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Abstract:

 Elastic elements such as rail pads, under sleeper pads and under ballast mats are railway components that allow for a reduction in track deterioration and vibrations. And they are furthermore commonly used to obtain an optimal vertical stiffness of the infrastructure. However, the use of elastomeric materials can increase construction costs and the consumption of raw materials. Thus, the utilization of used tire layers offers an alternative to reuse an abundant waste reducing the cost of elastic elements. In addition, an innovator technique allows deconstructing tire layers without grinding up the material, reducing production costs at the same time that tire properties are remained. This research is focused on the study of the viability of developing elastic components from used tire layers by evaluating the influence of thickness, the resistance capacity of the elements and their behavior in a ballast box. Results indicate the ability of tire pads to manufacture elastic elements (rail pads, under sleeper pads and under ballast mats) to be used in railway tracks.
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1. Introduction

Elastic elements are resilient components used in railway tracks with the aim of providing elasticity in the vertical sense, particularly in the cross-sections of tracks. Thus, these materials allow for the obtainment of an optimal vertical design of railway tracks since elastic components can be manufactured with different stiffness levels.

There are diverse types of elastic components used in railway infrastructure, but the being rail pads, under-sleeper pads, and under-ballast mats are the most spread because of its capacity to distribute loads, mitigate impacts and reduce vibrations stemming from rails, sleepers and ballast [1,2,3]. The benefits of elastic elements are associated with their polymeric nature, which provides them with both appropriate static and dynamic stiffness coefficients (kN/mm) to modify track performance and reduce stress from trains. However, the use of elastic components could lead to an important increase in track construction costs as a consequence of the price of these materials with high quality properties [4]. This fact, in combination with the implementation of sustainable policies in the railway system, has encouraged researchers, industrial manufactures and railway authorities to develop and implement elastic materials from by-industrial products.

In this way, diverse waste materials like plastics have been used in manufacturing elastic components for railway infrastructures [5,6], although one of the most successful practices is the reutilization of tire rubber to elaborate elastic elements [7,8]. Tyre rubber has high elastic properties and long-term resistance, which makes end-of-life tires appropriate for their use in railway tracks. The most extended technique consists of grinding up the rubber of the tires and mixing it with a resin binding agent. This process provokes an increase in production costs as well as the loss of mechanical properties of the tires. In this way, a recent technology allow for the obtainment of the elastic layers that form tires without grinding the material by deconstructing the end-of-life tires in the same way that they were manufactured [9]. This means that tire properties (tensile strength, thermostable properties, ageing resistance, etc.) remain and production costs are reduced, and at the same time an abundant waste is reused, minimizing landfill disposal.

Thus, this paper presents a research focused on the study of the viability of developing elastic components (rail pads, under-sleeper pads and ballast mats) for railway tracks from the outer layer (tread layer) of deconstructed end-of-life tires (without grinding up the material). For this purpose, the influence of tire layers thickness in each elastic element performance, the resistance to mechanical fatigue and climatic deterioration as well as the effect of tire elements in a ballast box was analyzed.



2. Methodology


2.1. Materials

End-of-life tires are composed of three layers: tread layer (outer), middle and inner layer (Figure 1). In this study, the outer layer was the one used to develop elastic elements with potential for being employed in railway tracks. The tread layers obtained by the deconstruction process were selected as the most appropriate material (rather than the inner and middle tire layers) since they have no metallic elements at the same time that their thickness values make them suitable to obtain elastic components with diverse vertical response. Table 1 shows the mean values of the main characteristics of outer tire layers.

Figure 1. Manufacturing process of different tire elements for railway tracks.
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Table 1. Tread layer properties.


	Properties
	Outer tire layer





	Layer length (m)
	1.75–1.90



	Layer width (m)
	0.15–0.16



	Shore hardness-ISO 868
	60–75



	Density (g/cm3)-ISO 1183
	1.198



	Tensile strength-ISO 37 (MPa)
	9.5



	Elongation-ISO 37 (%)
	145.0



	Electrical insulation (dry)-EN 21303 (Ω)
	1.24 × 1010



	Electrical insulation (wet)-EN 21303 (Ω)
	5.48 × 106



	Impact attenuation-EN 13146-3 (%)
	>52












From outer tire layers, the following elastic elements were manufactured. Figure 1 represents a scheme of the tire elements production process.


	Rail pads with horizontal dimensions equal to 180 mm × 140 mm, which make them apt to be used under rail type UIC-54. In this study, more than 100 tire pads with thickness among 4.0 and 11.5 mm were analyzed. In addition, commercial pads (static and dynamic vertical stiffness roughly 100 kN/mm and 220 kN/mm, respectively) were employed as a reference in order to evaluate the effect of tire pads.


	Under sleeper pads (USP), which were embedded in concrete blocks with square geometry (300 mm × 300 mm). These samples are suitable for laboratory study, according to the Standard DIN 45673-6. A number of 23 elastic samples with thickness between 5.0 and 11.0 mm were used. Besides, a tire USP was embedded at the bottom surface of half concrete sleeper with the aim of studying the influence of this elastic element in ballasted tracks. Although the thickness of standard USP ranges among 5–20 mm [10,11], for this study these values were lower since rubber layers from used tires have a limited thickness.


	Under ballast mats (UBM). Elastic samples of 300 mm × 300 mm were obtained to carry out laboratory studies in reference to DBS 918 071-01. A total of 39 square samples with thickness between 11.0 and 44.0 mm were used. As the outer layer are usually thinner than 11.5 mm, diverse rubber layers were joined by a process of Temperature-Pressure-time (TPt, consisting of 2 h at 200 °C, applying 10 kg/cm2 of pressure) with the aim of obtaining greater thickness values. In addition, a sample with horizontal dimensions equal to 1000 × 1000 mm was used in a ballast box, being able to study the effect of tire mats in ballast box behavior.






2.2. Tests

With the aim of analyzing the viability of using tire elements as elastic components in railway tracks, the testing plan consists of three stages: (a) analysis of the effect of the tire layer thickness on their mechanical behavior; (b) evaluation of tire elements resistance capacity to be used in railway tracks; (c) study of tire elements in a ballast box. Table 2 summarizes the planning test developed according to European Standards to evaluate in laboratory the mechanical performance of elastic elements.


Table 2. Test planning developed



	
Study step

	
Elastic element

	
Parameter studied

	
Samples

	
Tests






	
influence of tire layer thickness

	
rail pads

	
rail pad thickness

	
104

	
-static (20–95 kN and 100–200 kN) -dynamic (20–95 kN at 4 Hz)




	
under sleeper pads

	
USP thickness

	
23

	
-static (0.01–0.10 and 0.01–0.20 N/mm2) -dynamic 0.01–0.10 N/mm2 at 5–10 Hz




	
under ballast mats

	
UBM thickness

	
39

	
-static (0.02–0.10 N/mm2) -dynamic (0.02–0.10 N/mm2 at 5–10 Hz)




	
resistance capacity

	
rail pads

	
mechanical fatigue

	
1

	
-fatigue over inclined sleeper (included fastener) 3 × 106 load cycles -statics and dynamics




	
climatic deterioration

	
9

	
-static (20–95 kN and 100–200 kN) -dynamic (20–95 kN at 4 Hz)




	
under sleeper pads

	
mechanical fatigue

	
1

	
-fatigue process over ballast box (1 × 106 cycles) -statics and dynamics




	
climatic deterioration

	
9

	
-tensile strength




	
under ballast mats

	
climatic deterioration

	
9

	
-static (0.02–0.10 N/mm2) -dynamic (0.02–0.10 N/mm2 at 5–10 Hz)




	
ballast box study

	
rail pads

	
ballast box behavior

	
4

	
-dynamics over a ballast box incorporating different elastic solutions




	
under sleeper pads

	
4




	
under ballast mats

	
4











In order to analyze the influence of the thickness of tire elastic elements, the static (at different load levels) and dynamic (at diverse load frequencies) response of rail pads (UNE-EN 13146-9 [12] and UNE-EN 13481-2 Annex B [13]), under-sleeper pads (DIN 45673-6 [14]) and under-ballast mats (DBS 918 071-01 [15]) was studied. For rail pad tests, the preload was equal to 20 kN (equivalent to the mean preload of some fastening systems [16]) whereas the maximum load was 95 kN, which correspond to 19-ton axle static load (if quasi-static forces are included, this value is reduced depending mainly on track quality and train speed [17]). Regarding load conditions for USP and UBM tests, the maximum stress was equal to 0.25 N/mm3 and 0.10 N/mm3 respectively. The frequency values were 4 Hz for rail pads, and 5 Hz and 10 Hz for USP and UBM. All these loading conditions are in consonance with those listed in European Standards for the elastic elements [12,13,14,15], being appropriate to prove the viability of using tire elements in railway tracks. However, to study their effect in high speed lines other load frequencies could be necessary depending on the track characteristics [18] as well as a study in more detail about the dynamic behavior of the elastic elements could be necessary by using other loading conditions [19,20].

On the other hand, the evaluation of the tire elements resistance was carried out by measuring the materials fatigue strength and climatic deterioration resistance. This study was developed in consonance to UNE-EN 13146-4 [21] (for rail pads), DIN 45673-6 (for USP), DBS 918 071-01 and DIN 45673-5 [22] (for UBM). In addition, static and dynamic tests were performed after fatigue and climatic processes in order to evaluate material durability.



Finally, the effect of tire elements was evaluated in laboratory by using a ballast box (which include sleeper, fastener and rail) considering different elastic solutions (Figure 2): (a) comparison between the system with a commercial rail pad and with a tire pad; (b) analysis of the effect of incorporating tire elements under a half concrete sleeper; (c) study of the behavior of the ballast box when a tire mat is disposed under the ballast layer, comparing the results with those recorded for the system without elastic mat. For this purpose, dynamic tests were carried out on a ballast box, applying 200,000 cycles of load between 5 kN and 65 kN at 4 Hz. The number of cycles is said to be adequate to obtain a stable behavior of the ballast layer [23], which is appropriate to achieve the objective of this study (compare the different elastic solutions).

Figure 2. Comparative study of the effect of different elastic solutions.
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3. Results and Discussion


3.1. Influence of Tire Thickness in Tire Pads Performance


3.1.1. Rail Pads

Figure 3 shows the static stiffness measured between 20–95 kN (habitual loads in railway tracks) and 100–200 kN (high loads caused by the impact between rail and wheels due to defects in these components) for tire rail pads with thickness values among 4.0 mm and 11.5 mm. Results indicate that lower stiffness is obtained in both tests when the tire pad thickness is increased, fitting values to an exponential law. This means that a wide range of elastic solutions can be achieved by varying this design factor. In addition, in consonance with other authors [24], an increase of load level leads to the stiffening of the rubber materials as well as higher variability of results is obtained in reference to thickness values (lower R2).

Figure 3. Effect of tire pads thickness on their static response.
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According to [25,26], tire pads with thickness between 7.5 and 9.0 mm could be appropriate for their use as soft rail pads in high speed railway since the static stiffness is near 80–125 kN, which is the most adequate to avoid dynamic overloads by the passage of trains at the same time that the rolling resistance of trains is limited. On the other hand, tire pads with thickness lower than 7.5 mm could be appropriate for railway tracks that require stiffer pads and lower vertical deflections, obtaining higher bending capacity. Nonetheless, it is important to remark that tire pads thickness should be appropriate for practical applications. In this way, according to the literature, some thickness values used for standard pads are: 4.5, 5.0, 5.5, 6.5, 7.0, 8.0 and 10.0 [25,27].

Regarding the effect of thickness on the dynamic response of tire pads, Figure 4 shows the stiffness recorded at 4 Hz for pads with thickness among 4.0 and 11.5 mm. As it can be seen, results fit to a potential law which means that material stiffness is reduced when thickness is increased, being this fact more important for thickness values lower than 6.0 mm. Besides, dynamic stiffness values are higher than those measured in static tests, which shows the material dynamic stiffening. Nonetheless, the ratio between dynamic and static results is close to 3.5 for tire pads with thickness values 6.0–9.0 mm, which is appropriate to obtain soft pads with capacity to damp loads and vibrations caused by the passage of trains [28].

Figure 4. Dynamic stiffness for tire pads with diverse thickness values.



[image: Materials 07 05903 g004 1024]







In comparison with existing available rail pads, tire pads with thickness close to 5.5 mm recorded quite similar dynamic stiffness values (roughly 750 kN/mm) than those measured for commercial HDPE pads (700–900 kN/mm) [16]. Besides, tire pads present lower stiffness values than those recorded for standard rail pads made of polyurethane cork rubber (widely used in Holland) for different thickness values [27]. However, the results obtained for pads with 7.0 mm are higher than those measured for pads with similar thickness and manufactured from polyether thermoplastic elastomer (used in some Spanish High Speed Lines). In the same way, 10.0 mm thick tire pads have high stiffness values than standard studded rubber pads (about 65 kN/mm).



3.1.2. Under Sleeper Pads

Figure 5 displays the influence of thickness in the static (at different stress ranges; Cstat1 0.01–0.10 N/mm2; Cstat2 0.01–0.20 N/mm2) response of under sleeper pads manufactured from used tire layers. As it was seen for rail pads, the increase of tire thickness leads to lower stiffness modulus of USP fitting to an exponential law with R2 values that indicate good relationship between material stiffness and the thickness of the element. Thus, this parameter is an appropriate factor to obtain an optimal vertical design of railway tracks since it allows modifying global track vertical stiffness. In addition, it is proved that stress level is an important factor in the study of tire USP since its increase lead to higher stiffness values.

Figure 5. Influence of thickness in tire under sleeper pads (USP) static behavior.
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According to other authors [29], all tires USP studied in this work present appropriate thickness values to be used in railway tracks (although standard USP present thickness values up to 20 mm [10,11]) and could be classified as soft for ballast press close to 0.10 N/mm2. This means that this type of USP could reduce stress and vibrations transmitted by the trains to the ballast layer. On the other hand, for high ballast press (0.20 N/mm2), tire USP with thickness lower than 7.0 mm would allow reducing the corrugation phenomenon and the variations in stiffness transition sections as well as the ballast thickness could be reduced in critical zones such as an existing tunnel, bridge or underpass.



In comparison with the results obtained by other authors [30] who have used the same standard to develop the tests, the tire USP with 10 mm of thickness presented static stiffness values quite similar to those recorded for 4 type of USP (of 5 samples studied) with the same thickness, which have been used in European lines. Nonetheless, these laboratory results could vary depending on the type of ballast plate (metallic plate with a surface simulating ballast layer) used during the tests [31].

Figure 6 shows the dynamic stiffness modulus (at 5 Hz and 10 Hz) recorded for tire USP with thickness between 5.0 mm and 11.0 mm. Results fit to a lineal law in reference to element thickness for both load frequencies, obtaining a wide range of elastic solutions capable of being used in transition zones to achieve a smooth variation of vertical stiffness. Regarding the effect of load frequency, on the one hand the increase of this parameter causes the material stiffening; on the other hand, when dynamic and static results are compared a ratio close to 1.5–2.0 is obtained. Thus, it is understood that load frequencies also have an important effect on the study of tire elements’ behavior.

Figure 6. Dynamic results recorded from tire USP with different thicknesses.
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3.1.3. Under Ballast Mats

Figure 7 shows the static and dynamic (at 5 Hz and 10 Hz) results recorded for tire mats with diverse thickness values. This study was developed according to the DBS 918 071-01 which indicate the use of flat plates to load mats during the tests. Results demonstrate that it could be adequate to increase tire mats thickness to obtain more flexible elements, which are apt to be used in railway tracks such as those used on a high-speed railway.

Figure 7. Effect of thickness on tire mats mechanical performance, static and dynamic results.
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Thus, according to DBS 918 071-01 specifications, thickness among 19.0 and 38.0 could be used for tire UBM in conventional railway tracks (where trains speed is lower than 230 km/h), whereas the thickness must be higher than 21.0 mm for high speed tracks since the static modulus should be close to 0.10–0.15 N/mm2. According to standard elastic mats [32], the most appropriate thickness values are between 15–30 mm, although 40 mm could be possible in some railway lines. Nonetheless, tire mats presented slightly higher static and dynamic stiffness in comparison with the results recorded for other author for UBM with 35 mm of thickness and made of crumb rubber and resin [8]. Once again, the effect of the load frequency plays a significant role since higher stiffness is presented when this parameter is increased.




3.2. Resistance Capacity of Tire Elements


3.2.1. Rail Pads

With the aim of determining the durability of rail tire pads, a fatigue test applying inclined (33°) dynamic loads over a piece of rail settled on a sleeper which incorporated a soft fastening system. This configuration (without ballast) tried to simulate only the contact rail-pad-sleeper when the passage of trains. Table 3 shows the rail movement variations (for the maximum force, 83 kN; and minimum force, 5 kN) after fatigue (3 × 106 load cycles) in relation to those recorded before this process. It was observed that the greatest changes in rail movements occur in the railhead, which could be due to the fact that railhead movements are higher than those measured in the foot, which is associated to the use of a flexible fastening system. Nonetheless, movements values recorded in both cases (in railhead and in the foot) show limited variations in tire pads behavior. Thus, these materials could be appropriate for their use in railway tracks.


Table 3. Variation of rail movements due to fatigue process.



	
Rail movements

	
D1 railhead

	
D2 railhead

	
D1 foot

	
D2 foot

	
D3 foot

	
D4 foot






	
for Fmax

	
0.299

	
0.258

	
0.072

	
0.052

	
0.024

	
0.033




	
0.279

	
0.049




	
for Fmin

	
0.009

	
0.063

	
0.020

	
0.013

	
0.046

	
0.026




	
0.036

	
0.026











In addition, in order to analyze in-depth the fatigue resistance of tire pads, the variation in material static and dynamic stiffness was studied. Results indicated that the static stiffness of tire pads increased in 16.38% as well as 13.10% in the case of dynamic stiffness, obtaining in both cases a material stiffening lower than 25.0%, which proves the ability of using tire pads in railways tracks [25]. Besides, the change in material capacity to dissipate energy was studied; recording values lower than 28% and 14% in static and dynamic tests, respectively.



Table 4 represents the effect of 3 artificial climatic processes (thermal ageing, hot-cold and freeze-thaw) on the static (between 20–95 kN and 100–200 kN) and dynamic (at 4 Hz between 20–95 kN) response of tire pads. The stiffness variations obtained were lower than 20% (with exception of dynamic stiffness under the process of freeze-thaw), which indicates an adequate resistance of the material to climatic agents.


Table 4. Change in tire pads mechanical properties due to climatic actions. Bold italics show the variation between the properties before and after applying climatic processes.



	
Parameter

	
Hot-cold cycles

	
Thermal ageing

	
Freeze-thaw cycles






	
static stiffness 20–95 kN (kN/mm)

	
before

	
94.01

	
96.94

	
88.93




	
after

	
101.43

	
104.6

	
93.39




	
variation (%)

	
7.29

	
7.15

	
4.46




	
static stiffness 100–200 kN (kN/mm)

	
before

	
263.91

	
257.27

	
276.03




	
after

	
265.80

	
266.82

	
260.24




	
variation (%)

	
0.52

	
3.60

	
−5.36




	
Dynamic stiffness (kN/mm)

	
Before

	
334.82

	
305.13

	
354.65




	
After

	
380.50

	
337.84

	
420.97




	
variation (%)

	
11.94

	
10.12

	
23.61











3.2.2. Under Sleeper Pads

In order to determinate the ability of tire USP for their use in railway tracks, the resistance to mechanical fatigue was studied. Figure 8 shows the evolution of the dynamic modulus and dissipated energy values recorded in a fatigue test developed in a ballast box where the load was applied over a sleeper piece incorporating a tire pad. Results prove that the stiffness modulus increased during the first load cycles, which could be associated with ballast compaction. Nonetheless, the modulus stiffness and capacity to dissipate energy were stable from 100,000 cycles to 1,000,000 (total number of loading cycles), which shows a good long-term behavior of the tire USP.

Figure 8. Evolution of dynamic modulus and dissipated energy values during tire USP fatigue process.
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The static and dynamic stiffness of tire under sleeper pads before and after the fatigue process were also evaluated, in order to determine the material durability. It was seen that long-term dynamic loads provoke the increase in tire USP stiffness, being this changes lower than 15.00%. Thus, under sleeper pads from used tires could be appropriate to modify railway tracks without increasing maintenance tasks due to the deterioration of elastic elements.

Table 5 presents the tensile strength (σ) and elongation (ε) capacity variation as a result of developing three different atmospheric processes (thermal ageing, hot-cold and freeze-thaw cycles). Positive values mean that the strength and deformation capacity of the material is increased. Tire USP presents good resistance to climatic deterioration since the strength and elongation variations are positives, with exception of the samples under thermal ageing which recorded lower capacity to deform as a consequence of the heating process. Thus, tire USP have appropriate resistance to be used as elastic components in railway tracks.


Table 5. Variation of tire USP properties after climatic processes.



	
Original tire USP properties

	
Variation of the material properties




	
Thermal ageing

	
Hot-cold cycles

	
Freeze-thaw cycles






	
σ (MPa)

	
ε (%)

	
σ (%)

	
ε (%)

	
σ (%)

	
ε (%)

	
σ (%)

	
ε (%)




	
24.7

	
22.3

	
8.5

	
−39.5

	
1.2

	
2.7

	
33.8

	
20.6













3.2.3. Under Ballast Mats

Table 6 shows the changes in static and dynamic stiffness modulus of tire mats after applying 3 artificial processes that reproduce the climatic actions (heat, frost and long-term water action) expected during their service life. Results indicate that water action provokes the reduction of the material stiffness whereas thermal ageing leads to higher stiffness modulus. This is more important when the load frequency is increased. Regarding freeze-thaw process, there is no clear trend, although all values are lower 20%. Based on results, tire UBM presents adequate values of resistance to climatic deterioration, which makes them apt to be used in railway tracks.


Table 6. Results of tire mats resistance to climatic deterioration. Bold italics show the variation between the properties before and after applying climatic processes.



	
Parameter

	
Long-term water

	
Thermal ageing

	
Freeze-thaw cycles






	
Cstat (N/mm3)

	
before

	
0.125

	
0.134

	
0.113




	
after

	
0.123

	
0.151

	
0.130




	
variation (%)

	
−1.62

	
12.69

	
15.04




	
Cdyn 5Hz (N/mm3)

	
Before

	
0.238

	
0.292

	
0.276




	
After

	
0.232

	
0.351

	
0.290




	
variation (%)

	
−2.52

	
16.81

	
5.07




	
Cdyn 10Hz (N/mm3)

	
Before

	
0.294

	
0.309

	
0.337




	
After

	
0.275

	
0.418

	
0.312




	
variation (%)

	
−6.91

	
26.07

	
−7.41














3.3. Study of the Effect of Tire Elements in a Ballast Box

A ballast box study was carried out by using different elastic solutions with the aim of evaluating the effect of tire elastic elements in more realistic conditions. Nonetheless, to determine the optimal solution to be used in real railway tracks would be necessary to carry out a more in-depth study. Figure 9 and Figure 10 display the evolution of dynamic vertical stiffness and dissipated energy values (respectively) for the different cases studied. It is seen that the use of tire pads led to a slight increase in the dynamic stiffness of the ballast box configuration as well as the dissipated energy values were decreased in comparison to the values recorded for a reference commercial pad. This fact could be related to the difference of the dynamic stiffness between tire pads (near 350 kN/mm for a thickness close to 7.0 mm) and the reference pad (roughly 220 kN/mm).

Figure 9. Evolution of vertical stiffness of a ballast box with different tire elastic solutions.
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Figure 10. Effect of tire elements in the capacity of the ballasted system to dissipate energy.
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When tire USP and UBM are used, the stiffness of the ballast box decreases remarkably whereas the dissipated energy values increase since these elements present low stiffness values. Nevertheless, it is important to considerer that the use of UBM led to a slight change in the evolution of stiffness and dissipated energy values, which could be related to the decompaction of the ballast layer as a result of wide deflections and vibrations of the ballast box when mats are used. This could be influenced by the flexibility of the system employed in the laboratory tests. Thus, a study in a real scale section could be necessary to analyze the effect of tire mats.

On the other hand, Figure 11 shows the effect of elastic elements in ballast layer settlement. It is observed that the use of tire rail pad reduces the system settlement in comparison with the reference rail pad, being also positive the incorporation of tire USP to reduce ballast settlements as a consequence of the decrease of the stress transmitted to the ballast layer from the sleepers. However, the incorporation of tire UBM caused an important increase in settlement as a result of the decrease of stiffness and increase of dynamic movements. Nonetheless, after 120,000 load cycles, the increase in ballast settlement was significantly reduced, which means that the long-term behavior of the system could be appropriate to reduce track deterioration.

Figure 11. Evolution of the ballast settlement depending on the tire elements used.
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4. Conclusions

The aim of the research carried out was to determinate the viability of developing elements from deconstructed end-of-life tires to be used as elastic components in railway infrastructures, in order to improve track mechanical performance as well as reducing landfill disposal. Laboratory tests were performed to measure the influence of tire thickness in the behavior of rail pads, USP and UBM as well as the materials resistance capacity and their effect on ballasted tracks performance. Based on the results obtained the following conclusions can be derived:


	Due to the decrease in vertical static and dynamic stiffness of elastic elements when its thickness is increased, a wide range of wide range of rail pads with diverse mechanical response can be used in railway tracks. In addition, the dynamic stiffness of tire pads is comparable to that presented by standard rail pads (although it depends on the material of the commercial pads).


	According to other experiences, the most adequate thickness values for the use of tire rail pads in high speed railway are in the range of 7.5 to 9.0 mm (soft pads) whereas tire pads with thickness lower than 7.5 mm could be used in tracks that require stiffer pads.


	Although the thickness of USP from used tires is limited since the outer layer of this waste is usually between 4.0–11.5 mm (whereas standards USP thickness is up to 20 mm), these materials present appropriate stiffness values to be used as soft elastic elements in railway tracks.


	As standard UBM thickness is up to 30–40 mm, it is necessary to join diverse tire layers to obtain elastic materials with appropriate mechanical performance to be used as components on the railway. According to the standard employed in this study, tire UBM thicknesses higher than 21.0 mm are required to obtain flexible elements for their use in lines with speeds greater than 230 km/h.


	Tire elements presented adequate resistance to mechanical fatigue and climatic deterioration and therefore could be apt to be used as railway components.


	The use of tire elements allowed varying the mechanical response (their use could reduce settlement and vertical stiffness as well as higher dissipated energy values may be obtained) of a ballast box used to analyze the effect of these components. Nevertheless, a more in-depth study with real scale testing would be advisable to prove the effectiveness of the tire elements at the same time that the optimal design parameters are defined.




Based on the results recorded in this work, it has been provided the viability of developing elastic elements to be used in railway infrastructures. This application would allow reducing construction costs are reduced as well as an abundant waste is reused. Nonetheless, a more in-depth study focused on material long-term behavior could be necessary.






Acknowledgments

Authors want to thank to the Ministry of Economy and Competitiveness of Spain for the support received to develop the project entitled “Design of used tire pads to be utilized as anti-vibration systems in railway tracks”, IPT-2011-1963-310000.



Author Contributions

Miguel Sol-Sánchez wrote the manuscript. Fernando Moreno-Navarro and Mª Carmen Rubio-Gámez contributed substantially by providing additional information in the results analysis, critical revision and proof reading and corrections.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Kleinert, U.; Krüger, M.; Ripke, B. Applications and benefits of elastic elements in ballasted track. Report: DB AG Experiences of User. 2006. Available online: http://www.uic.org/spip.php?article685 (accessed on 26 May 2014). [Google Scholar]

	2. 
Kaewunruen, S.; Remennikov, A.M. An experimental evaluation of the attenuation effect of rail pad on flexural behaviour of railway concrete sleeper under severe impact loads. In Proceedings of the Australian Structural Engineering Conference (ASEC), Melbourne, Australia, 26–27 June 2008.

	3. 
Loy, H. Under sleeper pads in turnouts. Eur. Rail Technol. Rev. 2009, 49, 35–38. [Google Scholar]

	4. 
López Pita, A. Infraestructuras Ferroviarias; Edicions UPC: Barcelona, Spain, 2006; pp. 230–233. [Google Scholar]

	5. 
Claudia Nioac de Salles, A. Polymer railway sleeper: One alternative for the plastic waste final destination. In Proceedings of the Identiplast, London, UK, 10 November 2010.

	6. 
MONASH University Engineering. Available online: http://www.eng.monash.edu.au (accessed on 30 May 2014).

	7. 
Sistema MLG. Available online: http://www.sistemamlg.es (accessed on 30 May 2014).

	8. 
Carrascal, I.; Casado, J.A.; Diego, S.; Polanco, J.A. Comportamiento mecánico frente a esfuerzos dinámicos de manta elastomérica para la atenuación de vibraciones en ferrocarriles. Available online: http://life2010-recytrack.com/docs/comportamientomecanico.pdf (accessed on 12 June 2014). (In Spanish).

	9. 
Gomavial Solutions, S.L. Materials from used tire layers. Available online: http://www.gomavial.com (accessed on 5 June 2014).

	10. 
Under Sleeper Pads. Recommendations for Use. Draft Document, Version 1.2.1. Union International of Railway (UIC), Paris, France, 2013.

	11. 
Esveld, C. Modern Railway Track, 2nd ed.; MRT Productions: Delf, The Netherland, 2001; pp. 321–366. [Google Scholar]

	12. 
UNE-EN 13146-9. Railway applications. Track. Test methods for fastening systems. Part 9: Determination of stiffness. European Committee for Standardization, Brussels, Belgium, 2009.

	13. 
UNE-EN 13481-2 Annex B: 2003. Railway applications. Track. Test methods for fastening systems. Part 2: Fastening systems for concrete sleepers. Anenex B: Determination of rail pad dynamic stiffness. European Committee for Standardization, Brussels, Belgium, 2002.

	14. 
DIN 45673-6. Mechanical vibration. Resilient elements used in railway tracks. Part 6- Laboratory test procedures for under-sleeper pads of concrete sleepers. Deutsches Institut für Normung, Berlin, Germany, 2010.

	15. 
DBS 918 071-01. Unterschottermatten zur Minderung der Schotterbeanspruchung. Deutsche Bahn: Munich, Germany, 2010.

	16. 
Kaewunruen, S.; Remennikov, A.M. An alternative rail pad tester for measuring dynamic properties of rail pads under large preloads. Exp. Mech. 2008, 48, 55–64. [Google Scholar] [CrossRef]

	17. 
Prud’Homme, A. Forces and behaviour of railroad tracks at very high train speeds. Standards adopted by SNCF for its future high speed lines (250 to 300 km/h). In Proceedings of Symposium on Railroad Track Mechanics and Technology, Princeton, NJ, USA, 21–23 April 1975.

	18. 
Tzanakakis, K. The railway track and its long term behaviour. Springer Tracts Transp. Traffic 2013, 2, 39–47. [Google Scholar]

	19. 
Kaewunruen, S.; Remennikov, A.M. Dynamic properties of railway track and its components: A state-of-the-art review. Available online: http://ro.uow.edu.au/cgi/viewcontent.cgi?article= 1512&context=engpapers (accessed on 12 June 2014).

	20. 
Kaewunruen, S.; Remennikov, A.M. State dependent properties of rail pads. Transp. Eng. Aust. 2009, 12, 17–24. [Google Scholar]

	21. 
UNE-EN 13146-4: 2003. Railway applications. Track. Test methods for fastening systems. Part 4: Effect of repeated loading. European Committee for Standardization, Brussels, Belgium, 2002.

	22. 
DIN 45673-5. Mechanical vibration. Resilent elements used in railway tracks. Part 5: Laboratory test procedures for under-ballast mat. Deutsches Institut für Normung, Berlin, Germany, 2010.

	23. 
Indraratna, B.; Khabbaz, H.; Salim, W.; Christie, D. Geotechnical properties of ballast and the role of geosynthetics in rail track stabilization. Ground Improv. 2006, 10, 91–101. [Google Scholar] [CrossRef]

	24. 
Folta, Z. Mechanical Characteristics Testing of the Rubber Elastic Pads under Rail. Available online: http://www.e-bookspdf.org/download/rubber-mechanic.html (accessed on 12 June 2014).

	25. 
ADIF (Spanish railway infrastructures manager). Available online: http://www.adif.es (accessed on 6 May 2014).

	26. 
Teixeira, P.F. Contribución a la reducción de los costes de mantenimiento de vías de alta velocidad mediante la optimización de su rigidez vertical. Ph.D. Thesis, University of Barcelona, Barcelona, Spain, 21 January 2004. (In Spanish). [Google Scholar]

	27. 
Esveld, C. The significance of track resilience. Eur. Railway Rev. News 2009, 10, 14–20. [Google Scholar]

	28. 
Bouvet, P.; Vincent, N. Laboratory characterization of rail pad dynamic properties. Vibratec Report 450.1998.004.RA.05.A. Vibratec Group, Sweden, 1998. [Google Scholar]

	29. 
CEN-document TC 256 WI 00256597—Railway applications/Track—Concrete sleepers and bearers—Concrete sleepers and bearers with under sleeper pads. Available online: http://www.uic.org (accessed on 12 April 2014).

	30. 
Schneider, P. Work Package 4—Standardisation of USP-Materials. In UIC Project—Under Sleeper Pads—Semelles Sous Traverses—Schwellenbesohlungen—Summarising Report; Union International of Railway (UIC): Paris, France, 2009; pp. 24–28. [Google Scholar]

	31. 
Iliev, D.L. Die horizontale Gleislagestabilität des Schotteroberbaus mit konventionellen und elastisch besohlten Schwellen. Ph.D. Thesis, University of Munich, Munich, Germany, 23 January 2012. (In Geman). [Google Scholar]

	32. 
UIC (Union International of Railway). Recommendations for the use of Under Ballast Mats. UIC Code 719-1. 2011. Available online: http://www.uic.org/etf/codex/codex-detail.php?codeFiche=719-1&langue_fiche=E (accessed on 26 May 2014). [Google Scholar]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
3500
3000
2500
2000
1500
1000

Dynamic stiffness (kN/mm)

u
o
o

A
1 A
1A

A
|1 A
8 y =44301x%3%
R?=0.8163

1 AA
4.0 5.0 6.0 7.0 8.0 9.0 10.0





nav.xhtml


  materials-07-05903


  
    		
      materials-07-05903
    


  




  





media/file11.png
Ballast settlement (mm)

D
o
J

50 - --....-.
40 - ."
. —
30 | .l
20 ..
12_ xXX?XXKXXXXZKXKKX%K
0 50,000 100,000 150,'000 2001000
Cycles

= Reference pad X Tirepad ATirepad+Tire USP M Tire pad + Tire UBM





media/file1.png





media/file2.png
l‘c/ommercial pad L‘T/n'e rail pad

Comparative

Without elastic mat





media/file7.png
Static modulus (N/mm3)

Dynamic modulus (N/mm3)

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

A V=20.883x154
R?=0.8202

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Thickness (mm)

X
| A
] AC5Hz
X C 10 Hz
y= 83.248x1711
_ R?=0.8466 VY =69.085x16%
] R?=0.828
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46

Thickness (mm)





media/file9.png
Global vertical stiffness (kN/mm)

SO‘KxXxxxxxxxxxxxxXXXX*
aL " -7
YRR NN RN R R R R R R
20 A
10 -+
0 T T T ]

0 50,000 100,000 150,000 200,000

Cycles

=Reference pad XTire pad A Tire pad + Tire USP M Tire pad + Tire UBM





media/file10.png
Dissipated energy (J)

N
wv

N

o
L

[y

=
o
L

"
L

X

*1
*1

X

* 1
*1
* 1
*1
%1

X

X

X

*1

*1

X

X

= Reference pad

50,000

X Tire pad

100,000
Cycles
A Tire pad + Tire USP

150,000

200,000

MW Tire pad + Tire UBM





media/file5.png
0.23
_021
E
£0.19
£
2017

30.15 y=02441e092 A cgtat1
3 R?=0.8034
£0.13 %

X Cstat 2
2 X
®0.11
S

y = 0.2126e00%
R?=0.8224

0.09 A

T o 1

.0 10.0 11.0

0.07

0 8.0 9
Thickness (mm)





media/file3.png
E X

X
1% % X £ 20-95 kN
1 X % 100-200 kN
1 y = 1584-0-204x
14 X R2=06561 y=606.7e0231x
1 R2=0.8337
40 50 60 70 90 100 110 120





media/file0.png
End of-Ilfe tires

Tire deconstruction in elastic layers

Tread layer.
Selected to
manufacture elastic
elements

Under-ballast pads
3 |

Tire rail pad on rail seat zone Tire under half concrete sleeper Tire UBM in a ballast box





media/file8.png
Dynamic modulus (N/mm?3)

0.35

0.25
0.2
0.15
0.1
0.05

Cycles

——y A Y. _— X 4
A Y -~ u =3 =3
- 3.5
-3
"~ ray X 2@
—) F 2.5
to2
200,000 400,000 600,000 800,000 1,000,000

Dissipated energy (J)





media/file6.png
Dynamic modulus (N/mm?3)

o
[N
©

o
[
~

y =-0.0122x + 0.27
R?=0.8262

y=-0.0116x + 0.264X
R?=0.8189

7
A Cdyn 5Hz

X Cdyn 10 Hz

7.0 8.0
Thickness (mm)

9.0 10.0





