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Abstract. The use of end-of-life (EOL) tires is now widespread in civil engineering work. In most cases, the tires are
shredded and recycled as crumb rubber. However, this research focuses on an alternate method in which EOL tires
were deconstructed to manufacture rail pads. In other words, their outer layer was removed, which made it possible to
benefit from the mechanical properties of the tires without having to grind them up. The performance of the recycled
tire rubber was analyzed by means of static and dynamic stiffness tests as well as by fatigue tests. The results reflected
the long-term performance of the material. Also analyzed was the deterioration of its properties after various thermal
and anti-ageing treatments. The results obtained were compared with those of commercial crumb rubber rail pads. The
excellent performance of the rail pads made from deconstructed EOL tires shows the high potential of this material for

use in railroad tracks.
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Introduction

In the last three decades, the use of concrete sleepers in
railroad tracks has become standard practice. Because the
sleepers are made from concrete, they are less affected by
climate factors (Federation Internationale de la Precon-
trainte 1987), and at the same time their strength prop-
erties make them apt for tracks subjected to heavy traf-
fic loads. Nevertheless, since concrete sleepers are 3—5
times stiffer than wooden sleepers (Lakusi et al. 2010),
it is necessary to insert an elastic pad between the rail
and sleeper to reduce the stiffness of the system and thus
mitigate the impact loads between the two components
(Szurgott et al. 2012).

Rail pads improve the performance of railroad
tracks. In fact, the traffic safety of trains depends to a
great extent on the mechanical features of these elements
(Sadkowski 2009). Among other technical and socio-en-
vironmental improvements, they reduce the noise and vi-
brations transmitted by the track when trains pass (Wu,
Thompson 2001). The characteristic parameter of the rail
pads is their stiffness value, which should be in conso-
nance with the type of track required. For this reason,
soft pads are generally used in high-speed railway tracks
to dissipate the considerable amount of energy generated
by train passages. In contrast, stiffer pads are better for
conventional railways (Szurgott et al. 2012). For this

reason, the mechanical properties of rail pads must be
clearly defined so as to guarantee the smooth operation
as well as the effective performance of the entire railway
system.

The implementation of sustainable development
policies has fostered the reuse of construction waste in
civil engineering work. Many useful applications have
been found for end-of-life (EOL) tires (Hernandez et al.
2009; Grinys et al. 2012). In the railway sector, one of
these practices consists of the use of dry asphalt rubber
within sub-ballast layers (Di Mino, Di Liberto 2012).
Another successful practice is the reuse of tire rubber
to manufacture rail pads (Sistema MLG 2013; CDM
2013). These pads help to eliminate a kind of waste that
is otherwise very difficult to dispose of, and even gives
it an added value, thus contributing to sustainable devel-
opment. Generally speaking, these rail pads are manu-
factured by grinding up the tire (separating textile and
metallic components) and subsequently mixing the rub-
ber particles with a resin binding agent. Disadvantages
of this process include the cost of treating the rubber as
well as the loss of mechanical properties from shredding
the tires and grinding the rubber.

This research is a significant step forward in the re-
cycling of EOL tires (Gomavial Solutions 2013) because
it shows how each of the tire layers can be recovered
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without the need to grind up the rubber into particles.
This means that the properties of the rubber remain in-
tact, and at the same time, it is possible to benefit from
all of the positive hi-tech qualities of the tire material,
such as tensile strength, thermostable properties, resil-
ience to climate impacts, etc.

This research studied and tested the viability of
using the outer layer of EOL tires to manufacture rail
pads. For this purpose, the static stiffness (at different
load levels), dynamic stiffness, and fatigue strength of
rail pads manufactured with the outer layer of decon-
structed tires have been evaluated. The results were then
compared with those obtained for commercial rail pads
composed of crumb rubber and resin, which was used
as the reference value. The effect of the climate condi-
tions on the mechanical performance was also analyzed
for both types of rail pad in order to assess their fatigue
strength since this is one of the main failure modes of
such pads (Ito, Nagai 2008). Moreover, further research
to study rail pad dynamic response by ultrasonic method
could be of interest, as other researchers have done to
evaluate the performance of other construction materials
(Norambuena et al 2010).

1. Materials

The material studied was a set of elastic rail pads made
from the outer layer of EOL tires. These materials were
obtained from the deconstruction of the different tire lay-
ers (outer, middle and inner), without grinding up the
wastes. Figure 1a shows the visual appearance of the tire
layers. After that process, the outer tire layer (tread layer)
was cut into diverse pads with dimensions (180+1 mmx
140+1 mm) apt for UIC 54 rails. These dimensions were
also established for a set of commercial rail pads com-
posed of crumb-rubber particles (from shredded tires)
and synthetic resin used as a binding agent. Both types
of rail pad had the same thickness (4.5 mm) to prevent
this parameter from affecting the mechanical response of
the pads to the loads simulating train passage. Figure 1b
shows the rail pads tested in this study.

Table 1 lists the mechanical characteristics of the
two types of material (deconstructed tires (DT) and
crumb rubber (CR) with a resin binder), which were used
to manufacture the rail pads in this study.

Fig. 1. a) Tire layers: inner (left), middle (center) and outer
(right). b) Rail pad made of deconstructed EOL-tires (left);
commercial rail pad made of crumb rubber particles (right)

Table 1. Mechanical properties of deconstructed tire (DT) rail
pads and commercial crumb rubber (CR) rail pads

Property CR rail pad DT rail pad
Hardness, Shore A, _ _
1SO 48 (IRHD) 66-76 6477
Minimum tensile strength, 3.0 95

ISO 37 (MPa)

Minimum tensile strength,
ISO 37 (MPa), after 7 3.0 8.8
days at 70°C

2. Experimental set-up

In order to ascertain the mechanical performance of the
materials, it was first necessary to determine the static
secant stiffness (UNE-EN 13146-9:2011) and dynamic
secant stiffness (UNE-EN 13481-2 Annex B:2003) of the
CR rail pads as well as for the DT rail pads. Similarly,
with a view to assessing the durability and long-term
dynamic performance of both materials, their fatigue
strength was evaluated by applying the Locati method
for fatigue testing (Locati 1952), a method used by other
researchers for this purpose (Carrascal et al. 2007).

The static response of the rail pads was assessed
at two different load levels: (i) 20—-95 kN; (ii) 100—200
kN. The objective was to analyze the response of the
rail pads to the different loading conditions that railroad
tracks are subjected to. The vertical secant stiffness under
loads of 20—95 kN (UNE-EN 13146-9:2011) reflects the
mechanical performance of the rail pads, namely, their
capacity to damp vibrations and protect the ballast for a
load level corresponding to that of high-speed train lines.
In addition, the secant stiffness for loads of 100—200 kN
(UNE-EN 13146-9:2011) indicates the protection that the
rail pad provides for the sleeper and ballast in the case
of exceptionally heavy loads, due to defects in the rail,
wheel, or the sleeper soling in the ballast.

In both static tests, the elastic elements were sub-
jected to 3 loading cycles ranging from a minimum load
of 0.5 kN to a maximum load of 95 kN for a stiffness of
20-95 kN and to a maximum load of 200 kN for higher
stiffness values. The loading speed was 15 kN/min for
the first two cycles and 5 kN/min for the third cycle. The
unloading speed was 50 kN/min. In each cycle, the maxi-
mum load was applied for one minute and the minimum
load for five minutes.

These static tests were used to calculate the values
of the vertical secant stiffness (K) of the rail pads, ob-
tained from the Eqn (1). Furthermore, for the third load-
ing cycle, the vertical displacements measured at the four
corners of the rail pads were recorded. Figure 2 shows an
example of the load-displacement curves measured in the
last loading cycle of the secant stiffness test.

K:Fmax_Fmin (kN) (1)
dmax_dmin mm
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Fig. 2. Load-displacement curve, as recorded in the 20-95 kN
static test

where: F,, corresponded to 95 kN and F;, to 20 kN
for the 20-95 kN test, whereas F,,, was equal to 200
kN and F,;, to 100 kN for the 100-200 kN test. Besides,
dax and d;, corresponded to the mean displacements
measured for the force values applied during the third
loading cycle in each static test.

This study also evaluated the dynamic performance
(UNE-EN 13481-2 Annex B:2003) of the rail pads since
this is a basic factor to predict the response of the rail-
road track to rolling trains. Accordingly, 1000 loading
cycles of 20—95 kN were applied at a frequency of 4 Hz
(according to UNE-EN 13481-2 Annex B:2003), which
simulated the repeated loads produced by trains. In each
loading cycle, the vertical displacements at the 4 corners
of the rail pads were evaluated. This made it possible to
assess the evolution of the dynamic stiffness and energy
dissipated by these materials.

To complete the analysis of the mechanical perfor-
mance of the rail pads, the durability and long-term dy-
namic response with the Locati method for accelerated
fatigue testing was studied (Locati 1952). This procedure
was used since in other research (Carrascal et al. 2007),
the Locati test produced results that were similar to those
obtained with the conventional fatigue test. Accordingly,
four load levels (20/75, 20/90, 20/105, and 20/120 kN)
of 50,000 cycles each were applied at a frequency of 4
Hz. In each cycle, the vertical displacement of the rail
pad corners was measured to analyze the evolution of
the dynamic stiffness and dissipated energy. Furthermore,
before and after the fatigue test, a static test was per-
formed on the rail pads to see whether their mechanical
properties had been affected.

After ascertaining the mechanical properties of both
types of rail pad, the resistance of these materials to en-
vironmental factors was then evaluated since climate de-
terioration is the principal failure mode for rail pads (Ito,
Nagai 2008). Accordingly, an elastic pad made of each
type of material was subjected to a freeze-thaw process,
whereas another pad was subjected to a thermal ageing
process. To assess resistance to low temperatures, the
pads underwent 50 freeze-thaw cycles. The samples were

thus maintained at —20° for three hours and then im-
mersed in water at 12° for another 3 hours. For the ther-
mal ageing test, the pads were stored for 7 days at 70°.

These artificial deterioration processes were per-
formed in accordance with ADIF regulations (ADIF
2013) for the evaluation of the resistance of these elastic
materials to climate factors. The change in the static and
dynamic performance of both types of rail pad was thus
studied at 4 Hz for loads of 20—95 kN.

3. Results and discussion
3.1. Static stiffness

Table 2 lists the values of vertical secant stiffness at loads
of 2095 kN and 100—200 kN for the samples. As an
indication of the homogeneity of the materials, the mean
values and variation coefficients are showed.

Table 2. Results obtained in the static tests for DT and CR
rail pads.

Secant Mean value Variation
Rail pads Stiffness (kN/mm) coefficient
(kKN/mm) (%)
20-95 kN test
~ Sample 1 287.86
CRrail =g, ple2 26602 278 51 5.55
pads
Sample 3 281.64
~ Sample 1 290.84
DT rail =g ple2  246.95 268.80 8.16
pads
Sample 3 268.62
100-200 kN test
~ Sample 1 352.61
CRrail =g ple2 58377 446.97 27.13
pads
Sample 3 404.53
~ Sample 1 855.43
DT rail =g ple2  690.60 726.05 15.95
pads
Sample 3 632.11

In regards to the deconstructed tire (DT) rail pads
(Gomavial Solutions 2013), the static stiffness for loads
of 20—95 kN was similar to the value recorded for com-
mercial crumb rubber (CR) rail pads. Moreover, for
both types of rail pad, the stiffness variation coefficient
was low (<10.00%). Regarding the stiffness values for
heavier loads (100—200 kN), the DT rail pads were found
to have lower flexibility values. This indicates that they
have a lower capacity to damp the loads generated by
the wheel/rail impact. Nonetheless, this is less important
because of the infrequent occurrence of severe impact
loads (Kaewunruen, Remennikov 2008). Furthermore, as
can be observed, the results of the DT rail pads are more
homogeneous than those of the CR rail pads which can
provide a more uniform performance.

With a view to assessing the performance of the rail
pads during the loading cycles of the static tests, Figure 3
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shows the load-displacement curves, measured in the last
loading cycles of the secant stiffness tests (20—95 kN and
100—200 kN) for sample 1 of the DT and CR rail pads.
These samples were selected because they had similar
static stiffness values, which made them easier to com-
pare. As can be observed in Figure 3, in the stiffness test
for loads of 20—95 kN, the DT rail pad showed a greater
vertical deformation than that recorded for CR rail pads.
This indicates that the DT rail pad has a greater capacity
to damp the loads produced by rolling trains. This reflects
its viability and aptness as an elastic element in railroad
tracks.

Moreover, when the loads were increased
(100—200 kN stiffness test), the differences in the verti-
cal deformation of the DT and CR pads decreased until
reaching very similar values. Consequently, for com-
pression loads approaching 200 kN, the performance of
both materials was very similar. This was mainly due to
the reduction in vertical displacement of the DT rail pad
because of the stiffness of this material when the load
levels increased during the three loading cycles in the
static test.

In regards to the load-displacement curves of the
rail pads in the static tests (Fig. 3), an increase in loads
produced a corresponding increase in the stiffness of the
DT rail pads. This behavior is in consonance with other
researches (Van Krevelen 1990; Folta 2011) that also
studied the behavior of rubber subjected to compression
loads.

In contrast, the CR rail pads had a more linear
deformation as the loads increased, which is possibly
due to the resin binding agent. This can also be observed
in Figure 4, which shows the time-displacement curves,
evaluated in the last loading cycle of the 20—95 kN static
secant stiffness test. As can be observed, the most signifi-
cant deformation of the DT rail pad occurred at the be-
ginning of the loading cycle. It was also found to have a
greater elastic recovery (53% of the maximum deforma-
tion) than the commercial CR rail pad (17%). Both types
of pad showed a similar residual deformation (approxi-
mately 0.28 mm). This indicates that DT rail pads have
a greater elastic deformation capacity, which guarantees
an effective damping of loads and vibrations produced by
the passage of trains on railroad tracks.
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Fig. 3. Load-displacement curves obtained in the static tests
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Fig. 4. Time-displacement curves measured in the static test at
loads of 20-95 kN

3.2. Dynamic stiffness

Table 3 lists the dynamic stiffness values (kN/mm) re-
corded for three rail pads made from each type of mate-
rial. As previously mentioned, the objective was to study
the viability of using DT rail pads on railroad tracks.
As reflected in the results, these rail pads were found to
have lower dynamic stiffness values than CR rail pads,
which means that they are able to more effectively damp
vibrations and dynamic loads caused by the passage of
trains (Fonseca Teixeira 2003; Lopez Pita 2006). This
also makes them more suitable for high-speed railways
since this type of railroad track requires flexible rail pads
that reduce excessive stiffness (Szurgott et al. 2012), and
at the same time are able to dissipate part of the dynam-
ic overloads caused by trains operating at speeds higher
than 200 km/h (Prud’Homme 1977). Furthermore, the
variation coefficient of DT rail pads was very similar to
that obtained for commercial CR rail pads. Once again,
it was found that DT rail pads provide good results when
used in railroad tracks. They are also a very effective and
economical solution for the disposal of this type of waste
and thus produce a wide range of socio-environmental
benefits.

Table 3. Results obtained in the dynamic test for CR rail pads
and DT rail pads

Secant Mean Variation
Rail pads stiffness value coefficient
(kN/mm)  (kN/mm) (%)
) Sample 1  8705.88
g;zsmﬂ Sample 2 6029.94  8036.00 22.01
Sample 3 9372.19
) Sample 1 1876.24
DT rail Sample 2 2386.24 1959.45 19.99
pads it S
Sample 3 1615.86

For a more detailed study of the dynamic perfor-
mance of these materials, Figure 5 shows the load-dis-
placement curve measured in cycle 1000 of the dynamic
test for sample 1 of the CR rail pads and DT rail pads.
As can be observed, in the same way as in the static test
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Fig. 5. Load-displacement curve of the dynamic test

for loads of 20—95 kN, the crumb rubber rail pad had
lower vertical displacement values, which is indicative
of greater stiffness when subjected to repeated loads. In
contrast, the DT rail pad allows greater deflections, thus
guaranteeing a more effective damping of the vertical
loads caused by the passage of trains (Fonseca Teixeira
2003; Lopez Pita 2006). Furthermore, the displacement
values measured during the static test showed that the dy-
namic application of vertical loads reduced the deforma-
tions in both types of rail pad. This reflects the stiffening
of these materials under the dynamic loads to which they
will be subjected during their service life.

In regards to the dynamic performance of the rail
pads, Figure 6 shows the change in dynamic stiffness
(DS) and dissipated energy (DE) for the loading cycles of
sample 1 of DT and CR rail pads. The results show that
when the number of loading cycles increased, the stiff-
ness of the CR rail pad also increased, a tendency that
persisted until the end of the test (1000 loading cycles of
20-95 kN). However, the DT rail pad, after a slight in-
crease in stiffness during the first 600 cycles, maintained
a constant dynamic stiffness value of about 1700 kN/
mm. This means that after the mechanical conditioning
of the DT rail pad, its dynamic performance stabilized,
thus assuring an effective response to the repeated loads
that occur on railroad tracks. Insofar as its energy per-
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Fig. 6. Dynamic stiffness (DS) and dissipated energy (DE)
for DT and CR rail pads

formance, the DT rail pad dissipated more energy than
the CR rail pad, probably because of the difference in
stiffness values. Consequently, the CR rail pad was found
to have a lower capacity to dissipate the loads transmit-
ted by trains, which can accelerate the deterioration of
sleepers and ballast.

3.3. Fatigue strength

Figure 7 shows the evolution of the dynamic stiffness
(DS) and the accumulated dissipated energy (ADE) of
sample 1 of the DT and CR rail pads. The ADE was ob-
tained as a sum of the dissipated energy by the materials
in each load cycle, which is measured by the area locked
up inside the recorded hysteresis cycles. Thus, the ADE
allows analyzing the capacity of the rail pads to damp
loads during their service life.

The results show that the dynamic stiffness of the
DT rail pad remained constant at the different load levels
though it slightly increased when the load changed from
a lower level to a higher one. In contrast, the CR rail
pad experienced severe stiffening when the load cycles
increased in number as well as amplitude. This signifies
that it has a lower long-term capacity to damp repeated
loads as well as more severe ones. This stems from the
deterioration in the mechanical performance of this type
of pad during the fatigue test. Furthermore, based on the
ADE results for both types of rail pad, it was found that
the DT rail pads dissipated more energy when subjected
to repeated loads. In fact, this tendency even accentu-
ated as the number of cycles increased. This indicates
that during the service life of these materials, the DT
rail pad is capable of reducing the energy transmitted to
the sleepers and the granular layers of the railroad track.
Since there is less deterioration, this has the advantage of
also reducing maintenance work (especially in the ballast
layer) as well as the cost of this work.

Figure 8 shows the long-term evolution of the per-
manent displacement obtained for sample 1 of the DT
and CR rail pads during the dynamic mechanical fatigue
test. As can be observed, the CR rail pad experienced a
significant increase in residual displacement during the
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repeated application of the loads. The deformation was
even more evident as the load levels became greater. In
contrast, even though the DT rail pad initially showed
higher values of residual deformation than the CR rail
pad at the first load level, it showed a constant elastic
performance because its minimum displacement re-
mained almost invariable as the load cycles and ampli-
tude increased. Consequently, the DT rail pad had a better
elastic recovery after the fatigue tests of the material and
also showed a better long-term mechanical response to
the application of loads simulating the passage of trains.
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Fig. 8. Evolution of the residual displacement of the DT
and CR rail pad

In order to complete the durability test of both ma-
terials in response to the application of dynamic loads,
a static test was performed with loads of 20 kN—95
kN for the samples subjected to the fatigue test. It was
found that the stiffness of the crumb rubber rail pad in-
creased from 287.86 kN/mm to 341.95 kN/mm (18.79%)
whereas that of the deconstructed tire rail pad increased
from 290.84 kN/mm to 325.87 kN/mm (12.05%). This
signified that both types of rail pad are apt to be used in
railroad tracks though the DT rail pad experienced less
elastic deterioration.

3.4. Effect of climate conditions

DT and CR rail pads then underwent freeze-thaw and
thermal ageing processes to study the change in their
static and dynamic performance. Table 4 shows the vari-
ation in static stiffness (SS) and dissipated energy (DE)
measured in the last load cycle of the 20—95 kN static
test in reference to the results obtained for these materials
before the artificial deterioration process. Moreover, the
table also provides the change in dynamic stiffness (DS)
and accumulated dissipated energy (ADE) obtained in
the dynamic test for both types of rail pad as compared
to the results before the deterioration process.

The results of these tests showed that the static and
dynamic stiffness of the rail pads increased when they
were subjected to both artificial deterioration processes.
However, it was also observed that in the case of the
CR rail pads, their substantial increase in stiffness was

Table 4. Variation in the static and dynamic performance of the
rail pads after freeze-thaw and thermal ageing processes.

Variation (%) Variation (%)

Rail pads
SS DE DS ADE
Freeze-thaw
CR rail pad 40.74 -11.87 2.44 —22.65
DT rail pad 11.39 -8.52 8.34 -8.28
Thermal ageing
CR rail pad 15841  —71.30 53.85 —7.53
DT rail pad 5.08 -9.77 10.69 -3.30

accompanied by a reduction in capacity to dissipate the
energy generated by the passage of trains. This occurs
because of the severe deterioration of the properties of
the resin binding agent. This tendency is even more sig-
nificant in the static performance of CR rail pads after the
thermal ageing process. The results show an increase in
stiffness of 158.41% and a decrease in dissipated energy
of 71.30%, as compared to the values obtained before
the ageing process.

In contrast, the DT rail pads performed much bet-
ter. Both deterioration processes had a similar effect on
their static and dynamic behavior. The rail pad slightly
increased in stiffness (11.39%) and experienced an
even slighter reduction in its capacity to dissipate en-
ergy (9.77%). These results show that the DT rail pads
have greater deterioration strength than the CR rail pads.
They also show that the capacity of these DT rail pads
to damp and dissipate the loads transmitted to the rest
of the railroad track remains virtually unchanged during
their service life.

Conclusions

This research study analyzed the viability of using EOL
tires as elastic pads in railroad tracks. The first set of pads
was designed by deconstructing EOL tires by removing
the outer tire layer without the need to apply any type of
mechanical processing that could modify its the proper-
ties. This research analyzed the mechanical response of
a set of deconstructed tire (DT) rail pads to compression
loads that simulated railway loads in a static and dynamic
state. The long-term dynamic response of the material
was also analyzed. The results were compared with those
obtained for a second set of commercial crumb rubber
(CR) rail pads, which was used as a reference value. Fur-
thermore, the environmental ageing of both DT and CR
rail pads was studied by subjecting them to freeze-thaw
cycles and a thermal ageing process to analyze the static
and dynamic performance of these materials. From the
results obtained in the tests, it was possible to derive the
following conclusions:

- For loads of 20—95 kN, DT rail pads were found to
have static stiffness values that were similar to those
of the commercial CR rail pads. The results for both
types of pad showed low variability.
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- Moreover, the DT rail pads had higher vertical
deformation values as well as elastic recovery val-
ues. This indicates that the use of these pads in the
railway system could contribute to a greater damp-
ing of the loads and vibrations transmitted by rolling
trains.

- The maximum vertical displacement values for DT
and CR rail pads are very similar for compression
loads (200 kN), which are greater than normal in
railway systems, even though the DT rail pads ob-
tained higher secant stiffness values (100—200 kN).
This is because the material stiffens when the com-
pression loads increase, which is typical of rubber
rail pads.

- In a dynamic state, the stiffness of DT and CR rail
pads increased in comparison to the results of the
static tests though the increase was greater in the
case of commercial CR rail pads. Consequently, the
DT rail pads showed a greater capacity to damp dy-
namic loads.

- Furthermore, the increase in dynamic stiffness dur-
ing the fatigue test was lower for the DT rail pad.
This signified that this rail pad was less affected
by the increase in the number of loading cycles as
well in the load amplitude. This showed that the DT
rail pads experienced less deterioration in regards
to their mechanical properties than the commercial
CR rail pads.

— The DT rail pads showed a greater capacity to dissi-
pate the energy from the loads generated by the pas-
sage of trains. In this way it was possible to reduce
the energy transmitted to the sleepers and ballast,
and thus mitigate the deterioration of these railway
components.

- The environmental ageing of the DT rail pads was
found to be lower than that of the commercial CR
pads.

The results of this research study prove the viability
of using rail pads made from deconstructed tires on rail-
way tracks. This material gives the pads more elasticity
and greater damping capacity of the loads and vibrations
caused by the passage of trains. Moreover, by using EOL
tires for this purpose, it is possible to reduce the accu-
mulation of a waste that would otherwise be difficult to
eliminate. This is an important contribution to efficient
and sustainable development.
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