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ABSTRACT

Rail corrugation growth is a major issue for railway infrastructure owners and operators determining extra costs due to an increased maintenance. Generally, rail corrugation leads to increased wear and vibration levels that eventually lead to degradation and damage of both railway track and vehicle components. Another important issue, or maybe the most important, is the increased level of rolling noise and ground-borne vibrations. Resilient wheels are proven to be effective in reducing rolling noise and vibrations transmitted to the track and, thus, may represent a good mitigation option when dealing with these issues. Aim of this work is to study, both from an experimental and a numerical point of view rail corrugation observed on the low-rail of a sharp curve (radius equal to 110 m) of an underground line. The causes of the corrugation may be found in the interaction between the track and the vehicle which is equipped with resilient wheels.
Keywords: rail corrugation, resilient wheels, sharp curves.
1. Introduction
Rail corrugation growth is a major topic for railway infrastructure owners and operators determining extra costs due to an increased maintenance. Generally, rail corrugation leads to augmented wear and vibration levels that in the end lead to degradation and damage of both railway track and vehicle components. Maybe the most important issues related to rail corrugation are the increased level of rolling noise and ground-borne vibrations. The first can be perceived by the passengers as far as short wavelength corrugations are concerned, exciting vibrations in the audible frequency range. The second is of significant practical concern for the railway lines located in urban areas at small distances from neighbouring houses or in shallow depth tunnels under buildings;in this case ground-borne vibrations can be discerned by the inhabitants mainly in two ways: primarily via the floor vibrations but also via the noise re-radiated inside the houses by the vibrating building structures (the so-called secondary noise).

Many studies are present in literature addressing causes and mitigation actions [1, 2 abstract] which can be used to limit the consequences. Typical methods used to mitigate the effects of rail corrugation are the frequent rail grinding and the use of friction modifiers, both having implications on maintenance costs.

Resilient wheels are proven to be effective in reducing rolling noise and vibrations transmitted to the track [3, 4 abstract] and, thus, may represent a good mitigation option.
Aim of this work is to study, both from an experimental and a numerical point of view, the rail corrugation observed on the low-rail of a sharp curve (radius equal to 110 m) of an underground line. The causes of the corrugation may be found in the interaction between the track and the vehicle which is equipped with resilient wheels. This phenomenon is called “rutting” [1] and it was already observed in the past in different cases. Among these, the more similar to the one shown in this work is the case of RATP metro tracks [5, 6]. Another similar case is reported in [7], where corrugation was found mainly on the low-rail of a curve, and the cause was identified in the discontinuity introduced by the presence of the sleeper on track impedence. It was found that the reduction or the mass of the sleeper and/or the adoption of softer rubber pads was an effective mitigation measure.
The paper is organised as follows: in section 2 the problem is presented, while in section 3 the setup used for the experimental campaign is briefly described; section 4 reports the results of the experimental tests and finally some concluding remarks are provided in section 5.
2. Description of the problem

The problem analysed in this paper is associated to the formation of rail corrugation in sharp curves. The phenomenon was observed since the opening of the underground line and got worse after the introduction of a speed limitation.
The diagram reported in Figure 1 shows the peak-peak amplitude of the rail corrugation measured in a specific track section where two sharp curves are present, one with a radius of 110 m and the other with a radius of 153 m.

Since the start of the service, when the track section was negotiated at 40 km/h, a short wavelenght corrugation was found (around 60 mm) having an amplitude of around 0.3 mm. After less than 100 days since the opening of the line, a 30 km/h limitation was introduced by the infrastructure owner in order to try to limit the phenomenon. On the contrary the speed limitation triggered a corrugation with longer wavelength (around 150 mm) increasing the deterioration of the track and finally determining the need of rail gridining.
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Figure 1: peak-to-peak of rail corrugation as a function of the time since the opening of the line.

In order to determine the frequency content involved in the phenomenon some preliminary tests were carried out with the aim to define the frequency response functions of the track, which is of slab type. Two different track sections were tested: one in straight track and the other one in curved track. The results of the identification are reported in Figure 2, in terms amplitude and phase of the frequency response function. The FRFs were obtained using as input an impact hammer and as output an accelerometer placed on the rail top. Three different zones can be identified in each FRF: the first one in the range around 20 Hz, the second between (50 -70) Hz, and then the band of high frequencies (larger than 200 Hz). In the first zone the mode of vibrating corresponding to the motion of the entire slab over the elastic supports is found for all the FRFs. In the second zone, where the mode corresponding to the in-phase motion of the rail and the sleeper over the slab is exhibited, important differences are found for the low rail in curve with respect to the other two, in fact, in this case, the frequency is smaller (52 Hz versus 70 Hz approximately). An important difference there is also in the third zone where a large dynamic amplification is found only in the low rail considering frequencies around 340 Hz.
The coupling of this modes of the track with the wheelset may cause the rail corrugation. Additionally it is important to point out that the first radial mode of the resilient wheel is around 350 Hz.
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Figure 2: frequency response function of straight and curved track sections.
3. Description of the experimental tests
For the experimental tests it was decided to instrument a motor bogie of the vehicle under analysis using accelerometers. A scheme of the sensors layout and a detailed view of the instrumentation are shown in Figure 3.

Vertical accelerations were measured on the wheelsets and on the bogie frame in positions corresponding to the axle boxes. Two additional accelerometers were mounted in order to measure the lateral acceleration of the wheelset. Additional quantities were acquired such as the speed and the distance and a signal depending on the radius of the curves in order to define correctly the position of the vehicle along the track.
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Figure 3: scheme of the sensor layout (on the left) and detailed view of the instrumentation (on the right).
The investigation of the phenomenon was done carrying out two series of tests:
· Nr 2 tests (denominated as “tests 1a and 1b”) repeated after 34 days when the track was operated at 30 km/h;

· Nr 1 test (denominated as “test 2”) carried out when the track was operated at 40 km/h.

The investigated track section is composed by a series of different curves but the attention will be focused on a polycentric curve made by two sections characterised by different curve radius and superelevation:

1) curve radius R = 254 m, superelevation 30 mm;

2) curve radius R = 110 m, superelevation 140 mm.
4. Results of the experimental tests
Among all the signals acquired during the experimental campaign the attention will be focused on the acceleration measured on the inner wheel (considering the curve under analysis) of the trailing wheelset. This is due to the fact that this wheel is the one which negotiates the low rail of the sharp curves, where corrugation is more evident.

Figure 4 shows the comparison between the tests 1a (in blue) and 1b (in green) that is the more recent. On the top of the figure the value of the acceleration as a function of the vehicle position along the track is shown, while on the bottom, the RMS value on a 10 m sliding window is reported. The red line on the top sub-figure is about the signal dependind on the curvature of the track (positive value means a left-handed curve).
The length of the curve under analysis is about 340 m. It is observed that when the vehicle enters the curve, especially the sharpest section, the acceleration level increases. Peak values of the acceleration are found at an almost constant distance between each other and correspond to the passage over rail joints. Additionally, looking at the sliding RMS values and comparing tests 1a and 1b, it is clearly visible that the more recent test show larger accelerations with respect to the first testproving a degradation of the track.

[image: image5.emf]
Figure 4: comparison of the value of the vertical acceleration between tests 1a and 1b as a function of the vehicle position along the track (on the top) and in terms of sliding RMS computed on a 10 m window (on the bottom).
In order to better clarify the effect of the corrugation on acceleration of the wheel two zooms for the same wheel are presented in Figure 5. It is observed that the corrugation evolved in time in two different sections along the curve (the distance between the sections in the figures is approximately 20 m) with two different wavelengths, around 30 mm in the left figure and around 150 mm in the right one.
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Figure 5: zooms of the vertical acceleration showing the effect of a short wavelength corrugation (on the left) and a long wavelength corrugation (on the right).
In terms of frequencies excited by the corrugation, two main frequency contents can be found in the vertical acceleration of the wheel. As far as the corrugation of longer wavelength is involved (around 150 mm), this generates a vibration of the wheel at around 50 Hz, on the contrary, the shorter wavelenght (around 30 mm) generates a vibration at higher frequencies around 250 Hz.

Some track measurements were also carried out in the same days when tests 1a and 1b were performed in order to obtain other independent information on rail corrugation in terms of wavelenght and amplitude.

Figure 6 shows the track measurements, on the top corresponding to test 1a while on the bottom corresponding to test 1b. It is possible to observe that corrugation wavelenght was around 15 cm and that the peak to peak amplitude increased in 34 days from almost 0.5 mm to 0.7 mm, thus justifying the increased acceleration levels.
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Figure 6: measurement of the amplitude of the rail corrugation corresponding to tests 1a (on the top) and 1b (on the bottom).
Additional tests (test 2) were carried out some months later when the infrastructure owner decided to cancel the speed limitation and the track section was negotiated again at 40 km/h. Figure 7 reports as a function of the vehicle position along the track: a) on the top the value of the acceleration measured on the inner whel of the trailing wheelset, b) on the bottom, the RMS value on a 10 m sliding window. As already shown for tests 1a and 1b, it is possible to observe an increase of the acceleration levels when the vehicle negotiate the curve under analysis, especially in the sharpest section.
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Figure 7: value of the vertical acceleration as a function of the vehicle position along the track (on the top) and in terms of sliding RMS computed on a 10 m window (on the bottom).
Considering the identification of the wavelenght of the corrugation a zoom is presented in Figure 8 and, in this case, it is possibe to observe an almost mono-harmonic signal where 9 periods are found in approximately 400 mm, thus determining a wavelenght of the corrugation of around 45 mm.
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Figure 8: zoom of the vertical acceleration showing the effect of a short wavelength corrugation.
Two important aspects must be highlighted: first the shorter wavelenght moved from 30 mm up to around 45 mm and this is coeherent with the increased speed, since the corrugation is a frequency driven mechanism; the second, and maybe more important fact is that the longer wavelenght was not present anymore on the low rail. The only possible justification is associated to the different bogie attitude caused by the increased speed. In particular, the reduction of the cant excess permits to the trailing wheelset to move into a more centred position avoiding flange contact, which seems to be crucial for the damage mechanism.

5. Conclusions
An experimental analysis of rail corrugation induced by a vehicle equipped with resilient wheels was presented in this paper. It was demonstrated that the reduction of the speed is not an efficient mitigation action, on the contrary, in this case, it triggered also the formation of a longer wavelenght corrugation. In fact, the low running speed negotiating a curve determine a cant excess which modifies the bogie attitude triggering corrugation at different wavelengths.
The combination of the vibration modes of the track and the wheelset (especially the radial mode of the resilient wheel) may induce corrugation at short wavelengths, (30-45) mm depending on the running speed. On the other hand the cause for the long wavelenght corrugation should be addressed to the combination of the in-phase vibration mode of the sleeper and the rails over the slab with the first bending and torsional mode of the wheelset.
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