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ABSTRACT 

 

The manual inspection on a schedule of the train wheels in depot is the most common inspection mechanism for 

railway wheel defects. The manual inspection can achieve the security goal, but the damage level of the wheel 

defects where usually serious when they have been found. It was apparently that has caused the impact and 

damage of the vehicle component and rail system during the forming process. Furthermore, the defect has 

induced the extra vibration and noise, and affected the resident quality of the neighborhood and the comfort of 

passenger indirectly. In this paper, we have installed the FBG strain gauge array to the rail foot. That can detect 

the wheel tread which has defects automatically base on the strain curve of track and the analytic method: 

Feature Line Method we proposed. The monitoring system can help to detect the damage of wheel tread in the 

early stage and reducing the additional injure to the vehicle and railway system. Certainly, it can cut down on 

maintenance frequency and cost. 
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INTRODUCTION 

  

About the out of round wheel (OOR) problems, the varied failure mode and wavelength of wheel defects caused 

by different factor. For example, the fixation of the wheel during reprofiling may be a cause of triple-shaped 

polygon. This is initially small OOR is amplified during rolling (Rode et al. 1997). The defect which the 

wavelength of the irregularity ranges from 14 cm to approximate one wheel circumference, while the amplitude is 

of the order of 1 mm has been detected only on disc-braked wheelsets. The corrugation appears on wheel treads 

that are block braked. The wavelength of this type of OOR is 3-6 cm, while the amplitude is smaller than 10 μm 

(Nielsen and Johansson 2000; Vernersson 1999). Furthermore, the braking force is too high in relation to the 

available wheel/rail friction would cause the unintentional sliding of the wheel on the rail and formed the defects 

of wheel flat. The excessive vertical wheel/rail contact force and rolling contact fatigue would cause defects of the 

spalling and shelling. However, the periodic dynamic impact force at wheel-rail interface caused by the 

out-of-round wheels not only damage the vehicle and railway components, but reduce the passengers comfort 

level and operational security. Therefore, constructing a wheel defect monitoring system in the railway and 

reliable data processing technique has become a current trend in automatic safety monitoring of railway industry. 

The wheel defect inspection methods were divided into contact measurements and non-contact measurements. For 

examples, the contact measurement methods were used the displacement meter to measure the wheel profile by 

manual inspection in the depot (Johansson 2006). Feng et al. (2000) proposed a mechanical measurement device 

installed on the track side that measured the height of the wheel flange, relative to the rail head can provide an 

indication of both the radial profile of the wheel and the amount of wear. Nevertheless, the train speed should be 

less than 15 km/h when crossing the measuring section, to assure the measuring accuracy of instrument. 

 

There are numerous non-contact measurement types, such as strain-based measurement systems, 

accelerometer-based measurement systems and multiple sensor type. Stratman et al. (2007) used the Wheel 

Impact Load Detectors (WILDs) is composed of a series of strain gauges installed on rail web. The dynamic axle 

load and addition impact force caused by wheel defects can be estimated based on the track strain measuring in 

mailto:hsinchu@ceci.org.tw


service. According to the relationship between the impact force and the rolling mileage, two criteria for removing 

defective wheels had been suggested. Wasiwitono et al. (2007) employed numerical simulation to explore the 

relationship between the dynamic axle load and the root mean square of acceleration, and described the 

characteristics of the accelerometer-based inspection systems. Wheel Condition Monitor (WCM) is a hybrid 

monitoring system comprising a track mounted array of 10 accelerometers and 12 load cells to sense multiple 

wheel defects and sensitivity to detect anomalies as small as 3 mm for critical predictive monitoring (Bladon and 

Hudd 2008). 

 

The Fiber Bragg Grating (FBG) sensors are employed in this study. The FBG sensors are electromagnetic-immune 

and possess excellent weatherability than the conventional strain gauge. It can also be connected in series so that 

reduces the complex circuits. Currently, the FBG sensors have been extensively integrated in the railway health 

monitoring system (Wang et al. 2011; Wei et al. 2010). 

 

In the study, the FBG sensors are equal-interval installed on the rail root in an arrayed configuration, and the total 

length of the measuring section stretched as the length of a wheel circumference, to avoid missing the minor wheel 

defects and enhanced the inspecting density of monitoring system. Furthermore, the arrayed configuration can 

make the same defect be detected in different gauge that naturally satisfy the efficiency of multi-check and reduces 

the error rate of system. In the data processing, this study proposes a feature lines identification method which is 

based on the system characteristics (i.e. multi-check efficiency) and the strain signal curve caused by the wheel 

load to identify whether the wheel has defects. 

 

FBG ARRAY AND SYSTEM CONFIGURATION 

  

The monitoring system is consisted of 4 FBG arrays and installed on the inside of rail root. Each array is 

composed of 18 strain gauges and equal-interval spread in 8 cm as shown in Figure 1. The whole monitoring 

length 2.8 m is larger than the wheel circumference and can completely inspect the potential defects on the wheel 

tread. Base on the FBG sensors configuration, each stain gauge is assigned an extent of the wheel tread and 

inspected. It can avoid missing the minor wheel defects and enhance the inspecting density of system. 

Furthermore, the arrayed configuration can make the same defect be detected by different gauge that naturally 

satisfy the efficiency of multi-check and reduces the error rate of system. The idea of inspecting mechanism as 

shown in  

Figure 2, when the defective wheel tread rolling through the detective region, the wheel defect will cause an 

abnormal impact response on the neighboring strain gauge at the same time. According to this characteristic, the 

system can acquire an abnormal peak point of each gauge (e.g. the red point of strain curve in  

Figure 2) and identify whether the wheel has defects automatically. 

 

 
Figure 1. FBG sensor array installation 



 
Figure 2. The idea of the inspected mechanism 

 

DATA PROCESSING TECHNIQUES 
 

Windowing of Strain Time History 

 

The continuous impulse strain response had generated when a train passes through the measuring region (See 

Figure 3). Each peak signal means a wheel rolled over it. First, the continuous strain signals have to be divided 

into segments response which is caused by a single wheel. Then, the system can identify the wheel which has 

defects based on every strain gauge. According to the train speed, wheel circumference and wheelbase, each strain 

history curve of track caused by every wheel had segmented in the time domain. The overlapping signal N  in 

the Figure 4 caused by the neighboring wheelset of a bogie was deleted, to avert the indistinct area of strain 

response and increased the reliability of the monitoring system. 

 

 
 

Figure 3. Strain history of EMU- Tze-Chiang Figure 4. Overlapping data processing 

 

Curve Fitting Pre-process 

 

In the research of structure system identification and damage diagnosis, the initial state of the structure (e.g. 

frequency, deformation etc.) is usually necessary for reference. According to the difference between the present 

state and initial state of structure, the potential defects and damages can be identified. However, the unknown 

initial state of structure is the most problems exist. How to get the initial state of structure become a thorny issue 

for system identification and damage diagnosis. 

 

In this paper, the system detects wheel defects based on the abnormal strain curve, and the normal strain curve 

caused by healthy wheel must get first. Therefore, the unknown initial state problem does also exist here. However, 

the strain curve shall be smooth, when the healthy wheel rolling through the inspecting region. Contrarily, the 

strain curve of specific sensor will be with abnormal impulse response when the defective wheel rolling through. 

Consequently, in this study, the normal strain curve will be defined by n-order polynomial curve fitting Eq. 1 and 

 

 

 

 

 

Rolling direction 



the formula of least square difference Eq. 2. 
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where, ystrain is the strain of measurement, yfit is the strain of curve fitting, Dmin is the least square difference. 

 

Figure 5 shows the measuring strain curve of normal wheel and the curve fitting result, the solid line means the 

real strain, and the dotted line is the curve fitting result. Both curves are almost the same. The strain curve with 

defects and the fitting result as shown in Figure 6. The fitting curve still hold the smooth characteristic, but the 

measuring strain curve will has the indented impulse response. Due to the defect depression, the wheel would be 

noncontact with track when the defective wheel rolling through the strain gauge, and the impulse strain had 

declined first and then rising immediately. According to the difference between the impulse response and curve 

fitting result, the identification criterion for wheel defects will be established.  

 

  
Figure 5. Curve fitting result of normal wheel Figure 6. Curve fitting result of defective wheel 

 

Feature Points of Defects 

 

After the curve fitting processes, the strain difference between the measuring cure and fitting curve can 

be estimated. The difference is the extra track strain caused by wheel defects. If a larger difference had 

been detected, it certainly meant the wheel defect caused extra extensive contact force. During the 

wheel-track contact process at the defect position, the abnormal strain curve will decline first and then 

rising immediately that has formed a feature phenomenon of damage. Here defines the maximum 

negative deviation as the feature point of defect as F2 shown in Figure 7. The selection of feature point 

F2 is based on the observation in Figure 7 to Figure 9, there are three kinds of damage feature pattern 

distributed at different position of a single strain curve, only the feature point F2 can be accurately 

identify at any position of strain curve. In order to reduce the identifying error rate of feature point and 

assure the deviation is greater than the signal/noise ratio, the threshold of feature point has set as 5 

micro-strains. 

 



  
Figure 7. Damage feature in the middle curve Figure 8. Damage feature in the left side 

 

  
Figure 9. Damage feature in the right side Figure 10. The feature lines of single defect 

 

Feature Line Identification Methods 
 

According to the selection process of feature points and plots each strain curve with feature point of 

damage in the time domain, such as shown in Figure 10. The transverse axle is relative distance to the 

no.1 FBG sensor which is converted by the record of data time and train speed. The vertical axle is the 

serial numbers of FBG sensor. There are two roughly straight lines which were consisted of feature 

points as marked red spots in the figure. This paper defines the straight line as the feature line of damage 

and the number of the feature points has an indirect meaning of the influence region of impulse response 

caused by wheel defect. If put all strain curves together, we can see all the feature points have happened 

at the same time and the identification of wheel defects can be executed intuitively based on the image 

characteristics. Furthermore, the contact position of wheel defect and track can also be recorded. If the 

distance between two feature lines is close to the wheel circumference (e.g. around 2.7 m), we can infer 

that was the same wheel defect induced. 

 

ANALYSIS RESULTS 

 

This section the signal caused by the train of Taiwan Railway Administration will take into analysis and 

testing using the feature line method. The measuring signal from the left side and right side FBG array 

will analyze separately. One of the two wheel treads in a wheelset was detected had defects, the wheelset 

would be regarded as a defective wheel.   

   

 

 

 

 

 

 

 

 



 

 

 

Figure 11 shows a strain signal caused by the train Push-Pull Tze-Chiang travelling at a speed 102 km/h. 

The train consisted of twelve passenger carriages and fifty-six wheels. The electric locomotives are 

arranged in the leading carriage and tail carriage, so that had made larger strain response in the figure.  

 

After cutting the entire strain into fifty-six pieces caused by a single wheel, and identifying the defective 

wheels by feature line method. Table 1 shows the analysis results and lists the number of the defective 

wheels which the number of feature points (𝑁𝑓) is larger than six. There are nine defective wheels 

inspected from left side FBG array on the rail and seven defective wheels inspected from right side rail; 

moreover, there are two wheelsets with defects on both tread. Totally fourteen defective wheels have 

been detected that accounting for 25 % of the total number of wheels. The distribution of the defective 

wheel is shown in Figure 12. 

 

 

  

   

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Strain signal of P.P.-Tze-Chiang 

 

Table 1. The analytical results 

Item Number of wheels 

Total wheels(𝑁𝑤) 56 

Right wheels(𝑁𝑓 ≥ 6) 9 

Left wheels(𝑁𝑓 ≥ 6) 7 

Problems(𝑁𝑝) 14 

(𝑁𝑝 𝑁𝑤⁄ ) × 100% 25% 

 

 
Figure 12. The analytical results of P.P.-Tze-Chiang express 

 

Figure 13 and Figure 14 are the stain curve of the left side sensor no. 9 and the right side sensor no. 40 

where the wheel defect contact with the track. Comparing to the two wheels, the strain deviation of wheel 

no.9 is smaller than wheel no.40, and the wheel no.40 is the wheel with largest deviation of the inspecting 



results in this train. Apparently there existed significant difference between the two wheel defects. If the 

damage level of wheel defect is serious, it would make larger impulse response and the influence of the 

impulse is more extensively. It also means that more sensors shall detect the impulse such as feature line 

graph shown in Figure 15 and Figure 16.  

 

Furthermore, we can observe the strain curve of the other stain gauges caused by the wheel no.40 in 

Figure 17(a) to (i), the more severe response and deviation would be detected on the gauge which is more 

close to the impact location of the wheel defect. On the other hand, the further gauge would measure a 

smaller response, even could not detect the impulse response such as the example in Figure 17(b). The 

Figure 17(a)’s abnormal response was caused by the first impact of the same defect in the front of 

detection region. It can be seen that the monitoring system can guarantee at least one impact response 

will be detected when the defective wheel passing through the detection region. The impact position of 

wheel defect can also record according to the feature line graphs. 

 

  
Figure 13. Criticl strain for right side wheel No.9 Figure 14. Criticl strain for right side wheel No.40 

  

  
Figure 15. Feature lines for right side wheel No.9 Figure 16. Feature lines for left side wheel No.40 

 



 
Figure 17. The output signal of left side wheel No.40 
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CONCLUSIONS 

 

This paper proposed the FBG strain gauge array installed on the rail foot to measure the track strain when 

the train passing through and identified the wheel weather with defects. Base on the FBG sensors 

configuration, each stain gauge is assigned an extent of the wheel tread and inspected. It can avoid 

missing the minor wheel defects and enhance the inspecting density of system. Furthermore, the arrayed 

configuration can make the same defect be detected by different gauge that naturally satisfy the 

efficiency of multi-check and increase the system reliability. In the signal processing and analysis, this 

study proposed a feature line method to identify the defective wheels. It used the curve fitting to 

construct the strain response of healthy wheel, and estimated the difference (strain deviation) between the 

fitting curve and real curve. If the deviation is larger than the predetermined threshold, the system will 

regard the peak of abnormal strain as the damage feature point of wheel. Finally, the system can identify 

the wheel defects based on the image characteristics of the feature line graph. The preliminary results 

show, the feature line method can actually distinguish between normal wheels and defective wheels. 

 

Although the system can identify the wheel defects and roughly estimate the difference of damage level 

based on the magnitude of strain deviation and number of feature points, it still can’t accurately quantify 

the amplitude and extent of the defects. Moreover, in the feature point selection processes, the threshold 

of the strain deviation must be defined that were related to the amplitude and extent of the defects in 

practice and preliminarily defined according to the signal/noise ratio. The accurate and appropriate 

threshold will be redefined by the further work such as the system can install more sensors to estimate the 

impact force and build the relations between the impact force and damage level of wheel defects, or study 

the relation of the axle load, vehicle speed, track strain and damage level based on the numerical 

simulation method, to achieve the aim of monitoring system to evaluate the wheel defects accurately. 
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