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Abstract

:

In this study, the rapid growth of corrugation caused by the bad quality of grinding works and their wavelength, depth, and evolution processes are captured through field measurements. The residual grinding marks left by poor grinding quality lead to further crack accumulation and corrugation deterioration by decreasing plastic resistance in rails. In this case, the average peak-to-peak values of corrugation grow extremely fast, reaching 1.4 μm per day. The finite element method (FEM) and fracture mechanics methodologies were used to analyze the development and trends in rail surface crack deterioration by considering rails with and without grinding marks. Crack propagation trends increase with residual grinding marks, and they are more severe in circular curve lines. To avoid the rapid deterioration of rail corrugation, intersections between grinding marks and fatigue cracks should be avoided.
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1. Introduction


The Shenshuo heavy haul line, the transportation volume of which exceeds 260 million tons per year, is one of the most important freight lines in western China. It starts in Daliuta and ends in the west of Shuozhou. With increases in rail traffic volume and the axle loads, serious rail corrugation defects have appeared in some sections of the Shenshuo railway. Corrugation has resulted in an aggravation and worsening of defects in the track’s structure, such as the fracture of fastenings, RCF defects, spalling, ballast crushing, etc. This has led to a sharp increase in maintenance costs and has affected the safety of heavy haul operations.



Rail corrugation, as an intractable defect in the railway industry, has a history of more than one hundred years [1]. It mainly occurs in heavy haul railways, high-speed railways (HSR), and urban rail transit, which includes all types of railway lines. For HSRs, the main wavelength of the corrugation in China is 120–150 mm [2]. It occurs both in the curves and along the straight lines of track sections, while wavelength is around 40–50 mm in metro lines [3]. Due to variations in the track and transport conditions [4], the wavelength of the corrugation is often longer than 150 mm in heavy haul lines. Furthermore, many researchers have introduced corrugation as a basic excitation in their numerical models to analyze W/R dynamic interactions [5], selection of track structures [6], or mitigation of rail defects [7]. Hence, it is important to diagnose the characteristics of corrugation and its evolution process. Grassie and Kalousek [8] summarized and classified the six typical rail corrugation modes according to the fixed wavelength mechanism and material damage mechanism. In 2012, they modified the understanding of the “wavelength fix” theory and introduced some devices that support continuous testing in the corrugation inspection field [9].



Within corrugation research, reproducing corrugation and revealing the mechanism of its formation are important topics.



As for research into damage mechanisms and the formation of corrugation defects, Meehan et al. [10,11] studied the influence of vehicle speed and its non-uniform distribution on wear-type corrugation growth rates. Jin and Wen [4,12,13] analyzed the formation and development of corrugation at rail curves using Kalker’s rolling contact theory with non-Hertzian contact and friction work calculation for the worn-out material.



Other than analytical methods, field inspections play an important role in corrugation studies. Akira et al. [14] conducted a full-scale stand test to analyze corrugation formation mechanisms and concluded that the large creepage and vertical fluctuation of W/R force is the main reason for the formation of corrugation. Torstensson [15] conducted a field experiment at a sharp curve line and analyzed the plastic material flow in the surface layer caused by the lateral creep forces. Teng et al. [16] constructed a measurement system with 2D laser sensors and a data splicing method to enlarge the effective wavelength of the measured corrugation data.



The topic of rail corrugation has attracted enough interest among researchers, and their research outcomes have been implemented in the mitigation of rail corrugation using a friction modifier [17,18], a frequency regulation measurement [19,20], and suggestions regarding the deficiency of current evaluation criteria have even been made [21]. Due to the complexity of the mechanism of rail corrugation, current understandings regarding corrugation are not sufficient to reach a consensus, and it still acts as a major and common defect in rail systems. Considering cost and installation difficulties, these mitigation measures are not always suitable for corrugation sites. Until now, the most effective and practical way to alleviate corrugation in a site was rail grinding. Practical experience shows that grinding works effectively extend the service life of a rail, and this method is verified not only in field experiences but also by metallographic observations [22]. The concept of preventive grinding [23], or a means by which to attain the optimal grinding strategy, has a practical significance [24]. It is important to understand the proper timing and strategy of rail grinding. However, an understanding of rail grinding quality, especially the effect of poor grinding quality on rail surface defects, also plays an important role in extending the service life of a railway.



To reveal the impact of poor grinding quality on the deterioration of rail corrugation, as well as the reason for this phenomenon’s rapid development, this study carried out a 69-day-long field test on a sharp curve in a heavy haul railway. Based on the theory of fracture mechanics, FEM models, semi-Hertzian wheel-rail contact, and multi-body systems of heavy haul trains, reasons for the rapid development of rail corrugation are analyzed and mitigating suggestions are proposed.




2. Field Tests


Based on our field investigation, a continuously welded rail track (CWR) was used for the whole line and the rail was welded by online flash welding. For part of the worn rails that needed to be replaced, thermite welding was used. Most of this line runs freight trains with an axle load of 25 t and an average velocity of 50 km/h. The superelevation was set as 105 mm on site, which was obviously too high for freight cars with low speed, such as the basic parameters shown in Table 1.



By the photos on sight, as shown in Figure 1a below, it can be seen that the rail in this section has a typical pattern of corrugation with a main wavelength of 160 mm. The railhead is accompanied by obvious plastic flow patterns and spalling is common. In the trough of corrugation, the RCF (rolling contact fatigue) defects are significant. Figure 1b,c shows the condition of the inner and outer rails of the curve. It can be seen from the pictures that the surface damage of the inner rail of the curve is severe, while the outer rail of the curve is in good condition.



2.1. Experimental Setup


To obtain the corrugation properties along the heavy haul track, a corrugation analysis trolley (CAT) was used to test the roughness of the rail running band. The field measurement setup is shown in Figure 2.




2.2. Field Testing Methodology


2.2.1. Testing Setup


The initial repair work by grinding was carried out on 19 April 2018. It was the first day of field testing to study the rail corrugation mechanism. According to the fast development process of heavy haul corrugation, the measurement was carried out in intervals of 2–4 days (the time of maintenance was given as 2–3 days a week). It should be noted that, on the 24th day of testing, a grinding car passed through the test track with poor grinding quality. The target profile of the grinding car was the standard 75/kg profile used in China, which is mainly used for heavy haul railways, and the dimensions of the grinding wheels are 250 mm × 75 mm (Diameter × Thickness).




2.2.2. Evaluation Indicators


When rail surface roughness is measured by equipment in the field, some of the measured data have obvious fluctuations due to variations in the weather, temperature, and abnormal working conditions. Therefore, in the current study, EN 15610:2009 was used as the international standard of reference for preprocessing the data [25].



This test mainly measures peak-to-peak values, rail roughness level, cumulative percentage of magnitude, and other indicators to describe the severity and evolution of the corrugation on the test rail track on the following basis:



	1.

	
Peak-to-peak values and allowable over-limit







Based on the recommendations of corrugation measurements and the evaluation standards of EN 13231-3:2012 [26], the moving average peak-to-peak values of corrugation were used as the index of rail corrugation amplitude in this paper. The moving average of peak-to-peak values within a window length of L can be calculated as:


  P P V ( X , L ) = (  a 1  +  a 2  +  a 3  + ⋯ +  a n  ) / n  








where    a n  ( n = 1 , 2 , 3 , ⋯ , n )   is the individual peak-to-peak irregularities within the window of length L as shown in Figure 3, and x is the calculation location of peak-to-peak values.



In EN 13231-3:2012, the wavelength range related to corrugation is divided into 4 groups: (1) 10–30 mm, (2) 30–100 mm, (3) 100–300 mm, and (4) 300–1000 mm. The analysis window length and allowable limits are specified in Table 2.



There are no separate amplitude requirements for corrugation in heavy haul transit railways in China. The standard of corrugation evaluation in separate wavelengths is only carried out for HSR. The requirement of the HSR [27] was also added as a standard of comparison.



	2.

	
Roughness level







The rail surface roughness test is mainly based on the analytical methods of EN ISO 3095:2013 [28] and GB/T 3449-2011 [29]. The one-third octave analysis method is used for processing, and the value defined in the specification is compared with the value measured in the field.



	3.

	
CDF (Cumulative Distribution Function)







The CDF values of rail corrugation are compared with the CLASS 2 level of the EN 13231-3: 2012 because the control requirements of heavy haul railways are lower than those of other railways.






3. Observation of Rapid Deterioration of Rail Corrugation under Poor Grinding Quality


3.1. Development Charateriscs of the Rail Corrugation under Grinding Works


Figure 4a,b shows the change in roughness level of the test section from April 2018 to June 2018. The number on the right of the measured data in the legend indicates the operational days from the test’s commencement. It can be seen from Figure 4a that, during the first 22 days of the test (the transport volume was about 16 million tons), the levels of roughness on the rail’s surface developed slowly and the curves were stable. After the first grinding, there was a significant peak in the 50 mm wavelength, and it disappeared in a short period of time that was no longer than 3 days. From Figure 4b, it is obvious that overall roughness showed a significant upward trend on the 24th day of the test, which was when the second grinding works were finished. Under the load of the heavy haul train, the main wavelength of the corrugation varied in the range of 125–160 mm. On the 69th day of the test, the wavelength stabilized at 160 mm.



By comparing Figure 4a with Figure 4b, it is apparent that the poor grinding works accelerated corrugation formation from a stable state, which means grinding quality and grinding timing played important roles in the process of corrugation development. From the CDF contrast plotted in Figure 4c, it can be seen that the trend in corrugation amplitude growth is stable, and far exceeds the recommended value of EN specification. Figure 4d shows the peak-to-peak value of the last corrugation test in the field test arrangement. It can be seen from the figure that, 69 days after the first grinding, the maximum peak-to-peak value exceeded 350 μm. In the majority of the sections, the peak-to-peak corrugation values exceeded 100 μm; over the entire section, they exceeded the regulatory acceptable limit of 30 μm.



Figure 4e shows the variation trend of rail roughness at the 160 mm wavelength range and the peak-to-peak mean value of rail corrugation during the study time period. It can be seen from the figure that, after the initial rail grinding, rail roughness and average peak-to-peak values are relatively stable, and there is no observable change in this trend during the initial 22 days of the test. After grinding works with poor quality, the rail roughness level at the wavelength of 160 mm and wave depth show an obvious rising trend. This represents a linear growth trend, with the average peak-to-peak value increasing at a rate of 1.4 μm per day.



Figure 4f shows the evolution of the roughness of the outer rail. As can be seen from the graph, during the full test period, the deterioration trend was indistinct, and the state of the rail’s surface was better than that of the inner rail. After the first grinding, there was a significant peak in the 50 mm wavelength; however, unlike in the inner rail, it was kept up until the end of the test.




3.2. Reasons for the Rapid Development of Corrugation


From the figures and data shown above, we can conclude that the grinding works will leave grinding marks because of the rolling of the grinding wheels. Roughness will be increased by the grinding marks, but it will also decrease in a short period of time because of the wear or plastic deformation between the heavy haul wheel and the rail. However, when it comes to the poor-quality grinding works, it seems there are no effects on the outer rail, while the roughness level of the inner rail increases sharply. Railhead photos taken after the two grinding processes are needed to attain reliable answers to the questions above.



Figure 5a is a picture of the rail surface after the initial grinding on site. It can be seen from the picture that, although the rail was ground and repaired, the central crack in the rail’s surface could not be eliminated entirely. This is due to the unregular profile of the inner rail that is caused by severe corrugation defects.



Figure 5b is a picture of the rail surface after the second grinding car passed by on the 24th day after grinding. Compared with the initial grinding, the rail’s surface damage was not eliminated after the second grinding vehicle with poor grinding quality was used. Instead, there are more obvious grinding marks at the center of the rail’s top where the fatigue cracks are concentrated, and they intersect with the original fatigue cracks.



Regarding the effect of grinding marks on the outer rail, the grinding marks become worn in a short period of time. This is because there are no defects on the outer rail, as shown in Figure 1c. Combining all of the points all, the rapid deterioration of corrugation observed in the field under poor grinding quality could be summarized as follows:



When the second grinding car passed by on the 24th day of the test, poor grinding quality led to the interference between the grinding marks and the surface cracks. This made the rail’s surface cracks change from a stable state to an unstable state, leading to further development. Crack propagation leads to a decrease in the overall anti-plastic ability of a rail’s surface [30], in this case, the ratcheting and hardening mechanisms come into play. Under the multi-axis loading state from additional higher heavy haul vehicle loads, a rail’s surface condition deteriorates rapidly, the plastic flow on the rail’s surface becomes aggravated, and corrugation develops rapidly. Induced corrugation will further increase the wheel and rail forces and accelerate the evolution of plastic flow corrugation to a point beyond the allowable safety operating standards. In the whole process, residual marks accelerated the evolution process of corrugation and made the corrugation reach a rapid developmental stage.





4. Multi-Crack Expansion Analysis Considering Grinding Marks


In order to theoretically analyze the fracture characteristics in the process of the intersection of residual grinding marks and cracks, a fracture analysis of the micro-cracks on the rail’s surface, both with and without grinding marks, was carried out by the FEM technique. A wheel load was applied to the finite element model of crack analysis by the Python and ABAQUS subroutines. The entire crack analysis is shown in Figure 6 and the detail parameters of the numerical model are provided in Table 3.



4.1. Stress Intensity Factor Calculation Based on Displacement of Singular Element


Regarding the problem of rapid corrugation deterioration discussed in previous sections, there are some basic issues that should be considered such as RCF cracks, crosses between the grinding marks, and the influence of the cracks on the corrugation et al. By considering the applicability of the methodology and the accuracy of the solution, a stress intensity factor (SIF) based on the displacement of the singular element is selected to analyze surface crack characteristics of a rail under grinding mark conditions.



The calculation of stress intensity factor based on the displacement method can be carried out by Formula (1):


   {       K I  =   μ   2 π      r  ( 2 − 2 ν )    (   v c  −  v a   )           K  II   =   μ   2 π      r  ( 2 − 2 ν )    (   u c  −  u a   )       K  III   =   μ  π      2 r      (   w c  −  w a   )           



(1)




where  μ  is the Shear Modulus;  ν  is Poisson’s ratio;  r  represents the distance between the analytically calculated node and the crack tip; Based on the 1/4 three-dimensional singular element in FEM, the Formula (1) can be optimized as:


   {       K I  =   μ   2 π      r  ( 2 − 2 ν )    [  4 (  v b  −  v d  ) +  v e  −  v c   ]           K  II   =   μ   2 π      r  ( 2 − 2 ν )    [  4 (  u b  −  u d  ) +  u e  −  u c   ]       K  III   =   μ  π      2 r      (   w c  −  w a   )           



(2)




where    v i   ,    u i   ,    w i    (i = a–e) are the vertical, lateral and longitudinal displacements at the calculation point i; and a–e represent the numerical integration points in FEM, as shown in Figure 6.




4.2. Establishment of a Multi-Crack Model


For the process of crack simulation based on the classical theory of fracture mechanics, knowing how to divide crack elements and how to solve the singularity of the crack’s tip are key challenges. In order to solve the singularity of the crack tip, a 1/4 singular element was used to describe the tip of the cracks. The elements with the types C3D15 and C3D20 supported by commercial finite element software ABAQUS are used to mesh the template part of the crack. The total element number is around 1.5 million and the minimum distance at the crack tip is 0.01 mm.



As shown in Figure 7, the depth of the crack is set to 0.1 mm when the crack length is set as 10 mm from the field investigation. The crack angle was 20° from the longitudinal direction of the rail, and five parallel cracks were considered for the railhead finite element model. For the model with the grinding marks, the width and depth of the grinding marks were set to 0.2 mm, according to the measurement results by the portable optical microscope in the field shown in Figure 8. The grinding marks were set to 15 mm and perpendicular to the train’s movement direction, respectively, according to the on-site studies through photographs and the setting location of the grinding wheel.



For the load applied to the wheel and rail parts, the models of heavy haul railway C80 vehicles with an axle load of 25 t, based on multi-body dynamics, were established, and their basic parameters are shown in Table 1.



The semi-Hertzian wheel-rail contact algorithm [31,32] was used to calculate the wheel–rail contact state. The lateral creep force, longitudinal creep force, and contact surface normal force were applied to the railhead sub-model. Among these, the normal contact forces and their adhesion states to the straight line, transition curve, and circular curve sections were calculated using the rail profile measured by MiniProf, as shown in Figure 9. From the figure, we can see that the railhead of the inner rail is flatter than it is in the outer rail, and both of the profiles show a significant difference from the standard profile after grinding. The main reason for this is that the deformation of the railhead is severe, which provides an extra challenge to the grinding works when attempting to obtain the ideal profiles of rails after grinding.



According to Figure 10, it is clear that, due to the difference between the actual rail grinding profile and the standard 75 kg/m profile, W/R contact occurred at the center of the railhead, which is different to the general W/R contact calculation between the new profile of the wheel and the rail.




4.3. Result Analysis


Based on the theory of fracture mechanics, the crack tip propagation characteristics of the rail’s surface were analyzed by the evaluation of SIF. The sign (+/−) of stress intensity represents the crack’s opening or sliding direction, and the amplitude represents magnitude. For the tensile (type I) cracks, only tensile stress is considered for crack development. For the sliding type (type II) and the shearing (type III) of crack propagation, both negative values and positive values in the SIF will cause the crack to expand.



In order to attain a better answer about the fact that corrugation in the field is more likely to occur in a curved section than in a straight line or in a transition, the section sets related to straight lines, transition curves, and curved sections are analyzed simultaneously for comparative purposes.



4.3.1. Straight Line


Figure 11a,b show the results of the SIFs of type I cracks in a straight line. It can be observed from the figures that the values of both models are not significant because of the small tangential stress; however, around the boundary of the contact patch, the values of the SIFs are higher than the crack tips within the contact patch. Figure 11c,d show the crack propagation state of type II cracks in a straight line. For the cases without grinding marks, the KII value is mainly distributed in the contact area, and higher SIF values appear in the sliding area. When comparing the models without the grinding marks to one another, the maximum value of KII is higher than the case without the grinding marks. Apart from this, the values of type II SIF are higher than at the area where grinding marks and cracks intersect in the contact area. As for the results of the values of type III SIF shown in Figure 11e,f, the grinding marks also enlarge the SIF values.




4.3.2. Transition Curve


Figure 12a,b are the result of an SIF of type I crack in the transition section. As can be seen from the figure, the trend in tensile type crack propagation is similar between both cases with and without grinding marks. The values of SIF appear to be high in the areas near the contact patch, and their absolute value is higher than it is along the straight line. In the transition curve section, the distribution of SIF of type II cracks with and without grinding marks is similar to the straight section. A higher value of SIF is generated in the area where grinding marks and cracks intersect, as shown in Figure 12c,d. As for the results of the SIF values of type III cracks shown in Figure 12e,f, the grinding marks also enlarge the values of SIF in the area where grinding marks and cracks intersect.




4.3.3. Circular Curve


It can be seen from Figure 13a,b that the value of the SIF in the circular curve is much higher than that in a straight line or a transition curve. In terms of distribution state, it is also clear that the adjacent contact patch is prone to crack propagation. For the model without grinding marks, the maximum value of the SIF of type I is 15.05 MPa/mm0.5. For the model with grinding marks, the SIF is high in the intersection area of grinding marks and the cracks. The maximum value of type I SIF reaches 56.43 MPa/mm0.5, indicating that poor grinding works easily lead to the rapid progress of type I cracks. For type II crack propagation in the circular curve section, it can be seen from Figure 13c,d that the KII value is mainly distributed on the contact surfaces of the wheel and rail. For the condition without grinding marks, the maximum value is 11.73 MPa/mm0.5. For the state with grinding marks, a higher value appears in the intersectional area of grinding marks and cracks. The overall maximum value is 65.36 MPa/mm0.5, and its KII value is significantly higher than that of the state without grinding marks, indicating that the state of grinding marks can easily lead to the rapid development of type II cracks. As for the results of the SIF values of type III cracks, as shown in Figure 13e,f, the grinding marks significantly enlarge the values of SIF near the intersection point of grinding marks and cracks.



From Figure 14, the results of SIFs with grinding marks are higher than in the condition without grinding marks in all three cases. This indicates that grinding marks increase trends in crack propagation in rail surfaces, and it provides a theoretical answer to the question put forward in Section 3.



By comparing the results above, it can be seen that the SIF values at the crack tip of the circular curve are higher than they are at the straight line and the transition curve, indicating that it is relatively easy for a crack to expand in the circular curve. This is consistent with experience gathered from the field. The residual surface grinding marks from a poor grinding process accelerate the evolution of cracks on a railhead, thus reducing its plasticity resistance. As such, the deterioration process of plastic flow corrugation enters a rapid progression that advances quickly.



Therefore, the intersection of grinding marks and fatigue cracks after grinding should be avoided by improving the material, removing the volume of the grinding works to absolutely remove RCF defects, or optimizing grinding quality to reduce grinding marks.






5. Conclusions


The corrugation growth properties including wavelength, depth, and evolution process are investigated and a rapid deterioration phenomenon affected by grinding works was found by the 69-days long continuous test on the sharp curve of the heavy haul railway. To analyze the reason for the rapid deterioration of corrugation and the influence of the grinding marks, numerical methodologies based on the FEM and the fracture mechanics were conducted. The main conclusions are as follows:




	1.

	
The measured data show that the on-site rail corrugation has a significant plastic flow pattern and RCF cracks on the railhead. At the end of the field test, the maximum amplitude reached 350 μm, with the main wavelength around 160 mm.




	2.

	
After grinding, the trend in corrugation amplitude growth is moderate for a period of time. The residual surface grinding marks caused by a poor grinding process accelerate the evolution of corrugation so that the deterioration process can progress rapidly. During this process, the average peak-to-peak values can increase up to 1.4 μm/day.




	3.

	
In the circular curve section, rail surface cracks tended to expand more easily compared to those in the straight line and transition sections. A higher SIFs value appear in the intersectional area between grinding marks and cracks. Grinding marks from poor grinding works will increase the SIFs of cracks, promote the rapid expansion of surface cracks, reduce the plastic resistance of contact area of rails indirectly, and result in the rapid development of plastic flow corrugation.









Our study on the impact of poor grinding quality on corrugation indicates that fatigue cracks on a railhead should be eliminated thoroughly in the process of rail grinding. As the bad influence of poor grinding quality on rail corrugation shows, the intersections between grinding marks and fatigue cracks should be avoided to prevent rapid deterioration.
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Figure 1. Typical corrugation cases and rail surface conditions: (a) typical rail corrugation in the field; (b) inner rail, the surface damage is serious; (c) the outer rail is in good condition. 
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Figure 2. Field test by CAT. 
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Figure 3. Calculation of peak-to-peak values of corrugation. 
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Figure 4. Variation trends in amplitude and frequency domain of corrugation from field test: (a) stable state; (b) rapid deterioration state; (c) CDF of peak-to-peak values during the rapid deterioration period; (d) peak-to-peak value of the last field test on inner rail; (e) the evolution process of corrugation with dates; (f) the trend in one-third octave (outer rail). 
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Figure 5. Railhead state after two times of grinding works: (a) cracks do not intersect with grinding marks after first grinding works; (b) cracks intersect with grinding marks after second grinding works with poor grinding quality. 
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Figure 6. General description of construction process of crack analysis model. 
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Figure 7. Schematic diagram of crack model with grinding marks. 






Figure 7. Schematic diagram of crack model with grinding marks.



[image: Applsci 11 06317 g007]







[image: Applsci 11 06317 g008 550] 





Figure 8. Measurement of the grinding marks by portable optical microscope: (a) portable optical microscope; (b) the picture of the grinding marks and the results after calibration. 
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Figure 9. Measured profile after grinding by MiniProf. 
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Figure 10. W/R contact stress distribution with the semi-Hertzian method considering non-elliptical contact patch: (a) normal contact stress in a straight line; (b) traction coefficient in a straight line; (c) normal contact stress in a transition curve; (d) traction coefficient in a transition cure; (e) normal contact stress in a curve section; (f) traction coefficient in a circular curve. 
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Figure 11. Results of SIFs at the straight line: (a) SIF of type I cracks without the grinding marks; (b) SIF of type I cracks with the grinding marks; (c) SIF of type II cracks without the grinding marks; (d) SIF of type II cracks with the grinding marks; (e) SIF of type III cracks without the grinding marks; (f) SIF of type III cracks with the grinding marks. 
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Figure 12. Results of SIFs at the transition curve: (a) SIF of type I cracks without the grinding marks; (b) SIF of type I cracks with the grinding marks; (c) SIF of type II cracks without the grinding marks; (d) SIF of type II cracks with the grinding marks; (e) SIF of type III cracks without the grinding marks; (f) SIF of type III cracks with the grinding marks. 
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Figure 13. Results of SIFs at the circular curve: (a) SIF of type I cracks without the grinding marks; (b) SIF of type I cracks with the grinding marks; (c) SIF of type II cracks without the grinding marks; (d) SIF of type II cracks with the grinding marks; (e) SIF of type III cracks without the grinding marks; (f) SIF of type III cracks with the grinding marks. 
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Figure 14. CDF contrast in SIFs under different conditions: (a) contrast in type II SIFs; (b) contrast in type III SIFs; GM—grinding marks; SL—straight line; TC—transition curve; CC—circular curve. 
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Table 1. Basic parameters of the curve.
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	Types
	Parameters





	Ambient temperature
	−25.5 °C to 39.4 °C



	Rail temperature
	−25.5–59.4 °C



	Radius
	400 m



	Total length of curve
	414.54 m



	Length of transition curve
	100 m



	Cant
	1/40



	Gradient
	7‰



	Sleeper type
	Type III



	Superelevation
	105 mm



	Average of vehicle speed
	50 km/h
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Table 2. The evaluation criteria of the European Railway Union.
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	Wavelength/mm
	10–30
	30–100
	100–300
	300–1000





	Window/mm
	150
	500
	1500
	5000



	Peak-to-peak limit/μm
	10
	10
	15
	75



	Allowable percentage/%
	-
	10
	10
	-
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Table 3. Basic parameters of the model.






Table 3. Basic parameters of the model.





	Types
	Parameters





	Vehicle type
	C80



	Axle load
	25 t



	Distance between bogie centers
	8300 mm



	Wheelbase
	1830 mm



	Rail type
	75 kg/m



	Elastic modulus of rail
	205.9 GPa



	Wheel tread type
	LM
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