found in the reconstructed image because this broken surface 

was oriented laterally; the whole crack might have been lost during slicing since its position 

coincided with one of the locations of the slicing 0.35 mm EDM wire. This also proves that the 
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crack did not propagate widely, but only at a shallow depth underneath, since its crack path was 

not found in any neighbouring rail pieces. The crack structure at spot 1 was also reconstructed 

in 3D, as presented in Figure 44. 

  

(a)                                                                           

 

 (b) 

Figure 33. Zoomed-in image of the 3D image of the reconstructed cracks: (a) crack paths from all the 

rail pieces; (b) 3D interpolation from the crack paths. 
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Figure 34.  Zoomed-in view of the spot surface. 

 

Figure 35 shows the reconstructed crack views from the front and right sides. Three 

unconnected cracks can be observed in this figure. As can be seen in Figure 35a, the lower crack 

is bigger than the two upper cracks. All the cracks propagated in the same direction, i.e. in a 

direction oblique to the rail centre, as shown in Figure 33b. This propagation direction is 

consistent with the rail crack structure in another study, performed by Naeimi et al. (2017). 

   

 (a) 
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 (b) 

Figure 35. 3D reconstructed crack images from (a) the front side and (b) the right side. The smaller 

images show the picture viewpoint. 

 

4. Post-processing of signals 

4.1. Replication of PAUT results and signal processing 

In the research carried out for the present thesis, ultrasonic waves were steered at angles of 29°-

70° in steps of 1° to inspect the samples in sectorial scanning. Using this steering approach, 42 

A-scans were recorded in every scanning and displayed as image results. The A-scans were 

plotted automatically by the data acquisition device (an Omniscan MX) in such a way that the 

image could directly be interpreted as providing the true depth, i.e. the depth in the materials 

based on the travel time of the wave. Figure 36 shows an example of an image result from line 

5 of spot 2. The horizontal axis shows the reference of the position in the longitudinal direction 

of the railhead in millimetres (mm). The left vertical axis shows the depth of the plotting from 

the wedge surface in millimetres. The red dotted line shows the depth of 0 mm or the rail surface 

since the wedge and the rail surface coincided. The right vertical axis shows the colour code 

indication that represents the intensity of the amplitude of the A-scans in percentages. Figure 

37 shows the colour-coded colour map used in the plotting. 
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Figure 36. Example of sectorial scanning at line 5 of spot 2. 

 

 

Figure 37. Colour-coded amplitude of the A-scans. 

 

Due to a limited possibility of customizing the raw signals and image visualizations, we were 

unable to post-process the measurement data directly, especially the image results. To overcome 

this limitation, the image visualizations were replicated. The replications were performed by 

storing all the 42 A-scans and plotting them to a meshed 2D Cartesian plane with Matlab. The 

mesh, presented in Figure 38, was created by finding the coordinates of the plotting lines of all 

the A-scans from one of the image results. The A-scans were then plotted and colour-coded 

following the mesh. Figure 39 shows a replication of the scanning image shown in Figure 36. 

In terms of plotting the data, both images show a good agreement, which is an essential 

requirement for the replication, so that no wrong crack depth information was replicated. 

However, the image in Figure 36 uses an unknown shading effect that could not be replicated 

in our plotting. The shading makes the transition from one plotting pixel to another look smooth 

and continuous. An interpolation shading, shown in Figure 40, shows a better transition between 

the pixels, which could assist the image interpretation and analysis, although the interpolation 

shading did not provide a good match with the pre-processed image in Figure 36. 
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Figure 38. Mesh to plot A-scans for the replications. 

 

 

Figure 39. Replication of a scanning image. 
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Figure 40. Replication of the scanning image with interpolation shading. 

 

4.2. Signal and image processing 

In the current research, post-processing of the measurement data was conducted in order to 

obtain better estimations of the crack profiles. Therefore, signal processing was performed on 

the data several times. In this section, a couple of the processing methods used for this purpose 

are explained.  

4.2.1. Taeger-Kaiser energy operator  

In order to increase the crack signal visibility and attenuate the noise signals, the Taeger-Kaiser 

energy operator (TKEO) was used in the data post-processing. Amplitude conversion with 

TKEO is described by Equation 1. This equation squares the signal amplitudes and subtracts 

them by multiplication of the amplitudes before and after the counted amplitude. Hence, the 

equation multiplies the peak signals while decreasing the lower signal amplitudes (Solnik et al., 

2010). In this case, we presume that the cracks generate relatively higher amplitudes than other 

irregularities in the near field of the inspected surface. In addition, the crack path thickness was 

assumed to be thin. Hence, we tried to filter the raw signal data so that the peak signals would 

be preserved and multiplied to store fixed crack locations that would be as narrow (thin) as 
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possible. Then the surrounding lower amplitudes were decreased, assuming that these 

amplitudes were noise signals. Figure 41 shows an example of a raw A-scan signal and the 

same signal filtered by the TKEO. 

Equation 1:      𝜓[𝑥(𝑛)] = 𝑥2(𝑛) − 𝑥(𝑛 + 1)𝑥(𝑛 − 1)  

 

 

Figure 41. A-scan before and after filtering with the TKEO. 

 

4.2.2. SAFT-like image processing 

Due to noise signals and echoes, the crack paths could not be estimated to be as narrow as the 

real crack paths. In addition, the detected crack paths at some locations within the inspected 

spot were discontinued from one edge to another. This was because of the roughness (arbitrary 

angle) of the crack from the top edge to the other lower edge. At some points, the transmitted 

waves were reflected away from the transducer. Thus there were no received crack signals at 

those points and the crack paths were discontinued in the image results. To overcome these 

issues, the measurement results of each measurement line were combined in order to collect all 

the crack paths from all the measurements within the line. This made it possible to obtain 

complementary data on the disconnected crack paths from all the measurement results. The 
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measurement data complemented one another, so that the detected crack profile could be better 

and there would be fewer disconnected crack paths.  

The post-processing was achieved by applying the synthetic aperture focus technique (SAFT) 

(Boehm et al., 2009; Brekow et al., 2009), as briefly explained in Appendix B. However, the 

measurement result combination was accomplished by processing the image results instead of 

processing the A-scan signals. Therefore, in this study, this processing is called SAFT-like. The 

combination procedure involved calculating the average of the pixel values based on the colour 

scale setting. All the images from all the longitudinal locations were shifted accordingly so that 

all the images would coincide and have the same agreement in terms of the location relative to 

the crack paths. Figure 42 illustrates the shifting of all the measurement positions to the same 

measurement location to calculate the average of the image pixel values. In order to calculate 

the average, all the image results were converted into a grey-scale image, to obtain a single 

pixel series from every image. 

 

Figure 42. Illustration of shifting images into the same measurement location. 
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SUMMARY OF THE APPENDED 
PAPERS 
 

 

This chapter presents a summary of the three scientific papers appended to this thesis; these 

papers have been published in international journals. Paper 1 explains artificial surface defect 

inspection with a single-element ultrasonic transducer, PAUT and the ACPD method. Paper 2 

and 3 describe near-surface crack inspection using PAUT and ECT, respectively. 

1. Paper 1 

Title: Non-destructive measurement of artificial near-surface cracks for railhead inspection 

Purpose: The purpose of this study was to obtain the optimum measurement system setup for 

inspecting near-surface defects in steel. 

Abstract: 

This paper delivers a study involving the inspection of artificial surface cracks with depths 

ranging from 0.25-2.5 mm from the surface and with a crack angle of 30°, which is a typical 

angle for surface cracks in railheads. The inspections were conducted using three different 

techniques: the phased array ultrasonic, the single-element ultrasonic and the alternating current 

potential drop (ACPD) techniques. For the ultrasonic techniques, the study focused on 

employing either longitudinal or shear wave signals. In the railway industry, shallow surface 

cracks in railheads are caused by rolling contact fatigue (RCF). In this study, artificial defects 

were made, allowing the authors to explore the extent to which the ultrasonic measurement 

techniques could detect such defects. The negative effect of a dead zone near the surface in the 

ultrasonic tests was reduced by using a wedge attachment. A discussion on the extent to which 

the techniques could be used in field tests was also provided. The most important result is that 

shallow cracks ranging from 0.25-2.5 mm were successfully characterized with acceptable 

accuracy. The 2.5 mm-deep crack could be measured with an error of 0.8% using a 20 MHz 

single-element probe and with an error of 3.5% using a 5 MHz phased array (64 elements, 0.6 
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mm pitch). The characterizations were performed using a filtering method that was developed 

in this study 

2. Paper 2 

Title: Phased array ultrasonic inspection of near-surface cracks in railhead and its verification 

with rail slicing 

Purpose: The purpose of this study was to investigate the capability of PAUT to discover crack 

profiles or shapes, depths and lengths.   

Abstract: 

Near-surface cracks in a railhead were inspected thoroughly by using phased array ultrasonic 

testing (PAUT) in this study. An alternative technique was found for inspecting near-surface 

cracks because the conventional non-destructive testing method for rail inspection lacked the 

capacity to inspect the near-surface crack profile. This study shows that PAUT can determine 

not only the crack depth, but also the near-surface crack profile, so that the inspector can 

estimate the stage of crack growth and how the crack propagates. This information is valuable 

to the rail maintenance staff as one of the considerations to be taken into account when deciding 

the thickness of the metal to be removed when grinding the rail. In this study, after the 

measurement, the inspected region of the cracked railhead was sliced into thin pieces so that 

crack-network information could be extracted. A 3D image reconstruction of the surface cracks 

was performed based on the crack marks from all the sliced rail pieces. This image was then 

used as a reference to confirm the PAUT results. The results show that PAUT can clearly deliver 

crack profile estimation and provide an accurate estimation of a 3.51 mm crack tip depth with 

an absolute error of 8%–18%. The results also suggest that PAUT is a potential method for 

installation in a measurement train for near-surface crack inspection. 

3. Paper 3 

Title: Limitations of eddy current inspection for the characterization of near-surface cracks in 

railheads 

Purpose: The purpose of this study was to investigate and clarify the correlation between eddy 

current signals and some crack parameters (crack depths and areas). 
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Abstract: 

Eddy current (EC) testing is the most commonly used method for inspecting near-surface cracks 

in railheads. Monitoring surface defects periodically is important to assess the track quality for 

serving daily operations. Nevertheless, despite being used in many countries, the EC method 

has limitations when characterizing cracks under the rail surface. Theoretically, ECT is 

unreliable for the inspection of many cracks situated very close to each other in a concentrated 

location. This study aimed to prove these limitations. The EC signals from inspected cracks 

were compared with real crack profile parameters, i.e. depth and area, which were delivered by 

slicing the inspected cracked regions into 0.65 mm thick pieces. The results show that the EC 

signal responses to the parameters of area and depth may lead to misleading measurements of 

the near-surface crack depth in the railhead. For instance, a shallower crack with a larger area 

can generate a higher EC signal response than a deeper crack with a smaller area. Another 

important conclusion is that the ECT in this experiment could not be used to measure densely 

located cracks, which are those near-surface cracks which are typically found in a rail track. 

4. Conference paper 

Title : Ultrasonic phased array measurement of near-surface cracks in the railhead. 

Purpose: The purpose of this study was to perform a preliminary test to investigate crack 

profiles with PAUT.   

Abstract: Ultrasonic measurement is one of the NDT techniques used to inspect defects in a 

rail body. It is known that ultrasonic measurement is unable to inspect near-surface defects 

because of the challenge posed by the dead zone, caused by a signal noise or ringing 

phenomenon located in the near field area in front of the transducer. Due to this phenomenon, 

it is difficult to analyse any kind of measurement signal in the dead zone, including signals from 

near-surface defects. In this study, the dead zone was eliminated by attaching a wedge to shift 

the location of the noise signals relative to the near-surface defect locations. First, a defect of 

known depth was measured by using phased array ultrasonic testing (PAUT) to calibrate the 

ultrasonic equipment and find the best signal gain to eliminate diffuse scattering from defects. 

Second, a cracked spot on the railhead was inspected in the right and the left direction of the 

spot. After the measurement, the inspected spot was sliced into 0.65 mm thick pieces. From 

these pieces, the actual crack depth could be observed directly. Based on these sliced pieces, 
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the ultrasonic measurement results were verified. The results of this study showed that PAUT 

delivered an accurate measurement result of 3.51 mm for the crack tip depth, with an absolute 

error of 0.8% - 18%. This accurate result indicates that PAUT can function as an alternative 

method for inspecting near-surface cracks in railheads. 
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RESULTS AND DISCUSSIONS 

 

 

 

The answers to the research questions posed in the initial stage of the research for this thesis 

are discussed in this chapter, dealing with each research question in consecutive order. The 

discussions are based on the conducted research and with reference to the appended papers. 

1. Results and discussions related to research question 1 

RQ 1. How accurate is eddy current testing for inspecting near-surface cracks in railheads? 

This question was answered by the study presented in Paper 3, which focused on eddy current 

testing, a commonly used NDT method which was presented in Chapter 1. Two cracked spots 

were inspected with ECT, as explained in Chapter 3.  The results of the ECT of the rail sample 

are shown in Figure 43. The locations of spot 1 and 2 are shown in the red rectangles. A 

drawback of the experiment carried out in this study was that the probe was moved manually, 

which meant that the measurement potentially had non-constant speeds (approximately at speed 

of 0.2-0.15 m/s). The accuracy of the recorded signal’s longitudinal position on the tested rail 

was estimated to be ± 0.5 mm, which was used as an error reference for the longitudinal position. 

This experiment was conducted by inspectors from Kiwa Inspecta. During the measurements, 

the inspectors noted the signal peaks that belonged to spot 1 and 2, in order to eliminate 

mismatching of the cracks and their signals. It was found that during the rail track inspection, 

the measurement speed could not be kept constant all the time. As the rail track curves vary and 

the surfaces are corrugated, the measurement speeds change within a certain range of speeds. 

This speed changing can potentially make the crack signal shift, causing an inaccurate position 

when matching the signal to the longitudinal position on the rail. The same problem has also 

been found in studies such as those performed by  Pohl et al. (2004), Schöch (2012a, 2012b) 

and Szugs et al. (2016). 

Comparing the results for the three measurement tracks, track 2 gave the only significant signal 

response from the cracks, which shows that most of the cracks were located in the area of the 

gauge corner. In order to analyse this result, as mentioned above, two spots (spot 1 and 2) were 

specially selected. These spots were selected because there were crack mouths that visually 
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could be seen inside of the spots. The crack mouths ensured that there were surface cracks 

underneath that could be observed to evaluate the measurement results of the ECT. Photos of 

these spots, their ECT results and their 3D crack images are provided in Figure 44 and Figure 

45. 

(a) 

 

(b) 

 

(c)  

 

Figure 43. ECT results from all the measurement tracks: (a) track 1; (b) track 2; (c) track 3. 
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Figure 44. Spot 1: (a) cracked surface, (b) EC signal, (c) 3D interpolation of crack image. 
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Figure 45. Spot 2: (a) cracked surface, (b) EC signal, (c) 3D interpolation of crack image. 
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The observation of cracks can be carried out using metallography, which can provide more 

detailed information about the cracks, such as the existence of small branches, the crack width, 

etc. However, since the thickness of the sliced pieces was thin (0.65 mm), the pieces would 

have been deformed if metallography had been used and this would have affected the crack 

paths. Hence, in this study, the crack observation was only carried out using a digital camera 

and a digital plotter, and with a magnification of 9 times zoomed in. This magnification was 

large enough to identify clearly a crack hollow with a width of 0.2 mm. The crack paths found 

in the rail piece that were wider than 0.2 mm were considered to build the crack network shown 

in the Figure 44 and Figure 45. 

Figure 44a and Figure 45a depict the spot surfaces and the cracked surfaces are visible. The full 

structure of the cracks from the surface to the tip can be observed clearly in Figure 44c and 

Figure 45c, which were based on the data from the slicing. On the basis of these images, the 

location of the crack tips could be drawn on the surface spots, as indicated by the arrows in 

Figure 44a and Figure 45a.   

Other cracks can also be seen at locations before and after the spots. As mentioned, the coil 

distance is 5.5 mm and the EC probe was moved across the area in Figure 44a and Figure 45a 

from the left to the right side of the figures. For spot 1 in Figure 44a, the visible neighbouring 

cracks were located at positions 5.1 mm before and 0.26 mm after the inspected cracks, as 

measured in relation to the crack tip underneath. This means that, for Figure 44a, crack 1b was 

still being scanned when the crack in spot 1 started entering the EC field and crack 1a was still 

being scanned when the crack in spot 1 started leaving the EC field. Since there was no 

information about the severity of crack 1b, the influence of this crack in interfering with the EC 

signal from the crack in spot 1 could not be estimated. However, the depth of crack 1a was 

known from the rail slicing (about half of this crack was sliced during the rail slicing) and it 

was confirmed that this crack had nearly no depth (a depth of less than 0.3 mm). It was a small 

peeled-off surface layer with a very thin thickness. This peeled-off layer was very similar to the 

ones that could be found at other places along the rail sample and yielded an amplitude of less 

than 0.1 mV. For spot 2, in Figure 45a, the visible neighbouring cracks were located at positions 

12.8 mm before and 5.4 mm after the inspected spots. Crack 2b might have interfered to a lesser 

degree with the signal from the inspected cracks, due to its position far from the inspected 

cracks, but crack 2a might have interfered greatly, as indicated by the last peak of the twin 

signals, due to its closeness to the inspected cracks. 
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The spots also have rough surfaces, for example in the form of small black patches in the 

surroundings of the cracks. These black patches have a very shallow depth (less than 0.5 mm) 

and are similar to rough surfaces at other places on the rails, the signals from which were no 

more than 0.5 mV. Since the signals from these rough patches were relatively smaller than the 

signals from cracks, the effect of these black patches on the signals was ignored when 

performing the analysis. 

Figure 44b and Figure 45b show two twin signal peaks that have arisen due to the existence of 

cracks in spot 1 and 2. In both figures, the peaks are asymmetrical because of the existence of 

near-surface cracks located a few millimetres before and/or after both spots, as explained 

previously in Chapter 3 (i.e. crack 1b, 1a, 2b and 2a, which are shown in Figure 44a and Figure 

45a). These neighbouring cracks were also scanned when spot 1 and 2 were scanned. Because 

of the working principle of the differential probe, which was based on the subtraction of the EC 

signals picked up by coil 1 from those picked up by coil 2, the depicted signals not only 

represent the cracks in the spots, but also any defects located before or after the spots. 

In addition, the twin signals started and ended at positions a few millimetres before and a few 

millimetres after the spots, respectively. For spot 1, they started 9 mm before the spot and ended 

1.5 mm after the spot (Figure 44b). For spot 2, they started 14 mm before the spot and ended 8 

mm after the spot (Figure 45b). It is possible that these distances vary because they were 

influenced by the geometry and depth of the cracks in the spots, in response to the skin depth 

of the probe. These varying distances make it difficult to achieve a precise signal-to-crack 

alignment and to clarify and differentiate which signals come from which cracks. 

Since the distance between the coils was 5.5 mm, when moving the probe for inspection, coil 1 

moves in advance of coil 2 by 5.5 mm. This means that 5.5 mm of the first part of the twin 

signals measured approximately 5.5 mm of the first part of the cracks in the spots. Moreover, 

5.5 mm of the last part of the twin signals measured approximately 5.5 mm of the last part of 

the cracks in the spots.  

Based on the existence of neighbouring cracks mentioned above, the first quarter of the signals 

of spot 1 and the last quarter of the signals of spot 2 cannot be used to analyse the ECT results. 

This being the case, EC inspection cannot be used to investigate cracks located close to one 

another (densely located cracks), for instance to estimate the crack depth or length. To cite a 

practical example, a head check is a kind of defect whose depth cannot be measured using EC 
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inspection (Rajamäki et al., 2018). A head check is a series of many small cracks located close 

to each other. However, the last quarter of the signal of spot 1 and the first quarter of the signal 

of spot 2 could be used to carry out a crack characterization and analysis, as there was no 

considerable defect located after spot 1 or before spot 2 that could interfere with the signals 

from the inspected cracks (based on the eddy current signals). To hinder crack signals being 

superimposed on one another, the magnetic field of the probe, as depicted in Figure 26 (with a 

span length of area 1+2), should be small enough only to scan one crack on every single 

occasion. Accordingly, this length should be less than the distance between one crack and 

another. 

Figure 44c and Figure 45c show the crack networks in the spots and provide information about 

the depth of the cracks, as measured from the surface to the tips at the sliced pieces. Using these 

3D crack images, one can compare the maximum, average and minimum depths of the cracks 

in the spots with the first or last 5.5 mm part of the twin signals to analyse the EC measurement. 

For comparison, Figure 46a and Figure 46b provide graphs of the EC signal versus the crack 

depth for the first 5.5 mm of the cracks in spot 1 and the last 5.5 mm of the cracks in spot 2, 

respectively. The horizontal axes of both figures represent the longitudinal position on the rail. 

The maximum, average, and minimum crack depths were calculated based on the series of crack 

depths at the lateral position on the rail at every 0.35 mm-0.65 mm step in the longitudinal 

direction. The steps followed the gaps between the sliced rail pieces (gaps of 0.35 mm) and the 

thickness of the pieces (0.65 mm). The dotted lines in the figures show the unconsidered areas 

outside lengths of 5.5 mm from the edge of the cracks. 
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(b) 

Figure 46. The amplitude of the EC signals versus the crack depths for (a) the last 5.5 mm of 

cracks in spot 1 and (b) the first 5.5 mm of cracks in spot 2. 

 

1.1.  The crack depth distribution and the EC signal 

Figure 46a shows that when the crack depth increased from 0 to 3.3 mm under the surface (at a 

longitudinal position of 179.2 – 183.4 mm), the EC signal decreased sharply (from 1.9 to 0.3 

mV (i.e. by 1.6 mV) in a probe movement of 2 mm). Since the signal was the last quarter of a 

twin signal, the EC signal was supposed to decrease, as explained in the previous section. 

Meanwhile, in Figure 46b the signal, which was the first quarter-part of a twin signal, slowly 

increased once the cracks were scanned, starting from a longitudinal position of 291 mm. The 

signal increased from 0.45 to 1.05 mV (i.e. by 0.6 mV) in a probe movement of 4 mm to a 

longitudinal position of 295 mm for a relatively constant average crack depth of 1.5 mm. The 

inspected cracks in this figure are an example of cracks that have a range of depth. As can be 

seen in the figure, the structure of the inspected crack at a longitudinal position of 291 – 295 

mm stretches from the crack’s opening at the surface to its tip at a position 2.7 mm underneath 

the surface (this refers to the minimum and maximum crack depth shown in the figure; see 

Figure 45c for a more detailed image of the inspected crack structure). Owing to this range of 

depth, the crack tip depth could not be measured accurately with a single signal from a single 

measurement frequency, showing the limitation of ECT in this experiment. The magnetic field 

of the EC not only penetrated to the deepest part of the crack (the crack tip), but also penetrated 
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the whole crack structure to be scanned. The case shown in Figure 46a is slightly different from 

that illustrated in Figure 46b. In Figure 46a, the inspected crack at a longitudinal position of 

118.5 – 183.5 mm has a crack depth range of 2.8 – 3.3 mm (see Figure 44c for a more detailed 

image of the crack structure). This crack part does not have a big range of crack depth and its 

crack path does not break the surface like the crack path in Figure 46b, which was discussed 

above.  

Based on this observation, if we only consider the raw EC signal, we cannot be sure whether 

the inspected crack has a small or a big range of depth, or whether the inspected crack has a full 

structure stretching from the surface to the tip underneath or only consists of a tip or void. 

Hence, the ECT in this study could not be used to measure the range of the crack depth. 

Due to the difference in the crack geometry, the EC signals from both spots could not be directly 

compared. This result also shows that comparing the ECT result for a real crack to the ECT 

result for a standard calibrating crack/defect is not a correct approach, because both cracks have 

a different geometry and, therefore, an inaccurate and unreliable crack depth estimation will be 

delivered. 

In the spots, there are also cracks which are examples of staged cracks, with multiple cracks 

being located in the same position but at different levels of depth. Figure 45c shows three such 

cracks located at different levels of depth. However, in Figure 46b, the EC signal response for 

these three cracks gives no signature from them indicating that they are multilayer cracks. These 

three cracks were recognized as a single accumulated crack instead of three different cracks. 

This result shows that the ECT in this study could not detect staged cracks in the form of 

multiple single-cracks or differentiate between a staged crack and a single accumulated crack. 

The edge of the EC field area is a gradient of magnetic flux. As explained in Chandran et al. 

(2019), the magnetic flux can be calculated with Equation 2: 

Equation 2    𝐵 =
𝜇𝑜𝐼

2

𝑎2

(𝑎2+𝑧2)
3
2⁄
𝑐𝑜𝑠 𝜃, 

where, B is the magnetic flux [T], 𝜇0 is the magnetic permeability [H/m], and I is the electrical 

current [A], while 𝑎 [m] and z [m] are the horizontal and the vertical distance from the defect 

point to the centre of the coil, respectively, and 𝜃 is the angle of the driving coil origin to the 
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point [rad]. Figure 47 below was taken from Chandran et al. (2019) and shows the geometry of 

the parameters. 

 

Figure 47. Illustration of the magnetic flux under an inspecting coil (Chandran et al., 2019). 

 

As an example, let us take a simulation of B for a constant z=2 cm and a range of 𝑎 from 2 (at 

the origin 𝜃=0°) to 11.5 cm (𝜃=80°). B in this chart is normalized by B at the origin, to omit 

𝜇𝑜𝐼 and observe the decreasing of B on the surface. Figure 48 shows the decrease in B at the 

edge of the field. 

 

Figure 48. Decrease in B at the edge of an EC magnetic field. 
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For this case, B at 𝑎=4 cm is 0.5 of B at the origin (at 𝑎=2 cm). Any irregularities under this 

point can be detected (limited to the skin depth). We rely on the post-processing to convert such 

a crack signal into information on the depth. For further values of 𝑎, such as 6, 8 or 11 cm, 

defects can still be detected, but are supposed to lead to lower signal amplitudes. The graph 

changes if z changes and, therefore, it is difficult to define how big the magnetic field area 

needs to be, if z can change. However, to hinder crack signal superimposition, it is easier to 

analyse only one crack at a time.  

The possibility of misleading crack depth measurements is illustrated in 

Figure 49, which shows two cracks which have the same depth and which might be measured 

inaccurately by ECT. If these cracks are located at the same distance 𝑎, they are supposed to 

generate different signal responses although they have the same depth. 

 

 

 

 

Figure 49. Illustration of two cracks with the same depth that can be measured differently by ECT. 

 

The magnitude of the eddy current field is gradually also decreased along with the depth of the 

inspected material. Hence, areas that are located at the same distance from the origin and at the 

same depth have the same eddy current magnitude (circular-wise), yielding a trumpet-like EC 

field, as depicted in Figure 50. The blue and red lines are examples of electromagnetic field 

penetration inside pure aluminium at frequencies of 200 Hz and 10 kHz, respectively (Ramos 

et al., 2009). 

surface 

crack crack 
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Distance from the origin (m) 

Figure 50. Decrease in the EC field in a material (Ramos et al., 2009). 

 

This phenomenon illustrates the challenge of correlating EC signals with the depth of any 

detected irregularities under the inspected surface. If we only use one single signal from one 

measurement frequency, then it is difficult to verify the signal conversion to depth information. 

However, by using multi-frequency measurements, it is possible to verify the signal differences 

that correspond to depths in the material (Bernieri et al., 2013). 

 

1.2. The accumulated penetrated crack area and the EC signal 

The experimental results show that a crack parameter that indicates a good agreement with the 

amplitude of the EC signal response was the crack area. For comparison, Figure 51 depicts the 

EC signal amplitudes versus the EC-penetrated crack areas for the last 5.5 mm of spot 1 and 

the first 5.5 mm of spot 2. The EC-penetrated crack area is the accumulation of the crack area 

that is penetrated by the magnetic field of the coils. Since the coils were moved on the cracks, 

the accumulated penetrated crack area changed while the probe moved. The crack areas were 

calculated by summing crack area every 0.35 mm (thickness due to the slicing knife) and 0.65 

mm (thickness of the sliced pieces), by turns, from one edge to another edge of the crack where 

the probe moved. Figure 52 provides an illustration of the penetrated crack area in relation to 

the longitudinal position of the probe movement. The penetrated area could be calculated 
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incrementally along with the movement of the EC probe, based on the information from the 3D 

crack images. 

 

a.  

 

b.  

Figure 51. The amplitude of the EC signals versus the accumulated crack profile areas of (a) the 

last 5.5 mm of spot 1 and (b) the first 5.5 mm of spot 2. 
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Figure 52. Accumulated penetrated crack area. 

 

In Figure 51, one can observe that the penetrated area of the last 5.5 mm of the crack profile in 

spot 1 was 70.5 mm², while the penetrated area of the first 5.5 mm of the crack profile in spot 

2 was 60 mm². Since the whole crack structures were penetrated by the magnetic field from the 

coils, the crack area must exert a significant influence on the EC signal response, regardless of 

the crack depth difference. A comparison of Figure 51a to Figure 51b shows that a crack area 

which is 15% larger and is located about 0.9 mm deeper gives a 27% increase in the signal 

amplitude. From this result, one can conclude that the crack area indicates a proportional 

correlation to the EC signal response as the EC signals followed the crack area curve. However, 

there is still a certain degree of uncertainty regarding this issue, and using the proportionality 

of the crack area to the EC signal response may potentially result in a misleading estimation of 

the crack depth when using ECT. For example, a shallower crack with a larger area can generate 

a higher EC signal response than a deeper crack with a smaller area. Consequently, a crack with 

a higher EC signal response can be wrongly estimated to have a deeper depth. However, more 

research is needed to clarify how extensively these crack parameters influence the EC signal 

and to find a way to determine the influence of each parameter on the EC signal so that the 

crack depth estimation can be more accurate. 

2. Results and discussions related to research question 2 

RQ 2: Is there an alternative NDT method that potentially can be optimized to deliver better 

inspection of near-surface cracks in railheads? 
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As mentioned in Chapter 3, in the research performed for this thesis, artificial defects of known 

depth were inspected to find the optimum measurement system setup for near-surface area 

inspection. Figure 53 shows examples of the scanning results obtained using a phased array in 

the LW and SW inspection modes. Surface cracks (artificial defects) can be seen clearly when 

using this setup due to the wedge attachment. For reference, Figure 22 shows the cross-sectional 

views of the defects. Both the LW and the SW mode can be used to detect approximately how 

the cracks propagate from the material surface into the sample. Nevertheless, diffraction and 

diffuse scattering appear at the cracks and hinder the identification of crack dimensions. In this 

connection, the SW mode has less noise than the LW mode due to the shorter wavelength. A 

possible explanation is that the noise under the crack location is caused by multiple reflections 

as the wave is reflected multiple times in the crack hollow.  

Due to diffuse scattering at the crack tip, it is difficult to determine the actual depth of the tip. 

The scattered wave becomes higher when the signal gain increases. Therefore, calibration of 

the signal gain should be performed before making the measurements. To achieve this, the 

artificial crack 1, for which the tip depth was already known, was used to calibrate the data 

acquisition. For the LW mode, the appropriate gain was 25.4 dB, while for the SW mode, a 

gain of 23.7 dB was appropriate for this particular setup. Because of the limitation of the device, 

the gain could not be adjusted to obtain the perfect value of the depth of crack 1. These gain 

values gave the closest value of the depth of crack 1 and were then used as a reference to 

measure the remaining cracks. 

The acquired data were then analysed with an image filtering method. The purpose of this 

method is to filter the image result so that the perceived crack depth, crack length and crack 

angle can be analysed separately from the original image and measured more accurately. The 

procedure for this method is as follows. 

a. Determine the values of the image palette composition, based on the red-green-blue 

(RGB) colour model, i.e. the values of the colours that we want to use in the image. 

Based on the intensity of the acquired signal, the colours are ordered from the highest 

to the lowest intensity as red, orange, yellow, green, blue, and white. In the present 

analysis, as red was used for the gain calibration, the colour red was the only colour to 

be considered. The numerical thresholds for the colours red, green and blue were 

defined as follows: red >139, green <126, and blue <171. It was equal to filter signals 

under 90% of the magnitude of signal amplitude. Matlab was used for this filtering. 
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b. The palette values are then used as a threshold to filter the image results. The colours 

with higher image palette compositions remain. Figure 54 shows one example of the 

image filtering. 

c. The lowest tips are then used as a reference to measure the cracks. From the tip, a dashed 

line is drawn which coincides with the upper edge of the filtered area. The line then 

crosses the surface line or a horizontal line of 0 and makes an angle. This angle is the 

crack angle. The distance from the tip to the surface line is the crack depth (D). The 

length of the dashed line from the tip to the cross point is the crack length (E).  

Another option is to filter the A-scans of each element of the phased array transducer. If the 

minimum value of the considered colour is 70% of the amplitude, then all the amplitudes of the 

signals that are less than 70% should be deleted. 

Figure 55 and Figure 56 show a comparison of the results for the crack depth measurements 

and the errors in those measurements for all the cracks in the LW and the SW modes. Figure 

57 and Figure 58 show a comparison of the corresponding results and errors for the crack angle 

measurements. With regard to the crack tip depth measurements (D), depicted in Figure 55 and 

Figure 56, the results show that both the LW and the SW modes give results with errors of 1-

17% for crack 1 to 4 (crack depth: 2.30 – 1.55 mm) and that the errors become larger for the 

smaller cracks. The SW mode gave better results than the LW mode when it measured the small 

cracks numbered 8, 9 and 10 (crack depth: 0.55 – 0.05 mm). One factor that influences the 

accuracy is diffuse scattering around the cracks. Additionally, since the actual size of the crack 

is small, a measurement of the diffracted signal over a short distance results in a big error in 

relation to the actual crack size. Another factor is the wavelength of the sound wave. Since the 

wavelength of the SW is shorter than that of the LW, the SW provides us with more accurate 

results for small cracks, as we know from the equation 𝑓 = 𝑐 𝜆⁄ . In other words, if we want to 

increase the accuracy of the measurements, the measurement should be performed in the shear 

mode or by increasing the frequency of the probe. 
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Figure 53. Scanning results for crack 1, 4, 7 and 10 using a phased array. 
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a. Before filtering b. After filtering 

 
Figure 54. Scanning result for crack 1 with the LW mode. 

 

 

Figure 55. Crack depth measurements (D) obtained with the phased array (PA). 

 

 

Figure 56. The measurement errors of the crack depth measurements (D) obtained with the phased 

array. 
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Figure 57. Crack angle measurements obtained with the phased array. 

 

Figure 58. The measurement errors of the crack angle measurements obtained with the phased array. 

 

By knowing the surface crack orientation, we assume that we know how the surface crack grows 

and intersects with other cracks under the rail surface. With regard to estimating the crack angle 

orientation, as presented in Figure 57 and Figure 58, the LW mode shows better results than the 

SW mode. The LW mode shows high accuracy for the crack angle, even for the shortest crack. 

One possible hypothetical reason is the difference regarding the incident angles and the received 

angles between the LW and SW modes. Concerning the variation of the incident and the 

received wave angle when measuring a crack, (Her and Chang, 2006) showed that the SW mode 

gives higher amplitudes of diffraction and scattering than the LW mode. The higher scattering 

amplitudes, especially at the crack’s tip, opening and upper edge, may obscure the 

measurements of the crack angle. Although the gain was calibrated to reduce the diffuse 

scattering at the tips, the diffuse scattering at the crack opening and upper edge was still high 

and obscured the measurement. 
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In Figure 53 and Figure 54, the cracks are not depicted continuously from the material surface 

to the crack tip. Some discontinuities break the cracks. These discontinuities were most 

probably caused by longitudinal and shear waves reflecting across each other, subsequently 

causing signal cancellation in the data acquisition. However, the crack length measurement can 

still be performed by finding the tip position in the image and measuring its slope distance to 

the surface by following the filtered signal, as shown in Figure 54, while neglecting the 

discontinuities. The crack length measurements (E) are shown in Figure 58. With regard to the 

crack tip depth measurements, the SW mode gives better results than the LW mode when 

measuring the smaller cracks, for the same reasons as those explained above. 

3. Results and discussions related to research question 3 

RQ 3: How accurate is the optimized NDT method for the inspection of near-surface crack 

structures? 

3.1.  Crack orientation and measurement direction 

At this section, inspection of near-surface cracks in the railhead are discussed. As previously 

mentioned, the measurements were conducted in two directions: to the left and right of the 

inspected spot (Figure 29) in the longitudinal direction of the rail. Figure 59 shows the 

measurement results for a point on longitudinal line 6 in the left and right directions. Consistent 

with the 3D reconstructed crack image, the best direction for measuring the crack at this spot 

was the left direction because the orientation of the propagated cracks was from the surface to 

the right down underneath. Thus, when the measurement was conducted in the left direction, 

the shear wave was reflected to the transducer by the crack. In contrast, when the measurement 

was conducted in the right direction, the incoming shear wave coincided with the crack path. 

Therefore, fewer shear waves were reflected to the transducer and fewer signals appeared in the 

image result. Based on this result, all the PAUT results that will be discussed in the next sections 

are measurements in the left direction. 
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(a) 

                                                                 

(b) 

Figure 59. PAUT results in (a) the right direction and (b) the left direction on longitudinal line 6. 

 

3.2.  Comparison of the PAUT results and the lateral crack profiles 

Since the transducer was directed in the longitudinal direction of the rail, the longitudinal cross-

sectional view of the crack profile from the reconstructed crack image can be used to evaluate 
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this inspection. However, since the coordinate locations of the cracks were extracted from rail 

pieces with a 0.65 mm thickness, the crack tips might have been located inside the pieces. The 

crack tips might also have been located inside the 0.35 mm thick rail material lost to the cutting 

wire during slicing. Thus, the crack-tip depth and crack length measurements might be 

inaccurate by up to approximately 0.65 mm. Nevertheless, the information regarding the crack-

tip depth and crack length from the reconstructed crack image should still be useful as a 

reference for the PAUT result evaluation. 

Based on the reconstructed image from the rail slicing shown in Figure 33, three different 

longitudinal cross-sectional crack profiles could be used for comparison. The first profile was 

a crack that did not break the surface, which was located in longitudinal lines 1–7 (see Figure 

30 for the longitudinal line locations). The second profile was a lower crack which was covered 

by an upper crack and was located in longitudinal lines 8–10. The third profile was a crack 

which broke the surface and was located in longitudinal lines 11–13. 

Figure 60 shows the first crack profile, taken from longitudinal line 7, and depicts the 

longitudinal cross-sectional crack profile from the reconstructed image and the PAUT result. 

Figure 34 shows that the crack was located under the surface, but did not break the surface. 

This finding is consistent with the PAUT result that there was no signal between the surface 

and the crack signal underneath, as shown in Figure 60b. The smaller figure shows the 90% 

amplitude filtering, referring signal filtering that had been done for analysing PAUT result of 

the artificial defect inspections in the previous section (section 2 in this chapter). The lowest 

crack-tip depth for this profile was 3.51 mm. In contrast, the crack tip signal was detected at a 

depth of 3.23–4.14 mm in the PAUT result, which yields an absolute error range of 8%–18%. 

The depth estimation could not be conducted with only one exact depth value, but with a depth 

range due to diffuse scattering. As shown in the figure, the actual location of the tip was within 

this depth range. The horizontal crack length was 3.35 mm from the reconstructed image and 

from 7.83 to 3.67 mm (i.e. a span of 4.16 mm) from PAUT (an absolute error of 24%). Thus, 

PAUT could estimate the crack path with satisfactory accuracy. The crack signals form the 

same path as shown in the reconstructed image. 

Figure 61 shows the second crack profile, taken from longitudinal line 9. PAUT could 

differentiate between the upper and lower cracks. The separation of the two cracks is not totally 

clear. The continuity of the lower crack path was also detected well. A few disturbances to this 

crack path signal existed because the upper crack sometimes covered the incident wave from 
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the transducer. The deepest crack-tip depth from the reconstructed image was 2.58 mm. 

Meanwhile, the detected crack-tip depth from PAUT was 3.15–3.77 mm, so that the 

measurement error was 22%–48%. The horizontal crack length was 6 mm for the red crack 

from the reconstructed image and from 11.22 to 4.37 mm (i.e. a span of 6.85 mm) from PAUT 

(an absolute error of 14%). 

Figure 62 shows the third crack profile, taken from longitudinal line 12. PAUT could detect the 

crack path well. The crack branch could be seen in the PAUT result. The deepest crack tip from 

the reconstructed image was 2.32 mm. The depth of the detected crack tip in the PAUT results 

was found to be 3.14–4.08 mm. Thus, the measurement error was 35%–75%. The horizontal 

crack length was 6 mm from the reconstructed image and from 7.98 to 2.25 mm (i.e. a span of 

5.73 mm) from PAUT (an absolute error of 4%). Table 4 and Table 5 list all of these data. 

 

 

                               (a)                                                                         (b) 

Figure 60. First crack profile, on longitudinal line 7: (a) longitudinal cross-sectional view from the 

3D reconstructed crack image; (b) PAUT result and 90% amplitude filtering. 

  

                                    (a)                                                                         (b)     

Amplitude (%) 

Amplitude (%) 

90% amplitude 

90% amplitude 
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Figure 61. Second crack profile, on longitudinal line 9: (a) longitudinal cross-sectional view from the 

3D reconstructed crack image; (b) PAUT result and 90% amplitude filtering. 

 

                                 (a)                                                                        (b) 

Figure 62. Third crack profile, on longitudinal line 12: (a) longitudinal cross-sectional view from the 

3D reconstructed crack image; (b) PAUT result and 90% amplitude filtering. 

 

 

Table 4. Comparison of crack-tip depths from the reconstructed image and PAUT results. 

Crack 

profiles 

Tip depth (mm) Absolute errors (%) 

Reconstructed image PAUT 

1st 3.51 3.23–4.14 8–18 

2nd 2.58 3.15–3.77  22–48 

3rd 2.32 3.14–4.08 35–75 

 

 

Table 5. Comparison of horizontal crack lengths from the reconstructed image and PAUT results. 

Crack 

profiles 

Horizontal length (mm) Absolute errors (%) 

Reconstructed image PAUT 

1st 3.35  4.16 24 

2nd 6 6.85 14 

3rd 6 5.7 4 

 

 

Amplitude (%) 

90% amplitude 
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3.3.  Comparison of the crack profiles from the rail slicing and PAUT in three 

dimensions 

The crack profiles from PAUT, as depicted in Figure 60, Figure 61 and Figure 62, have 

discontinuities in the middle of the paths. These discontinuities were caused by the absence of 

wave reflections received by the transducer. Hence, there were no signals received at those 

locations. To determine the degree to which those profiles were not continuous, SAFT-like 

combinations, as described in Chapter 3 Section 4.2.2, were carried out to acquire 

complementary information on discontinuous crack profiles from other scanning images. There 

was a possibility that scanning from other positions (illustrated in Figure 42) might produce 

better wave reflections at the discontinuous profile locations. Before the combinations were 

carried out, all the image results for each measurement line were filtered with the TKEO, as 

described in Chapter 3 Section 4.2.1, to shrink the crack tip signal thickness in the PAUT image 

results. Then 11 image results from each measured line were combined by summarizing their 

colour value in a grey scale. The results were then rescaled back into an RGB colour scheme. 

Figure 63 shows the image combinations from longitudinal line 7, 9 and 12.  

This procedure has different effects on the crack signals. In Figure 63a (longitudinal line 7), the 

discontinuous crack signals in Figure 60b are connected, but more noise signals appear at the 

shallower depth and under the crack signals. In Figure 63b (longitudinal line 9), the crack 

signals are also connected (see the red crack in Figure 61). However, the signature of another 

crack signal is weakened (see the magenta crack in Figure 61). Noises at a close-to-zero depth 

(close to the surface) and under the crack signals appear too. In Figure 63c (longitudinal line 

12), the procedure makes the profile of the crack signal (see Figure 62) well connected from 

the upper to the lower edge.  
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

 

Figure 63. Combination of the image results of (a) line 7, (b) line 9 and (c) line 12. 
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In order to compare the PAUT results with the real crack profile revealed by the rail slicing, the 

SAFT-like images from all the lines, as partly shown in Figure 63, were combined and plotted 

together in a 3D coordinate system. Before that, the SAFT-like image results were clustered 

based on the distance between and the density of the points in the images. This clusterization 

was carried out by assuming that the crack reflections generated intense signals in the PAUT 

image results. Due to the SAFT-like procedure, the intense signals from many scanning 

locations were made to coincide with one another and were accumulated and grouped. These 

signals were preserved with the clusterization. In addition, other non-coinciding and non-

grouped signals could be deleted. 

To test this clusterization, a crack profile from longitudinal line 8 from the rail slicing was taken 

into account to make sure that the clusterization generated remaining crack signals that matched 

the crack profile well. The requirement of the clusterization was set by grouping colour points 

that had a distance of less than 1 mm from the geometric median of a clustered area and by 

stipulating that an area would be considered as a new clustered area if the points inside the area 

numbered at least 50. These requirements were then used to perform clusterization for other 

measurement lines. In order to perform this procedure, since too many points at the images that 

needs to be considered, points that had less than 50% magnitude of the maximum RGB 

accumulated color were not considered for lighter computations. 

Figure 64 shows the clusterization of the SAFT-like image of longitudinal line 8. The smaller 

figure is before clusterization. All the coloured groups of points were taken into consideration, 

while the grey points were deleted and considered as non-crack signals since they did not fulfil 

the requirements. The existence of the points that were deleted was possibly due to wave 

reflections from very small cracks or voids. The deleted points may also have been due to crack 

profiles that did not perfectly reflect the inspecting waves because of a non-perpendicular crack 

angle, as a result of which the received signals were not as intense and high as those from the 

other crack profiles. However, these types of points were eliminated by performing a SAFT-

like result combination, although there is still a possibility that some crack signals might have 

been deleted.  
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Figure 64. Clusterization of a SAFT-like image combination for longitudinal line 8. 

 

The clustered images of all the measurement lines were then plotted again to a 3D coordinate 

system. From the resultant 3D image, a signal group from one crack can be separated from that 

of other cracks. Figure 65 shows the cracks at spot 2 and the 3D SAFT-like PAUT results that 

were filtered and clustered from all the longitudinal lines.  

 

 

 

(a) Crack structure based on the rail slicing. 

Reference for Figure 60, Figure 61, and Figure 62 

      Green crack 

          Red crack 

 Magenta crack 

     Black branch 

Crack 1 

Crack 2 

Crack 3 

Before clusterization 
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(b) Filtered and clustered image of PAUT results 

 

Figure 65. 3D crack structure from (a) rail slicing and (b) PAUT.  

 

The cracks at spot 2 consist of three separated cracks, based on the reconstructed image from 

the rail slicing. Crack 1, as shown in Figure 65a, could be observed using PAUT on most of the 

surface, as shown in Figure 65b in red. The mouth of crack 1 at the rail surface (see the crack 

mouths in Figure 65a, presented as red zones, indicating shallow depths of around 0-0.5 mm) 

could be detected by PAUT, as shown by ellipse “A” in Figure 65b. The crack profile 

propagated down from the crack mouth and this profile could be detected by PAUT mostly due 

to the oblique angle of the profile, as a result of which the reflected wave was received well by 

the transducer.  However, the crack surface in the middle of the crack, which is covered by the 

upper crack, could not be detected. This multilayer crack will be discussed further in the next 

section. Some parts of the red crack surface were also undetected due to their angles, which 

caused the inspecting waves to be reflected away from the transducer, resulting in weak signals 

or no signal at all being received. The missing crack signals were mostly located at the back of 

the red crack, as indicated by “B” in Figure 65b.  Crack 2 in Figure 65a could also be detected 

well by PAUT, as shown in Figure 65b in green. Nevertheless, in the longitudinal perspective 

B 

A 

C 
D 

Front 

Back Front 

Back 
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of the rail, the form of the crack signal did not match well the form observed from the rail 

slicing. This inaccuracy might have been caused by the steps of the manual measurement, which 

resulted in a movement which could not be consistent for every 1 mm step; each step could not 

correspond exactly to 1 mm. 

Crack 3 in Figure 65a could not be detected by PAUT. It is difficult to interpret the crack signals 

located in circle “C” in Figure 65b. These signals probably belong to both crack 3 and crack 1. 

If that is the case, there is no clear separation between the signals of these two cracks that can 

be recognized. Returning to Figure 63b, the crack signals from crack 3 (see the magenta crack 

in the figure) seem to weaken due to the SAFT-like combination. One possible explanation is 

that the magenta crack could be detected at one measurement position (as shown in Figure 61), 

but could not be detected at other measurement positions due to the crack angle orientation. 

Hence, the crack signal was weakened in the SAFT-like image result.  

This PAUT result also has signals that did not match the crack profiles discovered from the rail 

slicing, as shown in Figure 65b in blue. These signals are considered as noise, and most likely 

represent a dead zone in the area close to the rail and transducer interface. This noise might 

have been caused by factors such as an imperfect coupling liquid, roughness on the inspected 

surface, or excessive tilting of the transducer during the measurements.  

3.4. Multilayer crack detection 

The crack profiles that were located under another crack could not be detected by PAUT, as 

shown in Figure 65b (see the green crack in ellipse “D”). The area corresponding to ellipse D 

in this figure is the location of crack 2 in Figure 65a. In order to detect cracks located under 

other cracks, one must find the signature of multilayer cracks, which is the topic focused on in 

this section. To find the signature of multilayer cracks, A-scans of multilayer crack profiles 

were analysed in the frequency domain by calculating their fast Fourier transform (FFT). The 

PAUT result for longitudinal-lateral line 9-6 (for the position, see Figure 30) was used as an 

example for the analysis. Figure 66 shows the image result, the multilayer cracks (the covering 

and the covered crack), and the paths of some sectorial A-scans, which will be discussed in the 

following. 
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Figure 66. PAUT result for longitudinal-lateral line 9-6. 

 

A-scans 4, 6 and 10 represent inspections of a single-layer crack, while A-scans 17, 18 and 19 

represent inspections of multilayer cracks. These scan selections were based on a comparison 

of information derived from rail slicing and PAUT results, as discussed in the previous section 

(section 3.3). Figure 67 shows the A-scans in the time and frequency domain. In this figure, one 

can observe that most of the significant amplitudes are located in the frequency range of 5-15 

MHz, which might be the signature of wave reflection hitting the crack surface. With regard to 

distinguishing signals of multilayer cracks from single-layer crack signals, the higher frequency 

ranges are taken into account. The right-hand panels of Figure 67 are zoomed-in images of the 

signals in the frequency range of 15-50 MHz. In Figure 67, it can be observed that the A-scans 

of multilayer cracks seem to have peaks with higher amplitudes than the A-scans of single-layer 

cracks. The multilayer signals are more dynamic and have many sudden ups and downs at 

various frequencies. This might be because, with multilayer cracks, there is a small distance or 

gap between two cracks, causing the inspecting waves to be reflected up and down by both 

crack surfaces at higher frequencies. The waves might have been trapped in a gap for a moment 

and thus might have generated amplitudes in the frequency range of 15-50 MHz until the waves 

diminished. Following these phenomena, some statistical features were calculated to find out 

the multilayer crack signatures. 
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(a) A-scan 4 

  

(b) A-scan 6 

  

(c) A-scan 10 

  

(d) A-scan 17 
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(e) A-scan 18 

  

(f) A-scan 19 

Figure 67. A-scans of single-layer cracks (a, b and c) and multilayer cracks (d, e and f) in the time 

and frequency domain, and zoomed-in images for the frequency range of 15 - 50 MHz. 

The following statistical features were calculated from the crack signals: the root mean square 

(RMS), standard deviation (SD), peak value, crest factor, impulse factor, clearance factor, 

kurtosis, and shape factor. Table 6 shows the values of these features for all the 42 A-scans of 

the PAUT image in Figure 66. 

Table 6. Statistical features of the A-scans from the measurements at longitudinal-lateral line 9-6. 

A-scan Peak RMS SD Crest Impulse Clearance Kurtosis Shape 

1 0.57883 0.16826 0.08365 3.44011 53136.03 3.78E-07 2.63925 15446.03 

2 0.55906 0.19524 0.09611 2.86342 586.5325 3.13E-07 2.3507 204.836 

3 0.63696 0.25362 0.1197 2.51143 383.4288 2.7E-07 2.04966 152.6737 

4 0.61007 0.23638 0.11122 2.58093 424.2756 2.78E-07 2.0089 164.3888 

5 0.68693 0.35287 0.14919 1.94668 894.4738 2.01E-07 1.73149 459.4878 

6 0.85 0.33074 0.15047 2.56999 365.4814 2.71E-07 2.02566 142.211 

7 0.71118 0.28577 0.13447 2.48862 859.0268 2.68E-07 1.99255 345.1821 

8 1.19996 0.3545 0.17598 3.38496 784.0312 3.73E-07 2.51655 231.6218 

9 0.9465 0.32942 0.16399 2.87324 2145.404 3.16E-07 2.51246 746.6848 

10 0.66981 0.31128 0.1283 2.15178 376.0768 2.19E-07 1.68669 174.7748 

11 0.99393 0.36359 0.17998 2.73368 935.8255 3.01E-07 2.26275 342.3322 

12 0.68902 0.29569 0.13385 2.33023 837.7735 2.47E-07 1.86666 359.5245 



 

97 

 

13 0.74176 0.34605 0.14478 2.14351 5237.998 2.21E-07 1.6809 2443.649 

14 1.09536 0.41874 0.20562 2.61586 440.06 2.87E-07 2.167 168.2274 

15 0.69066 0.35331 0.15482 1.9548 461.1069 2.05E-07 1.70824 235.8844 

16 1.09605 0.49861 0.23133 2.1982 448.1847 2.36E-07 1.85192 203.887 

17 1.5598 0.58281 0.27972 2.67637 844.779 2.9E-07 2.15097 315.6433 

18 1.49276 0.65426 0.27336 2.28162 567.4356 2.34E-07 1.72623 248.699 

19 1.06039 0.56023 0.20228 1.89278 519.1651 1.86E-07 1.46678 274.287 

20 0.97066 0.36594 0.17008 2.65247 5569.147 2.83E-07 2.06244 2099.604 

21 1.035 0.38475 0.1898 2.69007 2794.505 2.97E-07 2.21686 1038.823 

22 0.6818 0.31028 0.14197 2.19738 985.6633 2.33E-07 1.88536 448.5621 

23 0.82378 0.40403 0.17145 2.03889 478.6264 2.11E-07 1.6713 234.7485 

24 0.92493 0.35237 0.17347 2.62491 483.8117 2.87E-07 2.29127 184.3158 

25 0.92006 0.39561 0.18894 2.32567 625.6416 2.52E-07 1.95856 269.016 

26 0.5534 0.25412 0.10387 2.17774 677.3599 2.22E-07 1.68662 311.0383 

27 0.58716 0.29838 0.12707 1.9678 1585.336 2.04E-07 1.69425 805.6377 

28 0.50583 0.27263 0.11549 1.85541 693.0685 1.91E-07 1.67298 373.54 

29 0.55844 0.28404 0.1157 1.96605 1530.279 2E-07 1.68296 778.353 

30 0.53882 0.23203 0.10659 2.32219 19785.54 2.47E-07 1.98241 8520.199 

31 0.5926 0.30932 0.13745 1.91583 715.8042 2.03E-07 1.67186 373.6266 

32 0.58217 0.18066 0.08296 3.22243 5625.559 3.41E-07 2.23208 1745.748 

33 0.3914 0.1685 0.07853 2.32282 427.7447 2.49E-07 1.91536 184.1489 

34 0.41757 0.09947 0.05233 4.19805 3333.319 4.73E-07 3.68831 794.0155 

35 0.29158 0.08515 0.04385 3.42444 1529.529 3.81E-07 2.8559 446.6508 

36 0.3004 0.0819 0.04575 3.66813 1345.226 4.31E-07 3.42921 366.733 

37 0.29567 0.07421 0.03961 3.98406 1005.284 4.55E-07 3.36204 252.3264 

38 0.24652 0.06552 0.03387 3.76259 1676.337 4.21E-07 2.95404 445.5272 

39 0.19465 0.05711 0.03013 3.40865 2653.374 3.86E-07 3.11644 703.114 

40 0.19774 0.05233 0.02712 3.77892 3630.411 4.26E-07 2.80901 960.7007 

41 0.18159 0.05348 0.03001 3.39581 1667.013 3.99E-07 3.32879 490.903 

42 0.18182 0.05021 0.02768 3.62109 695.4677 4.21E-07 3.22579 192.0603 

 

Three of the features listed in Table 6 can be used to distinguish multilayer crack signals from 

single-crack signals, namely the peak value, RMS, and SD. Figure 68 shows the charts for these 

features for all the A-scans. 
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Figure 68. Statistical features of 42 A-scans from the measurements at longitudinal-lateral line 9-6: 

(a) peak value, (b) root mean square (RMS) and (c) standard deviation (SD). 

 

In these charts, one can observe that the values of the presented features for multilayer crack 

signals in A-scans 16-20 are always higher than the values of these features in all the other A-
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scans. The same characteristics were also confirmed by the neighbouring measurements, where 

the signature of the multilayer crack signals have higher peak, RMS, and SD at higher 

frequencies than the corresponding values for single-crack signals. Figure 69 shows the PAUT 

results for longitudinal-lateral line 8-7 and 10-10. Multilayer cracks were located between A-

scan 11 and 16 for longitudinal-lateral line 8-7 and A-scan 6-11 for longitudinal-lateral line 10-

10. Furthermore, Figure 70 presents the statistical features of A-scan from these multilayer 

crack signals that showing the characteristics. 

 

 

(a) From longitudinal-lateral line 8-7. 

 
(b) From longitudinal-lateral line 10-10. 

Figure 69.  PAUT results for multilayer cracks. 
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Figure 70. Statistical features of the PAUT results for longitudinal-lateral line 8-7: (a) peak value, (b) 

RMS and (c) SD. The corresponding features for longitudinal-lateral line 10-10: (d) peak value, (e) 

RMS and (f) SD. 
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longitudinal-lateral line 9-6 previously. Thus, the peak, RMS, and SD are three features that are 

especially recommended for distinguishing multilayer crack signals from single-crack signals. 

Although more verification needs to be done to have a more proven finding, these results has 

shown preliminary indications of useful features to identify multilayer crack signals. 
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STUDY OF PHASED ARRAY ULTRASONIC TESTING  

(PAUT) INSTALLATIONS FOR NEAR-SURFACE         

DEFECT INSPECTION 

 

 

To encourage the application of the research presented in this thesis, this chapter is devoted to 

a presentation of the possibility of using PAUT measurement systems to inspect rail tracks in 

the field. Based on the literature review, the measurement speed, the installation, and the 

challenges of PAUT systems for field inspections are discussed. 

1. Types of ultrasonic probe installations for rail inspection 

The primary techniques used to couple the piezoelectric ultrasonic transducer for rail inspection 

are the wheel probe and the sliding plate probe. 

1.1. Wheel probe 

The wheel probe is schematically presented in Figure 71, which depicts a system used for metro 

railway inspection in Sao Paulo, Brazil (STARMANS, 2021). Ultrasonic transducers are 

installed inside a fluid-filled wheel. The transducers are immersed and attached inside the wheel 

and directed to different angles (usually 0°, 35° - 45° and 70°) to inspect areas of the rail head, 

body and foot as thoroughly as possible. This wheel mechanism requires an acoustic coupling 

liquid at the interface between the wheel and the rail surface. The wheel probe requires a much 

lower consumption of liquid couplant during the inspection compared to the sliding probe. By 

controlling the pressure rate in the wheel, the dimensions of the interface region between the 

wheel and the rail surface can be adjusted. This control ensures a greater stability of the liquid 

couplant. Water is usually used for coupling. The immersion liquid in the wheel is ethylene 

glycol or pure water. The wheel membrane consists of a polyurethane tyre. 

 

6 
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(a)                                                                                      (b) 

Figure 71. (a) Illustration of ultrasonic transducers directed to inspect the rail and (b) a wheel probe 

and its water supply (STARMANS, 2021). 

1.2. Sliding plate sled 

The sliding plate sled contains multiple transducers arranged in series, as illustrated in Figure 

72 (Heckel et al., 2009). Each probe is directed to different angles (usually 0°, 35°, 55° and 

70°). For this technique, stable acoustic coupling should be assured. The water jet pressure for 

the couplant supply is set to up to 100 bar for high-speed tests. Dispersed feeding of the water 

is employed to achieve cost-effectiveness. Direct contact of the probe with the rail surface 

makes the probe unit wear quickly. To prevent this, protection shoes made of plexiglass or hard 

polyurethane are usually used to protect the probes.  

 

Figure 72. Sliding probe arrangement for rail inspection (Heckel et al., 2009). 
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2. Types of ultrasonic installations 

To carry the probes mentioned above, there are four popular types of vehicles for rail 

inspections. The vehicles are chosen to suit the speed limitation of the measurement system.  

2.1.  Portable inspection trolley equipped with a “walking-stick” – manually 

pushed  

This is a portable searching unit that is usually pushed manually. This equipment is called roller 

search unit.  The wheel probe is installed in a portable single-wheel trolley, as shown in Figure 

73 (Nordco, 2021). This trolley is moved manually by human power. To feed the coupling 

liquid, a water tank is mounted on the trolley and a copper tube is used to feed the water flow. 

The tank may require refilling once or twice per eight-hour operating session, depending on its 

capacity. This unit is only capable of inspecting one rail in one pass. Two units, each of which 

inspects one rail, can be joined and equipped with an additional connecting stick to form a two-

wheel measurement trolley. 

 

Figure 73. Portable searching unit (Nordco, 2021). 

 

2.2.  Motorised measurement trolley 

This type of trolley is usually electrically powered so that the measurement speed can be 

controlled and monitored. This vehicle makes it easy for the operator to stop and go during the 

inspection, for instance to verify the detected defects, fix them directly, or mark them for a later 
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visit to the defect site. Simultaneous and advanced track alignment to ensure automatic 

inspection and alignment can be performed by this trolley. A real-time B-scan display can also 

be delivered. The inspection speed can reach 15 km/h (ScanMaster, 2021). Figure 74 shows an 

example of an ultrasonic sliding plate sled installed under a motorised measurement trolley. 

 

 

Figure 74. Motorised rail defect measurement trolley (ScanMaster, 2021). 

2.3.  Hi-rail car 

The hi-rail car is specially designed to be able to run either on a road or a rail track and can pull 

or push ultrasonic probe systems for inspecting rail tracks. In 2019, the Transportation 

Technology Center Inc. (TTCI) in the USA used this vehicle to demonstrate the application of 

PAUT technology for detecting internal defects in the head and web of rails. The inspection 

speed could reach 20 mph (32.2 km/h). Figure 75 shows a photo of the hi-rail car (RTandS, 

2019).  
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Figure 75. Sperry's adaptive testing system (ATS), an example of a hi-rail car for rail inspection 

(RTandS, 2019). 

2.4.  Measurement train 

ScanMaster’s SFB-100 ultrasonic measurement system (Aharoni, Glikman and Krug, 2002) 

can be installed on a train for rail track inspection. The train-installed system is billed as having 

a maximum operating speed of 72 km/h, but inspection speeds of up to 100 km/h have been 

reported as possible (Innotrack, 2008) (see Figure 76). 

The SFB-100 can accommodate both wheel probes and sliding plate sleds, although the slide 

clamp is preferred for higher inspection speeds.  As reported by Aharoni, Glikman and Krug 

(2002), the delay time in the wheel medium is equal to the travel time through the rail. Hence, 

the ultrasonic wave travel time from the transmitter through the rail, including the time for the 

wave’s reflection to the receiver, when using a wheel probe is twice that required for the sliding 

probe. As a result, the maximum scanning speed for the wheel probe is approximately half that 

for the sliding probe. Figure 77 shows a comparison of both types of probes for the inspection 

of various manufactured rails. With a higher speed of inspection, the scanning resolution is 

sacrificed. 
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Figure 76. SFB-100 ultrasonic sliding sled probes installed under a measurement train (TrackMaster, 

2015). 

 

 

Figure 77. Maximum scanning speeds as a function of the resolution (Aharoni, Glikman and Krug, 

2002). 
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3. Approaches to rail inspection 

With reference to the guidelines for best practice in rail inspection in the USA (IHHA, 2001), 

there are four main approaches to conducting rail inspections on railway lines; these approaches 

are practised on a daily basis in the USA and Europe. 

3.1.  Non-stop manual inspection 

An operator pushes a trolley-mounted device at walking pace along the rail tracks which are to 

be inspected. This approach offers the advantage that defect information is acquired at a slow 

speed and the operator can perform a visual check of the rail conditions simultaneously. The 

disadvantages of the approach are that the cost per test kilometre is high due to the slow test 

speed and each rail needs to be tested separately. The roller search unit mentioned above (in 

section 2.1) is usually used for this measurement approach. 

3.2.  Stop-and-confirm machine testing  

The test machine stops at each defect indication and the operator gets out to verify and mark 

the defect. The advantages of this approach are as follows: a low capital cost results from the 

use of less sophisticated devices; marking the defect rail makes it easy to revisit the defect site 

on a later occasion; and the rail repair is more in sync with the defect detection. The 

disadvantage is that the actual operating time of the machine is reduced due to the frequent 

stops. 

3.3.  Non-stop machine testing 

Advantages are: 

- less interference with the train schedule, 

- a lower testing cost, 

- higher productivity. 

Disadvantages are: 

- the capital cost of devices is higher; 

- the ultrasonic car may detect more defects than can be fixed in a day, resulting in defects 

being left unremedied and maintenance orders being executed at a slow pace;  

- the time interval between detection and verification becomes longer; 
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- an excessive number of indications may come from rail surface fatigue.  

3.5.  Tandem machine testing 

Two testing machines are used in this approach. The lead test car works non-stop while the 

satellite car controls its speed to stop, verify or fix the defects detected by the lead car. This 

method entails a high capital cost, but can counteract the disadvantages of non-stop testing.  

4. Phased array ultrasonic system installation 

As mentioned above, TTCI has performed PAUT for inspecting rail track with a hi-rail car 

(RTandS, 2019), with a measurement speed of up to 32.2 km/h. The rail inspection speed 

limitation is determined by some parameters: the time required for the ultrasonic wave to be 

transmitted through the rail base and then be reflected to and received by the transducer 

(according to the pulse-echo method) in association with pulse repetition frequency (PRF), the 

measurement resolution (the maximum distance allowed between consecutive measurements, 

beamforming, and digital processing time or data transfer rate. To inspect near-surface cracks, 

the time required for the wave to be reflected to the transducer is much shorter than the time 

required for inspecting defects in the rail body and foot.  

Let us now focus on calculation of the PRF [Hz] required for inspecting a typical near-surface 

crack. Figure 78 shows an illustration of ultrasonic waves scanning a near-surface crack in a 

railhead with PAUT, as presented in Section 2 of Chapter 3. As explained previously, PAUT 

with a wedge attachment is used for this calculation. Generally, near-surface cracks are located 

0-5 mm under the rail surface. At this calculation, the deepest inspected crack tip is set to 5 mm 

from the surface, as illustrated in Figure 78.  
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Figure 78. Illustration of ultrasonic waves scanning a near-surface crack in a railhead. 

Path of the wave in the wedge from the middle of the phased array elements (𝑆𝑤) is selected for 

this calculation (50°directed from vertical line). The path is 4.46 mm from the elements to the 

interface of the wedge and the surface. The wave velocity in the wedge (𝑉𝑤) is 2730 m/s.  The 

path of the refracted wave from the interface to the 5mm-depth crack tip is 12.1 mm (65.5° 

refracted). The shear wave velocity in the rail material (𝑉𝑠)  is 3240 m/s. Assuming there is no 

time of transmission at the liquid couplant, time of flight (TOF) of the wave to be transmitted 

and received by the transducer is: 

T= 2((𝑆𝑤/𝑉𝑤) + 𝑆𝑠 /𝑉𝑠)) = 941.4 µs. 

Since there are 42 A-scans (or 42 sub-set of elements), total time (𝑇𝐴𝐶𝑄) for generating an image 

result is:   

𝑇𝐴𝐶𝑄 = 42 x T = 0.081648 s. 

If data transfer time is neglected, frame rate for every second (FPS) is: 

FPS = 1/𝑇𝐴𝐶𝑄 = 12.25 images/s. 

Therefore, if the frame of each scanning (Δy) is kept to be 14 mm as shown in Figure 79, the 

maximum scanning speed (𝑉𝑚𝑎𝑥) is: 

𝑉𝑚𝑎𝑥 = FPS x Δy = 171.5 mm/s = 0.62 km/h. 
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This velocity limitation can be increased by decreasing A-scans at each scanning. For example, 

if there are only 29 A-scans at each scanning, the frame length Δy is decreased to be 10 mm. 

After doing the same procedure of calculations, the 𝑉𝑚𝑎𝑥 becomes 366.3 mm/s or 1.32 km/h. 

 

Figure 79. Frame length Δy to be kept at every scanning. 

5. Water supply for the couplant 

Another requirement for running an ultrasonic measurement system for rail inspection is 

ensuring a constant water supply for the measurement couplant. To calculate the amount of 

water required for a perfect coupling during inspections, the volume of couplant required for 

every mm should be calculated. Let us assume that the couplant thickness is 1 mm on average 

and that the dimensions of the bottom of the wedge of the system are 58 mm (length) x 23 mm 

(width). Then the volume of water required for every 58 mm of movement would be 1334 mm³. 

For 1 km, the required water volume would be 23 litres. This amount is the minimum volume, 

since the gap between the rail surface and the wedge dynamically changes along with the 

dynamics of the measurement train’s movement.   

5mm 

0mm      Surface 

-50mm -36mm 

Δy = 14mm 

The frame to be observed 
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CONCLUSIONS AND FUTURE 

RESEARCH 
 

 

For all conclusions, the following categorizations has been performed. Some conclusions have 

contribution to railway industry. These conclusions are signed with CRI (contribution to 

railway). Other conclusions that have contribution to science knowledge are signed with CTS 

(contribution to science). 

1. Conclusions relating to RQ1 

RQ 1: How accurate is eddy current testing for inspecting near-surface cracks in railheads? 

Without performing any further post-processing or using any other additional experimental 

setup, the following conclusions can be drawn concerning the shortcomings of the ECT 

performed in the research carried out for this thesis. 

- ECT cannot be used to investigate cracks densely concentrated in small locations. (CRI) 

- ECT cannot sense the depth range of cracks associated with the crack geometry, which 

may lead to an inaccurate estimation of the crack depth. (CRI, CTS) 

- The EC signal is proportionally influenced by the crack area, which indicates that ECT 

is more useful for measuring the crack area. In addition, ECT may also lead to crack 

depth measurement inaccuracy. (CRI, CTS) 

Furthermore, the thin rail-slicing method applied in the present research can be used effectively 

to observe crack networks. The results of the present research highlight the fact that the rail 

maintainer should always consider the drawbacks of the EC method when using it to inspect 

near-surface defects in rails. 

2. Conclusions relating to RQ2 

RQ 2: Is there an alternative NDT method that potentially can be optimized to deliver better 

inspection of near-surface cracks in railheads? 

7 



 

114 

 

The present research has explored the inspection of near-surface railhead cracks with depths of 

0.25-2.5 mm. 

- For   the   ultrasonic   tests   performed  in  the present research,  a  wedge  attachment 

was used which effectively  removed  the  dead  zone  in  the near-surface area, 

increasing the accuracy of estimations of the location, size and profile of the near-

surface cracks. (CRI) 

- Regarding the phased array technique, using the LW mode allowed the crack orientation 

or angle to be estimated with errors of 0-10% for all of the cracks and proved more 

accurate than using the SW mode, which estimated with errors of 35-40%. (CRI) 

- Concerning  the  crack  tip  depth  estimation,  the  measurement  error  of  the  LW  

mode  was  similar  to  that  of  the  SW  mode.  For  instance,  the errors of the LW and 

SW modes for a tip depth (D) of 1.55 mm (crack  4)  were  17%  and  18%,  respectively,  

while  for  a  tip  depth  of  0.8  mm  (crack  7)  the  errors  were  94%  and  92%,  

respectively. (CRI, CTS) 

- Concerning  the  crack  length  estimation  (E), the  SW  mode  showed  better  

estimations  than  the  LW  mode  for  a  crack length of 0.09-3.59 mm (cracks 3-10). It 

is possible that a post-processing technique will improve the accuracy of this inspection 

technique, which will be investigated in a future study. (CRI, CTS) 

3. Conclusions relating to RQ3 

RQ 3: How accurate is the optimized NDT method for the inspection of near-surface crack 

structures? 

- PAUT detected the crack profiles well and could determine the crack path from the 

broken surface to the tip underneath. (CRI, CTS) 

- There was no dead zone significantly disturbing the measurements, although the effect 

of a dead zone could still be observed in a few measurements. (CRI) 

- The optimal gain setting from artificial surface crack inspection could be used for near-

surface crack inspection in railheads. The gain could be set so that it would be as low as 

possible, while at the same time the system could still detect and measure near-surface 

cracks. (CRI) 
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- PAUT could also accurately measure the tip depth of a surface-breaking crack, for 

example a 3.51 mm tip depth with a high accuracy (8%-18%).  Nevertheless, the 

accuracy decreased when measuring smaller tip depths. (CRI, CTS) 

- The absolute measurement error range was 22%-48% for a 2.58 mm tip depth and 35%-

75% for a 2.32 mm tip depth. (CTS) 

- For horizontal crack length measurement, PAUT  could  deliver  accurate  results  with  

an  absolute  error  of  less  than  24%  for  a  horizontal  crack  length  of  3.35  mm. 

(CTS) 

- The  fairly  accurate  results  for  the  tip-depth  measurements and the estimation of the  

horizontal  crack  length  and  the crack  path  could  be  a  motivating  reason  for  a  

rail  inspector to use PAUT for rail inspection, and PAUT units may be installed on a 

running train in the near future. (CRI) 

- PAUT could also estimate the crack angle, but could not capture the roughness of the 

crack profile well.  (CRI, CTS) 

- PAUT could detect all of the crack mouth at the surface, although some overestimation 

occurred due to waves trapped in the small gaps between the cracks. (CRI, CTS) 

- The TKEO and the SAFT-like image combination made the crack profile detection 

better. Detected discontinuous profiles could be connected by applying this procedure. 

However, at the same time, the number of weak signals that could only be detected at a 

few measurement points was reduced due to this procedure. These weak signals could 

probably come from real defects. (CRI, CTS)  

- Distance- and density-based clustering assisted the discovery of 3D full crack structures 

in the inspected spot. Although this procedure neglected weaker signals in the image 

results, by considering only the intense signals, the final results for the 3D detected 

crack structures provided a good match with the structures observed from the rail slicing. 

(CRI, CTS) 

- From the longitudinal line 8, 9, and 10, the multilayer crack signals could be 

distinguished from single-crack signals by checking their peak value, RMS, and SD at 

high amplitudes. When investigating this, the frequency range of 15-50 MHz was taken 

into account and the signature of the multilayer crack signals was found. This conclusion 

needs more verifications at other multilayer crack signals from other kind of multilayer 

crack geometries. (CRI, CTS)  
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4. Future research 

- Application of the PAUT system for rail track inspection 

The PAUT system investigated in the present research needs to be tested for rail 

inspection in the field. The system has been proven capable of observing and inspecting 

crack profiles in a railhead in the laboratory. Nevertheless, proof of its capability to 

inspect near-surface cracks in the field is also needed. The varying and unstable 

conditions of real rail inspection certainly will be challenges for the system if is to 

deliver good measurement results. In addition, since the system is moved on rail 

surfaces, it requires a robust integrated system to handle the measurement mechanisms 

and data acquisition smoothly. 

Developing the measurement system requires the following tasks: designing a clamping 

mechanism which keeps the transducers firmly on the rail surface at high speeds; 

determining the effective number of transducers needed to observe typical near-surface 

cracks and the optimum configuration for positioning them; and designing a water 

supply mechanism which ensures an optimal couplant supply. Speed tests with the 

system attached under the measurement vehicle are also required to determine the 

endurance limit of these mechanisms to ensure their successful and smooth operation. 

- Machine learning for identifying multilayer crack signals 

As has been presented, a preliminary study to distinguish multilayer crack signals has 

been done. To further verify important features to identify multi crack signals, pattern 

recognition with machine learning can be an interesting future research idea. As many 

features and data that need to consider, further statistical analysis should be done to get 

more verifications and conclusions. 

5. Future product development 

- The different phased array ultrasonic transducers that can be used in the PAUT system 

There are various kinds of phased array transducers available commercially or 

manufactured for laboratory or research use. Some kinds of phased array transducers 

can potentially deliver better results than others when inspecting near-surface cracks in 

railheads. One example is the 2D matrix array of transducers from Dolphitech, whose 

front size measures 32 x 32 mm. The transducer has 64 x 64 (4096) elements with an 

element pitch of 500 µm. With more elements and a smaller element pitch, the 
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transducer is capable of picking up more data on the inspected cracks. Thus the cracks 

can be observed better in terms of shapes and measurement accuracy. The potential 

challenge seems to be the required speed of measurement, since more data need to be 

collected.  

Another kind of transducer that seems to be promising for near-surface cracks in 

railheads is the belt transducer manufactured by Novosound and recently introduced on 

the market. This transducer is so flexible that it can be bent to any shape to follow the 

shape of the inspected materials. Since the rail profile is curved, such a transducer can 

be used to inspect a wider surface area on one inspection occasion. 

  



 

118 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A – C 

  



 

119 

 

ULTRASONIC SCANS 
 

 

 

Ultrasonic measurements are presented in different plane views based on the planes between 

the ultrasonic path and the scanning parameters (the scan or index axis). First of all, the A-scan 

is the simplest view of the received ultrasonic pulse amplitude. The amplitude is correlated to 

the time of flight of the waves. Figure 80 is an example of an A-scan. The amplitude can be 

displayed as a radio frequency (RF) signal or rectified signal. Other types of views can be 

composed using information from A-scans. Commonly, A-scans are colour-encoded and, hence, 

intense signal amplitudes can easily be observed in the images. Figure 81 shows an example of 

colour encoding of an A-scan signal (Olympus, 2004). 

 

          (a)                                                                     (b) 

Figure 80. A-scan representation: (a) RF signal; (b) rectified signal (Olympus, 2004). 

 

A 
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Figure 81. Example of colour-encoding of a rectified A-scan signal. 

Furthermore, other ultrasonic views are available, i.e. B, C and D scans, and these are presented 

in Figure 82. The B-scan is a view at the planes coinciding with the scanning direction from the 

side of the inspected material. The C-scan is a view at the planes perpendicular to or crossed by 

the scanning direction from the top. Finally, the D-scan is a view at the planes from the end of 

the inspected material. Figure 83 shows examples of the scans with the inspected defects 

(Olympus, 2004).  

 

Figure 82. Orientations of ultrasonic views (B-scan, C-scan and D-scan) relative to the scanning 

direction (Olympus, 2004). 
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(a) B-scan. 

 

 

(b) C-scan. 

 

 

(c) D-scan. 

Figure 83. Examples of the B-scan, C-scan and D-scan (Olympus, 2004). 
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Another ultrasonic view that was primarily used in the current research is the sectorial scan or 

S-scan. This scan is generally generated by the phased array transducer through its capability 

to sweep ultrasonic waves through a range of angles. Figure 84 shows an example of the S-scan 

(Olympus, 2004). 

 

Figure 84 Example of the S-scan (Olympus, 2004). 

 

Phased array transducer is mainly used because of its capability to excite piezo-electric 

elements with different setting of delay and amplitude. By having delays of excitation between 

one to other elements, the generated beam can be focused and steered to any directions 

(Olympus, 2004). Figure 85 shows illustration of focusing and steering the beam. 

 

 

Figure 85. Beam focusing for (a) normal and ; (b) angled incidences (Olympus, 2004). 
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Furthermore, for processing the received signals, the acquisition unit needs to follow the delays 

during wave pulsing. Figure 86 shows beam forming and time delay for pulsing and receiving 

multiple beams (same phase and amplitude). The unit summarizes all received signals to obtain 

A-scan (a single-image line) (Olympus, 2004). In appendix B, an explanation about how to 

combine all A-scans into a 2D image result, or usually called as a B-scan, is presented. 

 

 

Figure 86. Beam forming and time delay for pulsing and receiving multiple beams ((Olympus, 2004). 
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ULTRASONIC IMAGE 

PROCESSING 
 

 

A-scans recorded during measurements are processed and presented to show the inspector 

where the defect location is. Besides displaying sequences of A-scans from the phased array 

transducer, there are other commonly used processing methods for the phased array ultrasonic 

image that can deliver better visualization for some special applications. 

1. Conventional B-scan of phased array imaging 

As previously mentioned, B-scan is a view at the planes coinciding with the scanning direction 

from the side of an inspected material. B-scan consists of multiple A-scans that are displayed 

in series so that 2D cross-sectional image of the inspected material, that is generated from 

received signals, can be presented. 

For phased array, a sub-set of elements (active aperture) is excited to generate focused beam. 

Figure 87 illustrates the active elements to generate the beam. By setting delays in the excitation, 

various beamforming can be generated. After a sub-set of elements transmits and receives wave 

(see Figure 87a), the next sub-set is excited and does the same procedures (see Figure 87b). 

After receiving signals, all signals are processed (summation and apodization) by considering 

delays of each element. A B-scan is arranged by collecting single-image lines from all 

processed received signals (see Figure 87c) (Camacho et al., 2014).  

 

D= Delay 

Processing Processing 

Phased array transducer 

Material 

B 
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(a)                                                                                  (b) 

 

(c) 

Figure 87. Illustration of conventional phased array linear scan process; beam generation of (a) sub-

set of element 2-5; (b) sub-set of element 3-6; (c) last sub-set and its B-scan (Camacho et al., 2014). 

 

2. Synthetic aperture focusing technique (SAFT) 

The SAFT considers the travel time of waves from an element (or elements) of the transducer 

to the inspected points and the reflections of the waves received by the element or elements. A 

combination of multiple A-scans from sequences of measurement positions makes defect 

signals accumulate so that the location of the defect appears clearly. In addition, this procedure 

can significantly increase the signal-to-noise ratio of the image results. Figure 88 shows an 

illustration of how a defect is located by using this technique (Pitkänen et al., 1997). 

Processing 
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Figure 88. Mechanism of the SAFT (Pitkänen et al., 1997). 

 

3. Total focusing method (TFM) 

TFM utilizes all the combinations of the transmitting and receiving elements of the phased array. 

An element transmits waves to the inspected materials, after which all the elements receive the 

reflected signals and the signals are stored. The same procedure is consecutively repeated for 

the next elements. Figure 89 illustrates how waves are transmitted by one element and received 

in return by multiple elements (Olympus, 2021). 

All the signals are combined following full matrix capture procedures to form an image result. 

In full matrix capture, all the received signals from all the elements are considered to compose 

the final image results. Due to its longer processing steps, this method requires a longer 

processing time, which can possibly be a drawback for some special applications. 

 

Figure 89. Procedure of the TFM (Olympus, 2021). 



 

127 

 

REFERENCES 
 

 

Aharoni, R., Glikman, E. and G. Krug (2002) ‘A Novel high-speed rail inspection system’, in 

Proceedings of the 8th European Conference on Nondestructive Testing. Available at: 

http://www.ndt.net/article/ecndt02/156/156.htm. 

Anandika, R., Stenström, C. and Lundberg, J. (2019) ‘Non-destructive measurement of 

artificial near-surface cracks for railhead inspection’, Insight: Non-Destructive Testing and 

Condition Monitoring, 61(7), pp. 373–379. doi: 10.1784/insi.2019.61.7.373. 

ASTM (2015) Standard Guide for Eddy Current Testing of Electrically Conducting Materials 

Using Conformable Sensor Arrays 1, Astm. United States. doi: 10.1520/E2884-13.2. 

Beissner, R. E. (1988) ‘Approximate model of eddy-current probe impedance for surface-

breaking flaws’, Journal of Nondestructive Evaluation, 7(1–2), pp. 25–34. doi: 

10.1007/BF00565774. 

Bentoumi, M.; Aknin, P.; Bloch, G. (2003) ‘On-line rail defect diagnosis with differential eddy 

current probes and specific detection processing’, European Physical JournalApplied Physics, 

23, pp. 227–233. doi: 10.1051/epjap. 

Bernieri, A. et al. (2013) ‘Crack depth estimation by using a multi-frequency ECT method’, 

IEEE Transactions on Instrumentation and Measurement. IEEE, 62(3), pp. 544–552. doi: 

10.1109/TIM.2012.2232471. 

Bettaieb, L. et al. (2009) ‘Analysis of some nondestructive evaluation experiments using eddy 

currents’, Research in Nondestructive Evaluation, 20(3), pp. 159–177. doi: 

10.1080/09349840902755859. 

Boehm, R. et al. (2009) ‘SAFT for crack surface analysis - Comparison of modeling and phased 

array measurements’, NDT in Progress 2009 - 5th International Workshop of NDT Experts, 

Proceedings, pp. 1–10. 

Brekow, G. et al. (2009) ‘Phased array-based saft for defect sizing on power plant components’, 

AIP Conference Proceedings, 1096, pp. 872–879. doi: 10.1063/1.3114348. 

Bruinsma, A. J. A. and Vogel, J. A. (1988) ‘Ultrasonic noncontact inspection system with 

optical fiber methods’, Applied Optics, 27(22), p. 4690. doi: 10.1364/ao.27.004690. 

Camacho, J. et al. (2014) ‘Fast Scanning : achieving high scanning velocities in the phased 

array inspection of aeronautic components’, (November), pp. 12–14. 

Cannon, D. F. and Pradier, H. (1996) ‘Rail rolling contact fatigue research by the European 

Rail Research Institute’, Wear, 191(1–2), pp. 1–13. doi: 10.1016/0043-1648(95)06650-0. 

Chandran, P. et al. (2019) ‘Train-based differential eddy current sensor system for rail fastener 

detection’, Measurement Science and Technology, 30(12), p. 125105. doi: 10.1088/1361-

6501/ab2b24. 

Clark, R. (2004) ‘Rail flaw detection: Overview and needs for future developments’, NDT and 

E International, 37(2), pp. 111–118. doi: 10.1016/j.ndteint.2003.06.002. 

C 



 

128 

 

Davis, G. et al. (2019) ‘Laser ultrasonic inspection of additive manufactured components’, 

International Journal of Advanced Manufacturing Technology. The International Journal of 

Advanced Manufacturing Technology, 102(5–8), pp. 2571–2579. doi: 10.1007/s00170-018-

3046-y. 

Deutschl, E. et al. (2004) ‘Defect detection on rail surfaces by a vision based system’, IEEE 

Intelligent Vehicles Symposium, Proceedings, pp. 507–511. doi: 10.1109/ivs.2004.1336435. 

Dhital, D. and Lee, J. R. (2012) ‘A Fully Non-Contact Ultrasonic Propagation Imaging System 

for Closed Surface Crack Evaluation’, Experimental Mechanics, 52(8), pp. 1111–1122. doi: 

10.1007/s11340-011-9567-z. 

Dixon, S., Edwards, R. S. and Jian, X. (2004) ‘Inspection of rail track head surfaces using 

electromagnetic acoustic transducers (EMATs)’, Insight: Non-Destructive Testing and 

Condition Monitoring, 46(6), pp. 326–330. doi: 10.1784/insi.46.6.326.56379. 

Eden, H. C., Garnham, J. E. and Davis, C. L. (2005) ‘Influential microstructural changes on 

rolling contact fatigue crack initiation in pearlitic rail steels’, Materials Science and Technology, 

21(6), pp. 623–629. doi: 10.1179/174328405X43207. 

Edwards, R. S. et al. (2006) ‘Rail defect detection using ultrasonic surface waves’, AIP 

Conference Proceedings, 820, pp. 1601–1608. doi: 10.1063/1.2184713. 

Edwards, R. S. et al. (2008) ‘Ultrasonic detection of surface-breaking railhead defects’, Insight: 

Non-Destructive Testing and Condition Monitoring, 50(7), pp. 369–373. doi: 

10.1784/insi.2008.50.7.369. 

Edwards, R. S. et al. (2015) ‘Interaction of ultrasonic waves with surface-breaking defects’, 

AIP Conference Proceedings, 1650(April), pp. 1360–1367. doi: 10.1063/1.4914750. 

Erin K. Oneida, Eric B. Shell, John C. Aldrin, Harold A. Sabbagh, Elias H. Sabbagh, R. K. M. 

(2017) ‘Characterizing Surface-breaking Cracks through Eddy Current NDE and Model-based 

Inversion’, Materials Evaluation, 75(7), pp. 915–929. 

Gao, Y. et al. (2015) ‘Multiple cracks detection and visualization using magnetic flux leakage 

and eddy current pulsed thermography’, Sensors and Actuators, A: Physical. Elsevier B.V., 234, 

pp. 269–281. doi: 10.1016/j.sna.2015.09.011. 

García-Martín, J., Gómez-Gil, J. and Vázquez-Sánchez, E. (2011) ‘Non-destructive techniques 

based on eddy current testing’, Sensors, 11(3), pp. 2525–2565. doi: 10.3390/s110302525. 

Garnham, J. E. et al. (2011) ‘Visualization and modelling to understand rail rolling contact 

fatigue cracks in three dimensions’, Proceedings of the Institution of Mechanical Engineers, 

Part F: Journal of Rail and Rapid Transit, 225(2), pp. 165–178. doi: 

10.1177/2041301710JRRT414. 

Gruber, G. J. (1980) ‘Defect identification and sizing by the ultrasonic satellite-pulse technique’, 

Journal of Nondestructive Evaluation, 1(4), pp. 263–276. doi: 10.1007/BF00571807. 

Hadlock, D. E. and Hower, G. L. (1990) ‘Efficient calculation of eddy current responses due to 

defects’, Research in Nondestructive Evaluation, 2(4), pp. 225–237. doi: 10.1007/BF01626081. 

Hansen, J. (2004) ‘The eddy current inspection method, Part 2. The impedance plane and 

probes’, Insight: Non-Destructive Testing and Condition Monitoring, 46(6), pp. 364–365. doi: 

10.1784/insi.46.6.364.56389. 

Hartmann, K., Ricken, W. and Becker, W. (2006) ‘Improved Eddy Current Sensor for Hot Wire 



 

129 

 

Inspection’, European conference on Non-Destructive Testing, pp. 1–9. 

Harzalla, S., Belgacem, F. B. M. and Chabaat, M. (2014) ‘Non destructive technique for cracks 

detection by an eddy current in differential mode for steel frames’, AIP Conference Proceedings, 

1637(February), pp. 1406–1415. doi: 10.1063/1.4907307. 

He, M. et al. (2019) ‘Study on a combined NDT method based on ACFM and eddy current 

thermography’, Nondestructive Testing and Evaluation. Taylor & Francis, 34(2), pp. 147–163. 

doi: 10.1080/10589759.2019.1579329. 

Heckel, T. et al. (2009) ‘High speed non-destructive rail testing with advanced ultrasound and 

eddy-current testing techniques’, NDT in Progress 2009 - 5th International Workshop of NDT 

Experts, Proceedings, pp. 101–109. 

Her, S. C. and Chang, M. C. (2006) ‘Identification of voids and cracks by ultrasonic technique’, 

Key Engineering Materials, 326-328 I, pp. 665–668. doi: 10.4028/www.scientific.net/kem.326-

328.665. 

Hernandez-Valle, F. et al. (2014) ‘Effects of branched defect geometry on the propagation of 

Rayleigh waves’, AIP Conference Proceedings, 1581(February), pp. 389–396. doi: 

10.1063/1.4864846. 

Hesse, D. and Cawley, P. (2007) ‘Rail: Defect detection in rails using ultrasonic surface waves’, 

Insight: Non-Destructive Testing and Condition Monitoring, 49(6), pp. 318–326. doi: 

10.1784/insi.2007.49.6.318. 

Huang, H. et al. (2003) ‘Design of an eddy-current array probe for crack sizing in steam 

generator tubes’, NDT and E International, 36(7), pp. 515–522. doi: 10.1016/S0963-

8695(03)00050-1. 

Hwang, K. (2000) 3-D Defect profile reconstruction from magnetic flux leakage signatures 

using wavelet basis function neural networks, Retrospective Theses and Dissertations. Iowa 

State University. 

IHHA, I. H. H. A. (2001) Guidelines to best practices for heavy haul railway operations. 

Innotrack (2008) ‘D4.4.1 – Rail Inspection Technologies’, University of Birmingham, pp. 1–43. 

Available at: http://www.innotrack.net/IMG/pdf/d441.pdf. 

Isla, J. and Cegla, F. (2017) ‘EMAT phased array: A feasibility study of surface crack detection’, 

Ultrasonics. The Authors, 78, pp. 1–9. doi: 10.1016/j.ultras.2017.02.009. 

Jacques, F., Moreau, F. and Ginzel, E. (2003) ‘Ultrasonic backscatter sizing using phased array 

- Developments in tip diffraction flaw sizing’, Insight: Non-Destructive Testing and Condition 

Monitoring, 45(11), pp. 724–728. doi: 10.1784/insi.45.11.724.52966. 

Jessop, C. et al. (2016) ‘3D characterization of rolling contact fatigue crack networks’, Wear. 

Elsevier, 366–367, pp. 392–400. doi: 10.1016/j.wear.2016.06.027. 

Joshi, A., Tamburrino, A. and Udpa, S. (2006) ‘Adaptive wavelets for characterizing magnetic 

flux leakage signals from pipeline inspection’, IEEE Transactions on Magnetics, 42(10), pp. 

3168–3170. doi: 10.1109/TMAG.2006.880091. 

Kalousek, J. and Magel, E. (1997) ‘Achieving a balance: the magic wear rate’, Railway Track 

& Structure, pp. 50–52. 

Kandroodi, M. R. et al. (2017) ‘Estimation of Depth and Length of Defects from Magnetic Flux 



 

130 

 

Leakage Measurements: Verification with Simulations, Experiments, and Pigging Data’, IEEE 

Transactions on Magnetics. IEEE, 53(3). doi: 10.1109/TMAG.2016.2631525. 

Kenderian, S., Djordjevic, B. B. and Green, R. E. (2001) ‘Point and line source laser generation 

of ultrasound for inspection of internal and surface flaws in rail and structural materials’, 

Research in Nondestructive Evaluation, 13(4), pp. 189–200. doi: 10.1080/09349840109409697. 

Kumar, S. (2006) A Study of the Rail Degradation Process to Predict Rail Breaks. Lulea 

University of Technology. 

Kurokawa, Y. and Inoue, H. (2010) ‘Development of Flaw Visualization Technique at Near 

Field of Phased Array Probe’, Journal of Solid Mechanics and Materials Engineering, 4(11), 

pp. 1654–1663. doi: 10.1299/jmmp.4.1654. 

Lee, D. T. (2004) ‘Computational geometry’, in Computer Science Handbook, Second Edition. 

3rd edn. Switzerland: Springer US, pp. 11-1-11–31. doi: 10.1145/500559.500562. 

Li, M. and Lowther, D. A. (2010) ‘The Application of Topological Gradients to Defect 

Identification in Magnetic Flux Leakage-Type NDT’, IEEE Transactions on Instrumentation 

and Measurement, 46(8), pp. 3221–3224. 

Liu, B. et al. (2017) ‘Hidden defect recognition based on the improved ensemble empirical 

decomposition method and pulsed eddy current testing’, NDT and E International. Elsevier, 

86(November 2016), pp. 175–185. doi: 10.1016/j.ndteint.2016.12.009. 

Liu, S. and Zhang, Q. (2014) ‘LS-SVM method for 2-D Reconstruction of the Oil Pipeline 

Defect Based on PSO algorithm’, Proceedings of the 33rd Chinese Control Conference, CCC 

2014. TCCT, CAA, pp. 7263–7267. doi: 10.1109/ChiCC.2014.6896203. 

Lopez, B. (2013) ‘XRF Inspection of Piping Systems to Reduce Sulfidation Corrosion Risk 

FEATURE XRF Inspection of Piping Systems to Reduce Sulfidation Corrosion Risk’, 

Inspectioneering Journal, 19(2), pp. 23–25. 

Loveday, P. W., Long, C. S. and Ramatlo, D. A. (2020) ‘Ultrasonic guided wave monitoring of 

an operational rail track’, Structural Health Monitoring, 19(6), pp. 1666–1684. doi: 

10.1177/1475921719893887. 

Lundmark, J. (2007) Rail Grinding and its impact on the wear of Wheels and Rails. Lulea 

University of Techcnology. 

Magel, Eric; Mutton, Peter; Ekberg, Anders; Kapoor, A. (2016) ‘Rolling contact fatigue, wear 

and broken rail derailments’, Wear, 366–367(2016), pp. 249–257. 

Magel, E. E. (2011) Rolling Contact Fatigue: A Comprehensive Review, Federal Railroad 

Administration. Washington D.C., United States. doi: 10.1039/B910216G. 

Mandriota, C. et al. (2001) ‘Rail corrugation detection by gabor filtering’, in IEEE International 

Conference on Image Processing, pp. 626–628. doi: 10.1109/icip.2001.958571. 

Matin Shahzamanian Sichani (2013) Wheel-Rail Contact Modelling in Vehicle Dynamics 

Simulation, Licentiate Thesis. KTH Royal Institute of Technology. doi: 10.4203/ijrt.3.3.5. 

Molodova, M. (2013) Detection of early squats by axle box acceleration. Delft University of 

Technology P.O. doi: 10.4233/UUID:EE403235-2DDF-4CE3-9F6D-E0775448F428. 

Moulder, J. C. et al. (1990) ‘Applications of Photoinductive Imaging’, Review of Progress in 

Quantitative Nondestructive Evaluation, 9, pp. 533–538. doi: 10.1007/978-1-4684-5772-8_66. 



 

131 

 

Moulder, J.C. et al. (1990) ‘Photoinductive imaging: a new NDE technique’, NDT International, 

23(6), p. 359. doi: 10.1016/0308-9126(90)90890-z. 

Naeimi, M. et al. (2017) ‘Reconstruction of the rolling contact fatigue cracks in rails using X-

ray computed tomography’, NDT and E International. Elsevier Ltd, 92(April), pp. 199–212. 

doi: 10.1016/j.ndteint.2017.09.004. 

Nafiah, F. et al. (2019) ‘Quantitative evaluation of crack depths and angles for pulsed eddy 

current non-destructive testing’, NDT and E International. Elsevier Ltd, 102(September 2018), 

pp. 180–188. doi: 10.1016/j.ndteint.2018.11.019. 

Nicholson, G. L. et al. (2011) ‘Modelling and experimental measurements of idealised and 

light-moderate RCF cracks in rails using an ACFM sensor’, NDT and E International. Elsevier, 

44(5), pp. 427–437. doi: 10.1016/j.ndteint.2011.04.003. 

Nicholson, G. L. et al. (2013) ‘Measurement and modelling of ACFM response to multiple 

RCF cracks in rail and wheels’, Ironmaking and Steelmaking, 40(2), pp. 87–91. doi: 

10.1179/1743281212Y.0000000041. 

Nordco (2021) Nordco _ OnePass Ultrasonic Rail Inspection System, One Pass Ultrasonic Rail 

Inspection System. Available at: https://www.nordco.com/products-catalog/inspection-

technologies/portable-inspection-systems/OnePass.htm. 

NSW Transport RailCorp (2012) Rail Defects Handbook: TMC 226. doi: 

http://extranet.artc.com.au/docs/eng/track-civil/guidelines/rail/RC2400.pdf. 

Olympus (2004) Introduction to Phased Array Ultrasonic Technology Applications. Waltham, 

USA: Olympus. 

Olympus (2021) Using the Total Focusing Method to Improve Phased Array Ultrasonic 

Imaging. Available at: https://www.olympus-ims.com/en/applications/using-the-total-

focusing-method-to-improve-phased-array-ultrasonic-imaging/. 

Opanasenko, A. et al. (2016) ‘Eddy Current Multi-Channel Module for In-line High- speed 

Inspection of Railroad Rails’, in 19th World Conference on Non-Destructive Testing 2016. 

Munich, Germany: WCNDT, pp. 1–7. 

P. Dias, K. Sukasam, J.-H. J. and A. A. K. (2011) ‘Eddy Current Testing Level 2: “Training 

Guidelines for Non-Destructive Testing Techniques”’, p. 237. 

Pal, S. et al. (2012) ‘Metallurgical and physical understanding of rail squat initiation and 

propagation’, Wear. Elsevier B.V., 284–285, pp. 30–42. doi: 10.1016/j.wear.2012.02.013. 

Pal, S., Daniel, W. J. T. and Farjoo, M. (2013) ‘Early stages of rail squat formation and the role 

of a white etching layer’, International Journal of Fatigue. Elsevier Ltd, 52, pp. 144–156. doi: 

10.1016/j.ijfatigue.2013.02.016. 

Pan, S. et al. (2019) ‘The effects of laser parameters and the ablation mechanism in laser 

ablation of c/sic composite’, Materials, 12(19), pp. 1–14. doi: 10.3390/ma12193076. 

Papaelias, M. P., Roberts, C. and Davis, C. L. (2008) ‘A review on non-destructive evaluation 

of rails: State-of-the-art and future development’, Proceedings of the Institution of Mechanical 

Engineers, Part F: Journal of Rail and Rapid Transit, 222(4), pp. 367–384. doi: 

10.1243/09544097JRRT209. 

Pei, C. et al. (2020) ‘Fully noncontact measurement of inner cracks in thick specimen with 

fiber-phased-array laser ultrasonic technique’, NDT and E International. Elsevier Ltd, 113(28), 



 

132 

 

p. 102273. doi: 10.1016/j.ndteint.2020.102273. 

Pitkänen, B. J. et al. (1997) ‘Evaluation of ultrasonic indications by using PC-based synthetic 

aperture focussing technique ( PCSAFT )’, NDT.net, 2(01), pp. 4–8. 

Pohl, R. et al. (2004) ‘NDT techniques for railroad wheel and gauge corner inspection’, NDT 

and E International, 37(2), pp. 89–94. doi: 10.1016/j.ndteint.2003.06.001. 

Popovic, Z. and Vlatko Radovic (2013) ‘Analysis of cracking on running surface of rails’, 

Journal of the Croatian Association of Civil Engineers, 65(3), pp. 251–259. doi: 

10.14256/jce.877.2012. 

Rajamäki, J. et al. (2018) ‘Limitations of eddy current inspection in railway rail evaluation’, 

Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid 

Transit, 232(1), pp. 121–129. doi: 10.1177/0954409716657848. 

Ramos, H. G. et al. (2014) ‘GMR versus differential coils in velocity induced eddy current 

testing’, Conference Record - IEEE Instrumentation and Measurement Technology Conference, 

(March 2015), pp. 915–918. doi: 10.1109/I2MTC.2014.6860875. 

Ramos, H. M. G. et al. (2009) ‘Using the skin effect to estimate cracks depths in structures’, 

2009 IEEE Intrumentation and Measurement Technology Conference, I2MTC 2009, (May), pp. 

1361–1366. doi: 10.1109/IMTC.2009.5168668. 

Ringsberg, J. W. et al. (2000) ‘Prediction of fatigue crack initiation for rolling contact fatigue’, 

International Journal of Fatigue, 22(3), pp. 205–215. doi: 10.1016/S0142-1123(99)00125-5. 

Ringsberg, J. W. (2001) ‘Life prediction of rolling contact fatigue crack initiation’, 

International Journal of Fatigue, 23(7), pp. 575–586. doi: 10.1016/S0142-1123(01)00024-X. 

Rosli, M. H. et al. (2010) ‘Identifying surface angled cracks on aluminium bar using EMATs 

and automated computer system’, AIP Conference Proceedings, 1211, pp. 1593–1600. doi: 

10.1063/1.3362258. 

Rosli, M. H., Edwards, R. S. and Fan, Y. (2012) ‘In-plane and out-of-plane measurements of 

Rayleigh waves using EMATs for characterising surface cracks’, NDT and E International. 

Elsevier, 49, pp. 1–9. doi: 10.1016/j.ndteint.2012.03.002. 

Rosli, M. H., Fan, Y. and Edwards, R. S. (2012) ‘Analysis of Rayleigh wave interactions for 

surface crack characterization’, AIP Conference Proceedings, 1430(31), pp. 209–216. doi: 

10.1063/1.4716232. 

RTandS (2019) ‘Rail Flaw Testing Gets Faster, Smarter, Better - Railway Track and Structures’. 

Available at: https://www.rtands.com/track-structure/ballast-ties-rail/rail-flaw-testing-gets-

faster-smarter-better/. 

Santa-aho, S., Nurmikolu, A. and Vippola, M. (2017) ‘Automated Ultrasound-based Inspection 

of Rails: Review’, International Journal of Railway, 10(2), pp. 21–29. doi: 

10.7782/ijr.2017.10.2.021. 

Satyanarayan, L. et al. (2007) ‘Simulation of ultrasonic phased array technique for imaging and 

sizing of defects using longitudinal waves’, International Journal of Pressure Vessels and 

Piping, 84(12), pp. 716–729. doi: 10.1016/j.ijpvp.2007.08.002. 

Satyanarayan, L. et al. (2009) ‘Investigations on imaging and sizing of defects using ultrasonic 

phased array and the synthetic aperture focusing technique’, Insight: Non-Destructive Testing 

and Condition Monitoring, 51(7), pp. 384–390. doi: 10.1784/insi.2009.51.7.384. 



 

133 

 

Sawaragi, K. et al. (2000) ‘Improvement of SH-wave EMAT phased array inspection by new 

eight segment probes’, Nuclear Engineering and Design, 198(1), pp. 153–163. doi: 

10.1016/S0029-5493(99)00276-9. 

ScanMaster (2021) ‘Rail Ultrasonic Testing - ScanMaster _ NDT Ultrasonic Inspection’. 

Available at: https://scanmaster-irt.com/products/railways/metro-rail-inspection/. 

Schöch, W. (2012) ‘Strategic Monitoring of Rail Grinding - a New Era of Rail Maintenance’, 

in Permanent Way Institution (PWI) NSW 2012 Annual Convention: the Next Generation. 

Germany: Permanent Way Institution (PWI), pp. 10–20. Available at: 

https://www.railknowledgebank.com/Presto/pl/MTk4MTRjNDUtNWQ0My00OTBmLTllY

WUtZWFjM2U2OTE0ZDY3LjQ0ODU=. 

Schöch, W. (2013) ‘Recording Assisted RCF-Treatment Gains Ground’, in 10th International 

Heavy Haul Conference, (IHHA 2013), Capacity Building through Heavy Haul Operation. 

New Delhi, India: International Heavy Haul Conference (IHHA), pp. 376–381. Available at: 

https://www.railknowledgebank.com/Presto/pl/MTk4MTRjNDUtNWQ0My00OTBmLTllY

WUtZWFjM2U2OTE0ZDY3LjI2OTg=. 

Shakibi, B. et al. (2012) ‘Resolution enhancement of ultrasonic defect signals for crack sizing’, 

NDT and E International. Elsevier, 52, pp. 37–50. doi: 10.1016/j.ndteint.2012.08.003. 

Shen, J. (2017) Responses of alternating current field measurement (ACFM) to rolling contact 

fatigue (RCF) cracks in railway rails. University of Warwick. 

Shen, J. L. et al. (2015) ‘Determining the propagation angle for non-vertical surface-breaking 

cracks and its effect on crack sizing using an ACFM sensor’, Measurement Science and 

Technology. IOP Publishing, 26(11), pp. 1–11. doi: 10.1088/0957-0233/26/11/115604. 

Singh, B. L. and Sr, C. B. E. (2008) ‘Rolling Contact Fatigue in Rails – an Overview’, 209, pp. 

1–15. 

Solnik, S. et al. (2010) ‘Teager-Kaiser energy operator signal conditioning improves EMG 

onset detection’, European Journal of Applied Physiology, 110(3), pp. 489–498. doi: 

10.1007/s00421-010-1521-8. 

Song, K. et al. (2011) ‘Simulation study on the effect of crack width on ECT signal’, Procedia 

Engineering, 15, pp. 5227–5231. doi: 10.1016/j.proeng.2011.08.969. 

Song, Z. et al. (2011) ‘Detection of Damage and Crack in Railhead by Using Eddy Current 

Testing’, Journal of Electromagnetic Analysis and Applications, 03(12), pp. 546–550. doi: 

10.4236/jemaa.2011.312082. 

Song, Z. L. et al. (2014) ‘Eddy current defect detection of side transverse crack in railhead by 

integrating experiment with simulation’, Advanced Materials Research, 875–877, pp. 593–598. 

doi: 10.4028/www.scientific.net/AMR.875-877.593. 

STARMANS (2021) Railway rail testing. Available at: 

http://www.starmans.net/applications/railway-rail-testing/. 

Stratoudaki, T., Clark, M. and Wilcox, P. (2016) ‘Laser induced ultrasonic phased array using 

Full Matrix Capture data acquisition and Total Focusing Method’, Optics Express, 24(19), pp. 

351–357. doi: 10.1364/oe.24.021921. 

Sy, K. et al. (2018) ‘Development of the specular echoes estimator to predict relevant modes 

for Total Focusing Method imaging’, NDT and E International. Elsevier Ltd, 99(June), pp. 



 

134 

 

134–140. doi: 10.1016/j.ndteint.2018.07.005. 

Szugs, T. et al. (2016) ‘Combination of Ultrasonic and Eddy Current Testing with Imaging for 

Characterization of Rolling Contact Fatigue’, in 19th World Conference on Non-Destructive 

Testing 2016. Munich, Germany: WCNDT, pp. 1–8. 

Tai, C. (1997) ‘Advanced eddy-current methods for quantitative NDE’, p. 163. Available at: 

http://lib.dr.iastate.edu/rtd/11749. 

Tian, G. Y. and Sophian, A. (2005) ‘Reduction of lift-off effects for pulsed eddy current NDT’, 

NDT and E International, 38(4), pp. 319–324. doi: 10.1016/j.ndteint.2004.09.007. 

Todorov, E. I., Mohr, W. C. and Lozev, M. G. (2008) ‘Detection and sizing of fatigue cracks 

in steel welds with advanced eddy current techniques’, AIP Conference Proceedings, 975(2008), 

pp. 1058–1065. doi: 10.1063/1.2902549. 

TrackMaster (2015) TrackMaster - The High Speed Rail Inspection System, ScanMaster - 

ultrasonic inspection solutions. Available at: https://scanmaster-irt.com/wp-

content/uploads/2015/11/TrackMaster-High-Speed-brochure.pdf. 

Trafikverket (2019) Report of Eddy current measurement of rail tracks in Riksgränsen, Sweden 

- May 2019. Luleå, Sweden. 

Xiang, L. et al. (2020) ‘Generation of Rayleigh waves using a phased electromagnetic acoustic 

transducer (EMAT) array’, IEEE International Ultrasonics Symposium, IUS, 2020-Septe, pp. 

8–11. doi: 10.1109/IUS46767.2020.9251609. 

Yang, B., Zhao, Y. and Zhang, W. (2011) ‘Quantification of crack defect using a new pulsed 

eddy current probe’, Nondestructive Testing and Evaluation, 26(2), pp. 155–168. doi: 

10.1080/10589759.2010.545127. 

Yusa, N. et al. (2014) ‘An arrayed uniform eddy current probe design for crack monitoring and 

sizing of surface breaking cracks with the aid of a computational inversion technique’, NDT 

and E International. Elsevier, 61, pp. 29–34. doi: 10.1016/j.ndteint.2013.09.004. 

Yusa, N. et al. (2016) ‘Fabrication of imitative cracks by 3D printing for electromagnetic 

nondestructive testing and evaluations’, Case Studies in Nondestructive Testing and Evaluation. 

Elsevier Ltd, 5, pp. 9–14. doi: 10.1016/j.csndt.2016.03.004. 

Zhe, H. et al. (2017) ‘Investigating the effects of contact pressure on rail material abrasive belt 

grinding performance’, International Journal of Advanced Manufacturing Technology. The 

International Journal of Advanced Manufacturing Technology, 93(1–4), pp. 779–786. doi: 

10.1007/s00170-017-0498-4. 

Zhou, Y. et al. (2015) ‘Reconstruction and Modeling Method for Rail Head Checks in Heavy-

Haul Railways Based on X-Ray Computed Tomography and the Extended Finite Element 

Method’, ICTE 2015 - Proceedings of the 5th International Conference on Transportation 

Engineering, pp. 106–113. doi: 10.1061/9780784479384.015. 

Zhu, J. et al. (2018) ‘Probability of detection for eddy current pulsed thermography of angular 

defect quantification’, IEEE Transactions on Industrial Informatics. IEEE, 14(12), pp. 5658–

5666. doi: 10.1109/TII.2018.2866443. 

Zhu, W. F. et al. (2019) ‘A SAFT method for the detection of void defect inside a ballastless 

track structure using ultrasonic array sensors’, Sensors (Switzerland), 19(21), pp. 1–15. doi: 

10.3390/s19214677.  



 

135 

 

 

 

 

 

 

 

 

 

 

 

 

 

PART 2 
  





 

136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper 1. Non-destructive measurement of artificial near-surface cracks for 

railhead inspection. 
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Paper 2. Phased array ultrasonic inspection of near surface cracks in railhead 

and its verification with rail slicing. 
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Paper 3. Limitations of eddy current inspection for the characterization of near-

surface cracks in railhead. 
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Related paper: Ultrasonic phased array measurement of near-surface cracks in 

the railhead. 
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