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ABSTRACT

Polymeric materials (such as thermoplastics, rubbers, polyurethanes, etc.) have been extensively used
to manufacture resilient rail pads; plastics, however, suffer from a series of intrinsic limitations since
the environmental agents (UV rays, temperature, air humidity, etc.) as well as the compressive fatigue
loads negatively affect their mechanical properties. This study proposes the use of a novel solution, the
so-called “metal-rubber” pads, as a reliable alternative to polymer pads. They are made of stainless
steel wire, knitted, embossed and cold-pressed down into a mould to achieve the required shape and
size. The thorough experimental campaign carried out to validate the metal rubber pads includes the
following tests: (i) Static and dynamic stiffness as indicated in EN 13146-9+A1 and EN 13481-2
guidelines respectively. Furthermore, by changing design factors like wire diameter, mesh density and
geometrical shape variations, the evolution of stiffness characterization results is analysed. (ii)
Corrosion resistance under UNE-EN 13416-5 and UNE-EN ISO 9227 guidelines. Metal rubber
performance under these guidelines was compared with six polymeric materials. Four of them are
employed in numerous railway lines. Results reveal a good fulfilment of requirements. Despite resulting
in relatively higher values than recommended, both static and dynamic stiffness reach a close range to
traditionally employed EVA and TPE-M. In the case of fatigue aging, the foremost wearing suffered
by metal cushion occurs mainly in the early cycling stages, although the total cumulate damage is also
comparable to traditional. Finally, it is found that design factors have a great influence over static and
dynamic stiffness. Porosity reduction reveals to be a key factor to improve stiffness towards lower
values as recommended in literature.
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1 INTRODUCTION

The development and implementation of the high-performance railway has been
accompanied by a complete revolution in the design and manufacture of the elements of the
railway superstructure. Currently, high-speed railways are based on the use of concrete
sleepers and complex fastening systems between the sleeper and the rails. Aiming at relieving
the excessive stiffness of concrete sleepers (which can be up to five times higher than those
made of wood [1]), elastic pads are placed between the rails and the sleepers. Rail pads play
an indispensable role within the fastening systems since they cushion the shocks and
vibrations caused by the train wheels transit.

As far as a new track is subjected to repetitive loads caused by the transit of train wheels,
it undergoes plastic deformations that grow up over time until the system reaches the steady
state when it settles. Then a true stable elastic regime is established and the system behaves
like an homogeneous solid [2], [3].

Formula (1), proposed in [4], allows the influence of the stiffness of the rail pads, kp, and
the ballast platform, kpp, on the overall stiffness of the rail’s support, ks, to be understood

— kp-Kpp (1)

kp+kpp
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A high value of the stiffness of the rail pads will increase the dynamic overloads due to
unsprung masses, accelerating the deterioration of the track deterioration; in contrast, low
stiffness will cause the sinking of the track, leading to a noticeable increase in the stress state
of the rails [4], [5]. Consequently, it is essential to define the range of stiffness values that
lead to the adequate performance of the fastening system [6], [7].

Without claiming to be exhaustive, a review of the pertinent literature regarding the
influence of the stiffness of the pad on the performance of the track is summarized below.

The stiffness of the rail pads has been related to the deterioration of the ballast. Thus,
countries such as Germany, Spain, France or Greece initially adopted high stiff rail pads for
high-speed lines (k, =400-500 kN/mm in the case of the first two countries) which, combined
to the intrinsic stiffness of the rail substructure (several layers of gravel in the base), brought
about the deterioration of the ballast. Because of this, lower stiffness of the rail pads
(60-100 kN / mm) were chosen to reduce the total rigidity of the assembly [1], [4]. According
to [8], the variation of overall stiffness between rail sections may lead to a 40% increase in
the rails stress, due to the differential vertical displacements.

The reduction of the stiffness of the plates results in a decrease in the stress state of the
sleepers. Pad high stiffness provoked cases of fractured sleepers, as described in [9].
Reducing the pad’s stiffness from 250 to 40 kN/mm leads to a 20% decrease of the maximum
stress of the sleeper.

Several polymeric materials such as EPDM, TPE, TPU and rubber have been extensively
used to manufacture rail pads [10], [11], in particular for high speed railway tracks.
Unfortunately, several environmental agents, UV rays and temperature being the most
common, may degrade the stiffness of these pads. Previous studies were focused on
improving the aging performance of these materials. For instance, in [12] tiuram and sulfide
curing treatments on SBR rail pads were compared, concluding that the latter provides the
best performance. Setting aside environmental issues, as a matter of fact, the durability of the
rail pads is always limited because of the repetitive loads and impacts coming from the
passage of rolling stocks darn their lifespan. Several studies confirm this statement; for
instance, in [13] the loading effect in a 5.5 mm thick HDPE rail pad was measured, observing
a stiffness deterioration of 13 kN/mm and a damping degradation of 41 N-s/m.

Moreover, in [14] a 44% stiffness aging increment was observed in a TPE rail pad after 3
years under in-service conditions. Fatigue is another cause of material deterioration leading
to the increase of stiffness [15]-[17]. This phenomenon is accompanied by a reduction in the
ability of the part to dissipate the energy coming from load-unload cycles. The experimental
data show that a fatigue increase of stiffens of 18% reduces the ability for energy absorption
by 40% [16]. In addition, the fatigue loading also produced a thickness reduction of the rail
pad [18].

In conclusion, the polymeric materials currently used as rail pads suffer from severe
limitations because of the modifications that their stiffness undergo as a result of the
environmental conditions and the loads they are subjected to. For these reasons, the pads
must be replaced over time which negatively affects the economic performance of the track,
as well as the quality of the service.

These are the circumstances that motivate the present study, which is aimed at developing
and validating, relying on the experimental results, a novel solution capable of overcoming
the intrinsic limitations of polymeric materials. Metallic rail pads have been employed in the
past, particularly in the form of plates between the rails and the wooden sleepers. This option
is not applicable for concrete sleepers, due to the excessive stiffness of this kind of plates.
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In this sense, we propose the use of the so-called metallic rubber (also called metal cushion
damper), made of stainless steel, as a superior alternative both from the mechanical point of
view and from the perspective of the durability of the material against loads or environmental
conditions. The metal rubber-based solution allows the designer to select the most suitable
stiffness to guarantee the adequate performance of the system. Metal rubber is advantageous
as compared to polymers since it provides a uniform and environmentally independent
performance, as well as an improved dynamic behavior regarding noise and vibrations.

The experimental campaign in this study consisted in comparing the response of six
polymer solutions, currently employed in actual railway tracks, against the behavior of the
metallic rubber. The experimental scope developed is briefly summarized hereafter. The
static and dynamic stiffness of the different solutions was obtained following the guidelines
of the international standards EN 13146-9+A1[19] y EN 13481-2 [20], respectively. In order
to assess the mechanical aging derived from the application of repetitive loads, static and
dynamic stiffness were determined again after subjecting the pads, respectively to 3.5-105
and 3-106 fatigue cycles, following the standard EN 13146-4+A1 [21].

2 MATERIALS AND METHODS
2.1 Material

The six polymeric materials involved in this study are described hereafter; four out of them
are currently present in numerous railway lines whereas the remaining two are prototypes:

e TPE-M: Polyester elastomer thermopolymer (Hytrel ™), medium stiffness. Used on
PAE-2 rail pads [22], with a thickness of 7 mm, with oblong shaped protrusions and
a hardness of 47 HS-D. Solution adopted in the Spanish high speed railways.

e TPE-S: Polyester elastomer thermopolymer (Hytrel™), reduced stiffness. Used in
a 9 mm thick pad with oblong shaped protrusions and a hardness of 45 HS-D.
Prototype.

e EPDM: Ethylene-propylene copolymer, 7 mm thick, solid plate without protrusions,
with a hardness of 21 HS-D. Solution adopted in Arabia Saudi high speed railways.

e TPU: Polyurethane elastomer thermopolymer, 9 mm thick. Solid pad without
protrusions and a hardness of 30 HS-D. Solution adopted in the Mexican railroads.

e NFU: Out-of-use tire, with grain size less than 2 mm, bonded with resin to form a
7.5 mm thick pad. Prototype.

e EVA: Ethylene-vinyl acetate. 6 mm thick solid pad without protrusions and a
hardness of 46 HSD. Solution adopted in the first Spanish high-speed line Madrid-
Sevilla.

Samples made of these materials with a size of 45 x 42 mm? were cut from larger plates.
Fig. 1 shows a photograph that includes one sample of each type.

Fig. 2 shows one of the metal rubber samples involved in this study. It has been provided
and produced by Tejasa TC (Silentflex™). This solution is made of stainless steel wire,
knitted, embossed and cold-pressed down into a mold to achieve the required shape and size.
A first advantage of this solution comes from the fact that its geometry is very versatile since
the pads are manufactured by molding. Metal cushion pads are 100% stainless steel (AISI-
302, AISI-304 or AISI-316 for highly corrosive environments). They are not affected by
hydrocarbons, water, or UV rays, among others, and their elastic behavior is guaranteed in a
wide range of temperature (between —50°C and 300°C).
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Figure 1:  Rail pad standard solutions, fabricated with different materials, used in the study
to compare with the metal cushion damper performance.

Figure 2: Sample of a square-shaped metal cushion pad.

In fact, specific metal cushion dampers can be fabricated for industrial applications with
temperature ranging between -70°C and +400°C. This type of solutions has proved its
suitability for vibrations isolation [23]. The dimensions of the metal cushion damper shown
in Fig. 2 are (length x width x height) of 45x42x7 mm?, with a central ®10 mm hole. Note
that the surface dimensions are the same as those of the polymer plates shown in Fig. 1.

In order to find those design factors that leads to a way to improve the stiffness value of
the metal rubber pads, some variations were introduced and different samples were generated.
First of all, aimed to analyse the influence of wire thread diameter and mass density, new
pads were moulded keeping both geometry and sizes of samples Fig. 2, but increasing the
thread diameter of the cushion up to 0.5 mm in three steps. Each step was charged with two
different mass values. These values are detailed within Table 2. The belonging samples were
named from P1 to P6.

Figure 3:  Sample of the cylindrical-shaped metal cushion pads: a ®40 mm pad with a ®10
mm inner hole on the right; a ®72 mm pad with a ®34 mm inner hole on the left.
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Furthermore, in order to check the influence of geometry factors, two new kinds of
prototypes were moulded as represented in Fig. 3. Thread diameters were kept constant in
0.5 mm. Mass densities were hold in nearly values than P1-P6. Their shape is cylindrical
(axisymmetric), with a concentric inner hole. The first case is a @40 mm pad with a ®10 mm
inner hole. The second case is a @71 mm pad with a ®34 mm inner hole. In both cases, the
height is 7 mm. The detailed values are represented in Table 3 and Table 4. The belonging
samples were named from P7 to P12.

Static and dynamic stiffness

Static and dynamic stiffness was measured following the guidelines of UNE-EN 13416-9
[19] and UNE-EN 13481-2 [20] standards. In order to properly compare the results of the
tests carried out on conventional rail pads and on metallic rubber samples, it was necessary
to equalize the dimensions of the prototypes. It is beyond current technological capabilities
to manufacture metal rubber plates with the dimensions of a standard rail pad employing the
manufacturing technology currently available.

The dimensions of the actual rail pads have a very high surface to thickness ratio that is
impossible to achieve in metal rubbers guaranteeing the homogeneity of the material. For this
reason, it was decided to modify the dimensions of the rail pads the surface of a conventional
rail pad is 23200 mm?; in this case, plates of reduced dimensions with a surface of 1811 mm?
have been used. Consequently, the forces to be applied during the tests according to the
standards were reduced proportionally.

The static stiffness test consists in applying three compressive loads - unload cycles at a
test rate Ve (kKN/min), from a minimum load, Fsp1, to a maximum value, Fspmax. The static
stiffness, ke, is determined as the loading slope within the third cycle between the loads Fsp1
and Fspz = 0.8-Fspmax, see formula (1), where dsp is the relative deflection between Fsp1 and
Fsp2. To measure the dynamic stiffness, Kq, it is firstly necessary to apply 1000 sine-shaped
load cycles between Firp1 and Fiepz = 0.8-FLrpmax. The tests were carried out at frequencies
of 5, 10 and 20 Hz, respectively (which are considered to belong to the low frequency
regime). Ky was obtained using the average value of stiffness from the last ten cycles, by
means of eqn (3).

Fig. 4 shows the experimental setup employed for the tests. The tests were carried out by
means of a universal Instron 8800 servo-hydraulic machine, with a loading capacity of £100
kN under control of loading conditions. Deflection was continuously recorded by means of
an LVDT gauge located trough the central hole of the sample.

Finally, a shape factor (Sqctor) in considered in this work, defined as a rate between the
area covered by metal cushion in relation with the pad total area. In the case of square shaped
samples, it is described by (4), and by (5) in the case of ring shaped prototypes

F —F,
ke — SP2 SPl’ (2)
dsp
_ FLpp2—FLFpP1
kas/10/20 Hz) = T e (€))
_ [lside1* lsidez_rintz)]
Sfactor_square—shaped - (4)

lside1* lside2

— [”(rextz_rintz)] (5)

Sfactor_ring —shaped [MText?]
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Figure 4: Testing machine and experimental setup designed to perform the tests.

2.2 Corrosion resistance

Fast-corrosion tests were carried out using the salt spray corrosion test chamber. This kind
of'tests is currently applied to rail fastener systems according to the standard UNE-EN 13416-
5 [24] and following the UNE-EN ISO 9227 [25] guidelines. A WEISS TECHNIK SSC-
1000 chamber was employed for the tests, using the following parameters:

Deionized water with a conductivity of 0.5 pS / cm.
Sodium chloride of pharmaceutical grade (99% purity).
Concentration of the solution: 5% by weight of NaCl.
Test temperature: 35°C.

Flow rate collected throughout the test: 1.42 ml / hour.
PH of the solution collected at the end of the test: 7.1.
Duration of the test: 250 hours.

3 RESULTS AND ANALYSIS
3.1 Static and dynamic stiffness

The last of the three loading cycles employed to determine the static stiffness is represented
in Fig. 5(a), making it possible to compare the relative stiffness of the different materials.
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The first remarkable fact consists of the great difference of stiffness presented by the different
materials. As it can be seen, the response of the metal rubber solution is between the EVA
and the TPE-M solutions. This same pattern of behavior is reproduced in the panel in Fig.
5(b)—(d), where the dynamic stiffness of the different materials is represented; in this case
three graphs are included, corresponding to the loading frequencies of 5, 10 and 20 Hz. The
numerical values are collected in Table 1. It is important to remark that static and dynamic
behaviors follow the same trend. Note that, except for punctual exceptions, the order of the
materials based on their static and dynamic stiffness preserves the ordinality. Thus, the most
flexible static solution is EPDM, closely followed by NFU, while the most rigid is EVA (20
times more rigid than the EPDM solution), and followed by the metal rubber plate.

This information is expressed numerically in Table 1 for all materials. where the ratio
between the dynamic (average for the three frequencies) and the static stiffness, Kga/ke, is
included. This ratio is systematically higher than 1.0, ranging between 1.33 for the TPE-M
and 2.64 for the metal rubber.

The stiffness displayed by metal cushion pads, shown in the first part of this study, are
relatively high in comparison with current commercial elastomers employed to manufacture
standard rail pads. Hence, a strategy to achieve a lower stiffness was developed.

The easiest way would consist in increasing the metal cushion pad thickness; nevertheless,
this dimension should not exceed a limit of 5-6 mm, in order to guarantee the limiting
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Figure 5:  Comparison of the static (a) and dynamic (b, c, d for frequencies of 5, 10 and 15
Hz, respectively) stiffness of the different solutions characterized.
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Table 1:  Summary of results obtained from the static and dynamic characterization of
stiffness.
Sample [kNl/(renm] [klli?/irﬁ;n] [klgl/lf;fn] [kﬁ;f:rzn] s [(13;1?2?}16] ) ke
METAL 324.7 806.4 838.9 925.9 857.1 2.64
EPDM 40.8 571 59.4 67.4 61.3 1.50
EVA 819.7 1533.7 1655.6 1824.8 1671.4 2.04
TPE-M 146.6 183.8 191.6 208.3 194.6 1.33
TPE-S 54.5 72.1 74.6 82.6 76.4 1.40
TPU 101.4 131.6 138.9 156.3 142.3 1.40
NFU 48.2 95.6 103.7 119.6 106.3 2.20

geometric dimensions of the assembly. For this reason, other design parameters were
modified aiming at achieving the desired reduction in stiffness. After analyzing with the
manufacturer [23], the metal cushion fabrication procedure together, the thread diameter of
the stainless wire and the cushion density (amount of wire used) were selected.

In this sense, three different diameters (0.3, 0.4 and 0.5 mm, respectively) and two degrees
of compaction (porosity) were employed to analyze the influence of these variables on the
stiffness. It is worth noting that these prototypes have been manufactured expressly for this
study, while the metal pads previously used are commercial parts. The description of these
new metal cushion samples and the results obtained in the static and dynamic stiffness tests
are collected in Table 2. The shape factor of the square-shaped metal cushions (named as Pi)
is 0.83.

Table 2:  Description (wire diameter, weight and density) of the redesigned metal cushion
samples and results obtained in the static and dynamic stiffness tests.
kda
Wire . . Ke Kd sHz Kaionz | Kaaomz |(average
Code | Diam. W[e1g]ght I[)ilclls;?]] Ka)  |Kao/ke
[mm] g g
[KN/mm] {[kN/mm]|[kN/mm]|{[kN/mm]|[kN/mm]
P1 0.5 34.8 3.7 501.3 | 857.7 | 903.8 | 1020.0 | 927.3 |1.85
P2 0.5 | 45.0 4.8 525.6 | 889.7 | 960.2 | 1064.0 | 971.3 |1.85
P3 04 | 343 3.6 5564 | 894.8 | 1005.0 | 1086.0 | 9953 |1.79
P4 04 | 392 4.1 578.2 | 1029.0 | 1082.0 | 1137.0 | 1083.0 | 1.87
P5 0.3 30.0 32 776.9 | 1156.0 | 1204.0 | 1282.0 | 1214.0 | 1.56
P6 0.3 352 3.7 855.1 | 1388.0 | 1427.0 | 1567.0 | 1461.0 | 1.71
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The results collected in the Table make it possible to appreciate the influence of the
diameter and the weight on the results of static stiffness. Thus, comparing P1, P3 and P6 it is
observed that a decrease in diameter leads to an increase in stiffness. On the other hand, the
increase of the weight with constant diameter (P1-P2, P3-P4 or P5-P6), also implies an
increase in stiffness. In fact, this increase is due to the decrease in the porosity of the element:
the spongier the metal rubber is, the lower its rigidity, and vice versa. In addition, the ka/ke
ratio is reduced in all cases up to a maximum level of 1.87.

Considering the fact that metal cushion prototypes with the largest wire diameter has the
lower stiffness rates, a new set of samples were manufactured employing uniquely the 0.5
mm wire diam. In particular, two ring-shaped metal cushion pads (Fig. 3) were employed -
Qi identifies the ring-shaped metal cushion samples with lowest area, whose shape factor is
0,96 but holding a quite similar area to the square-shaped samples of Fig. 2. Four densities
have been generated and their stiffness measured under the same test parameters than early.
Results are shown in Table 3.

The ring-shaped metal cushion samples with biggest area were identified as Ri and have
a shape factor of 0,78. This shape factor variation in respect to Qi let to analyse its influence.
Once again, same stiffness tests were carried out employing different densities. However, in
this case, the resulting exposed area is wider. So that, the forces to be applied during the tests
according to the standards were reduced proportionally. Results are showed in Table 4.

Both square-shaped Pi and smaller ring-shaped Qi as displays similar exposed areas and
shape factors, the average Kga/ke ratio is practically the same. However, the biggest ring-
shaped samples Ri have a lower shape factor, being their dynamic hardening nearly a 30%
bigger than Pi and Qi.

In the case of R2, density has a quite similar value than P2. However, ever it being a 9.6%
lower, ke increases a 5.5% and Kqa results a 21.1% higher. In the case of Kga/Ke ratio, it increases
in nearly 30%. In the case of P1 and Q2 it happens the same.

Comparing the results from R3 and Q3 these have a quite similar density and stiffnesses.
The same occurs with R4 and Q4. Both are ring shaped, but shape factor is bigger in Q3-Q4
than R3-R4 respectively.

Table 3:  Description (weight and density) of the redesigned ring-shaped metal cushion
samples with lowest area, and results obtained in the static and dynamic stiffness
tests.

kda

Wei ght Den sity Ke K stz Kd 101z Kd 2011z (average

[e] | [gom’] k)
[kKN/mm] | [kN/mm] | [kN/mm] | [kN/mm] [kN/mm]

Code Kaalke

Ql 61.0 5.03 759.1 | 1187.0 | 1218.0 | 1276.0 | 1227.0 | 1.62

Q2 47.0 3.88 573.0 980.0 1032.0 | 1129.0 | 1047.0 | 1.83

Q3 34.0 2.81 495.3 870.0 907.0 987.0 921.3 1.86

Q4 20.0 1.65 264.1 401.0 450.0 552.0 467.7 1.77
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Table 4:  Description (weight and density) of the redesigned ring-shaped metal cushion
samples with widest area. and results obtained in the static and dynamic stiffness

tests.
Kda
Weight | Density ke Kd sHz Kd 101z Kd 2012 (average
Code [e] [e/om’] ka) kda/Ke
[KN/mm] | [KN/mm] | [KN/mm] | [KN/mm] | [kN/mm]
R1 124.0 5.60 647.7 1453.0 1415.0 1461.0 1443.0 2.63
R2 96.0 4.34 556.2 1167.0 1189.0 1205.0 1187.0 2.13
R3 69.0 3.12 469.3 821.0 848.0 870.0 864.3 1.84
R4 41.0 1.85 228.8 535.0 583.0 618.0 578.6 2.52
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Figure 6:  Static stiffness dependence of density for the case of a 0.5 mm wire diameter
samples Pi, Qi and Ri.

Finally, it is observed here again that as the lower the density is, the lower the stiffness
results. However, a very low density can be reached in the case of ring-shaped metal
cushions, where stiffness values decrease considerably. Fig. 6 represents the dependence
between static and dynamic stiffness and samples density in the case of P, Qj and R; samples.
A linear trend can be inferred from the displayed data.

3.2 Corrosion resistance

After the 250 hours in salt spray test procedure, no red corrosion was observed in any of the
four samples test. However, after washing in water to remove the residuals of the salt
accumulated during the test, small accumulations of salt flecks can still be seen between the
cushion wires on the surface, although AISI 304 hardly reacts noticeably to a neglect amount
of salt particles.

4 CONCLUSIONS
Based on the analysis of the results obtained in this preliminary study, the following
conclusions were obtained:
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e In Spite of the fact that static test results evince that metal cushion stiffness reaches

relatively higher values than recommended in literature [4], the obtained values
place this new proposed material between EVA and TPE-M, which have been
traditionally employed to manufacture rail pads.

e This ordinality pattern is followed for dynamic stiffness test as well, both for the

case of metal rubber and the rest of samples analysed in this study. However,
attending to dynamic hardening (represented as the kda/ke ratio) it is precisely the
metal rubber material what heads the rank reaching a 2.64.

e  All results from test with samples P1 to P6 have shown the feasibility of modifying

metal cushion design parameters, aimed to achieve a stiffness decrease — a reduction
on the wire diameter, as well as the increase in mesh density causes an increase in
the rigidity of the plate. So, to achieve lower stiffness values, would be necessary to
increase thread diameters and a mesh lightening, even by raising the thickness of
the samples.

e Ring-shaped metal cushion implies an increasing of stiffness respect to squared-

shaped pads with same wire diameters and similar densities.

e Within the same shape typology, any change in the same factor has a negligible

influence over the obtained stiffness values.

o If wire diameter is kept constant, the lower the density is, the lower the stiffness

results. There is a linear dependence between static & dynamic stiffness and density.

e Dynamic hardening is influenced by shape factor.
e Stainless constitutive material of metal rubber is highly resistant to environmental

corrosion. It has been proved in this work by subjecting an AISI 304 metal rubber
sample to a 250-hours salt spray test procedure, which passed without any sign of
rust or damage.
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