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Railway tracks in alpine regions consist of manyes with small radii of often less
than 300 m. There, the elastic pads that are mdunteetween the rail and the sleepers
are affected by enormous stresses. In the narrowesuthe elastic pads must be
replaced every few years which is time consumingl @ost intensive. If the
deterioration of the elastic pads is not detectetime, the sleepers will be damaged
too, and as a consequence the train traffic neeldle shut down during its replacement.
Mainly, horizontal forces are assumed to causeaditwelerated deterioration of the
elastic pads. Consequently, more durable mateaigsunder development currently.
However, the forces that are generated by a tragsgqge and subsequently the strain
inside the elastic pad are insufficiently known.

In this paper, the development of a fiber-optid-séiain-pad (RASP) is described.
Several fiber Bragg grating (FBG) sensors are emdednto the elastic pad during the
production process. Challenges in the developmemé whe very small dimensions of
the structure (size of the pad: 150 x 160 x 7°jramd the large strain values of several
1 000 £ that are induced by loading the pad. Draw-towettiggs were used, as this
sensor type was the only one to withstand the Iatggins of more than 30 00@.u
Several RASP prototypes were developed and telStgubrimental results are shown in
order to demonstrate the capabilities of the sydtemmeasure large strains. In future,
the RASP will be used for weigh-in-motion issues.
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ABSTRACT: Railway tracks in alpine regions con®$tmany curves with small radii
of often less than 300 m. There, the elastic plaaisare mounted in between the rail and
the sleepers are affected by enormous stressdke Inarrow curves, the elastic pads
must be replaced every few years which is time wamsg and cost intensive. If the
deterioration of the elastic pads is not detectetime, the sleepers will be damaged
too, and as a consequence the train traffic neelde shut down during its replacement.
Mainly, horizontal forces are assumed to causeaiteelerated deterioration of the
elastic pads. Consequently, more durable mateai@sunder development currently.
However, the forces that are generated by a tragsgge and subsequently the strain
inside the elastic pad are insufficiently known.

In this paper, the development of a fiber-optid-stiain-pad (RASP) is described.
Several fiber Bragg grating (FBG) sensors are emdxdnto the elastic pad during the
production process. Challenges in the developmené the very small dimensions of
the structure (size of the pad: 150 x 160 x 7°jramd the large strain values of several
1 000 |£ that are induced by loading the pad. Draw-towettiggs were used, as this
sensor type was the only one to withstand the Iatggns of more than 30 00@.u
Several RASP prototypes were developed and teStgubrimental results are shown in
order to demonstrate the capabilities of the sydtemmeasure large strains. In future,
the RASP will be used for weigh-in-motion issues.

1 INTRODUCTION

Elastic pads (fig. 1a) are used in railway engimgeto reduce the stress in the roadbed
and track components. The vertical forces appligd lpassing locomotive are about
70 kN, or even above 100 kN in the case that soemghhouring sleepers do not rest
properly on the road-bed. Lateral forces, which eaased by centrifugal forces for
example, are usually smaller and may be aboutZkN2in straight rail sections or
10 - 50 kN in narrow curves with 200 m radius (lth@rger,2003, p. 40). Due to the
applied load, the pad is compressed by about 10%caky and its horizontal change in
size is about 3%.

A current problem is the deterioration of the atagads (fig. 1b) and thus the pads need
to be replaced after very short time spans. Fomgig in alpine regions with many
narrow curves they are replaced every 2.5 to 4sy@suer, 2005). If the damage of an
elastic pad is not detected, the rail under loatilted outwards and as a consequence,
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the track width gets wider (e.g. more than 12 mmerA 2005) which is, of course, a
security-relevant aspect. Finally, if the pad i$ replaced in time, the sleeper will be
damaged, see fig. 1c, and must be replaced witliac& lock. This, of course, affects
the train traffic.

Figure 1: (a) New elastic pad with a 2 EUR coir),db used pad that was removed too
late from a regular railway track and (c) startitegnage of a sleeper.

The reason for the fast deterioration of the edgs#ids is rather unknown. However, it
was assumed that horizontal and vertical forceemgeed by passing trains as well as
temperature changes inside the pad are possibdesau

Currently, efforts are made to optimise the whalé system. Especially, the material

performance of the elastic pads should be imprawedrder to achieve a longer

durability of the pads. The performance of the ryesddveloped pads is usually tested in
test tracks over several years. But there is norimdtion about the stress behaviour
inside the pad. Thus, investigations should beopered with strain measurements
inside an elastic pad during the passage of tasrs base for material optimisation. For
this purpose, an elastic pad with several integransors (rail-strain-pad, RASP) was
developed, tested in the laboratory and used anvaay track under field conditions.

2 FIBER-OPTIC SENSORS

The integration of sensors into a small objecte #ize of the elastic pad is only
150 x 160 x 7 mrh- is rather critical and their proper installatiznessential for the
representativeness of the measurement results-&jpie sensors (FOS) appeared to be
the only suitable sensor type because of their Isdiadensions (e.g. 0.25 mm fiber
diameter) and their potential to transmit the sigmd several sensors using one lead-in
fiber only which is used instead of many connectiables. When using FBG sensors,
several sensors may be integrated into one singge &nd thus the strain distribution
inside the elastic pad may be studied. Comparedraditional sensors, another
advantage of FOS is their electromagnetic immunityich is an important issue when
measuring close to railway tracks and electric octves.

Several types of fiber-optic sensors are availat#e, Measures (2001) or Peters (2009)
for example. FOS were already used in combinatibi @lastic pads (Sensorline, 2009)
which are used for the counting of axles for exanplowever, because of the
operating principle (microbending) these sensorsgtibe used for the determination
of the strain distribution inside the pad.

For the realisation of a RASP, fiber Bragg gratsensors were used as (a) several
sensors may be applied to one single fiber anth@¥ensor length may be rather small
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(some millimetres). Further, (c) the signals of esal/ FBG sensors might be read
simultaneously and (d) dynamic measurements arglpes

3 FIBER BRAGG GRATING SENSORS AND THE USED MEASUREMEN
SYSTEM

3.1  Fiber Bragg Gratings

The principle FBG sensors is described in Kashg@i@) or Othonos & Kalli (1999)
for example. The FBG reflects one portion of tlgltiwhich corresponds to

Ay = 2nA, (1)

where n is the refractive index andlg is the grating period. Typical strain and
temperature sensitivities of a FBG sensor are (¥u¥an 2002, p. 127):

1 DA—/‘ = 078010°/ pe
Ag As (2)

1M _ge78m10° /K
A, At

3.2 Instrument and FBG sensors used

Within the development of RASP, a Micron Optics seg interrogator (si425) was
used for the reading of the FBGs. The measurenagrgeris 50 nm (1520 - 1570 nm)
and the optical resolution is 1 pm. Thus, straid tamperature may be acquired with a
resolution of 0.8 g and 0.1 K respectively. On each of the four chlmri#2 sensors
may be measured simultaneously with a samplinga250 Hz. However, the number
of sensors per channel is limited by practical ®eas In order to separate the signals
properly, the signal spectra must not overlap winmeight be a problem in the case of an
uneven strain distribution along the fiber.

The maximum strain that may be measured is lintigthe breaking limit of the glass
fiber and the FBG sensor respectively. This is adduN for a standard FBG of the
recoating type. There, the coating is replacedredfme bare fiber is illuminated with an
UV laser for the production of the grating. Aftends, the section of the bare fiber is
recoated, but the strength of the fiber is degragdhis process. One alternative
manufacturing method is the illumination of the tgrg whilst fiber production on a

draw-tower prior to the coating process of the rfitmee Chojetzki et al. (2004) for
example. The tensile strength of these draw-toweatirgs is above 50 N, which almost
corresponds to the one of a bare fiber, allowingneasure large strains of about
50 mm/m or more. Because of the large deformatfaan RASP (see next chapter), this
sensor type was finally used.

Acrylate coatings are widely used. However, aceylet temperature resistant up to
100°C only, why polyimide coated fibers are oftesed for applications with higher
ambient temperatures. Special coatings with a tesityne resistance of up to 800°C are
available (see e.g. Chojetzki et al., 2004), beséhcoatings were not necessary for a
RASP (see next chapter). Ormocer which is the comooating of the DTGs provides
a temperature stability of up to 200°C and thusas used for the RASP. Tab. 1 lists
the properties of some FBG sensors used duringebelopment of the RASP.

Table 1: Properties of some types of FBG sensors.
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FBG coating temperature fiber breaking
type range diameter  strain
[°C] [um] [%]
recoating acrylate  -40 to +100 255 <1
recoating polyimide -40 to +250 155 <1
draw-tower ormocer -180 to 195 ~6
+200

4 PRODUCTION OF A RASP

It was one of the major tasks to integrate therfilygtic sensors into the elastic pad
without damaging them. Due to the small size of ple, the material’'s quite large

coefficient of thermal expansion (CTE; about 15nfg), and in order to get the most

reliable results, the bare fiber was integrated the material matrix of the elastic pad
during manufacturing. The material is a closed-pellyurethane elastomer (PU) with a
static stiffness of about 160 kN/mm, see fig. 2isTiather low stiffness was chosen, as
there is a trend towards elastic pads with lowrsgs in railway engineering.
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Figure 2: Load deflection curve of an elastic pathean stiffness.

Fig. 2 shows the relationship between applied ®ear&l the vertical compression of the
pad. At 100 kN, the compression is about 0.8 mmghvis 11% of the 7 mm thick pad.
The horizontal deformation was unknown at that time

Whilst manufacturing, the stiffness of the pad & by the inclusion of small air

bubbles. These bubbles usually have a diameteresd than 0.1 mm and it was
experimentally verified that they do not causedh#edded fiber to break when a force
is applied. The chemical reaction of the differenaterial components during the
production process causes the temperature to semaove 100°C, see fig. 3a. This is
one of the reasons, why standard sensors withrgtatecoating could not be used.
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Figure 3: (a) Temperature increase whilst embedthiegsensors and (b) wavelength
shifts of a FBG sensor whilst the production of AIR.

The viscous material hardens within several minates$ subsequently the elastic pad
can be removed from the mould. Thereby, the padenlg changes its size because of
the changed pressure ratio, and afterwards it lshistowly due to the large CTE. In
total, the pad shrinks by about 1 mm (0.7%) whiabses the wavelength shift of about
8 nm that can be seen in fig. 3b. As a consequeitag-tower gratings (manufacturer
FBGS, Jena, Germany) were used as the sensingralemMeRASP with these sensors
survived tests with applied static loads of up @ RN or the whole test of dynamic
load changes (> 500 000 load cycles, 55 kN eachieel FBGs (5 mm length, 15%
reflectivity) were used on one fiber. In order &parate them correctly in the presence
of uneven strain, a rather large wavelength separadf 15 nm was chosen for
neighbouring sensors. By using an instrument wetlesal input lines, it was possible to
integrate 9 sensors into one RASP. AdditionallfsBG based temperature sensor was
integrated into the pad for the temperature comgaensof the measuretk. In order to
protect the lead-in fibers from raised ballast gran the rail track, armoured hoses of
some metres length were used. Fig. 4a shows a scbeenRASP and fig. 4b shows its
realisation.

@ FBG on ()
optical fibre

elastic pad lead-in fibres

44— armoured hose

% 0& FO-connectors

Figure 4: (a) Schema of the rail-strain-pad andtfxealisation.

5 TESTING A RASP

For testing and calibration purposes, the railistpmd was put on a pressure test
facility. The passage of a passenger train (heawyine, 6 wagons, velocity of
140 km/h) was simulated by loading the pad with tberesponding vertical forces.
Fig. 5a shows these forces, which vary in betwe®kNL (i.e. the clamping force of the
rail clamps which hold the rail at the sleepersyl &b kN. Exemplarily, the strain
measured by the three sensors A to C on the miilake (see fig. 5b) is shown in
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fig. 5c-e. For data conversion, the strain sengptigiven by the sensor’'s manufacturer
was used, which corresponds to the one given i2)edlowever, for the independent
verification of these values we have developed & E@libration facility at our institute
which is now close to completion.
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Figure 5: Simulation of a train passage in the tatooy: (a) Vertical forces applied by a
test facility, (bZ location of the FBG sensors desthe RASP and the strain measured by
(c) sensor A, (d) sensor B and (e) sensor C (metelifferent scales of subplots c, d, e).

Note that the FBG sensors are arranged eccenyricedide this rail-strain-pad. The
measured strain values are quite different forthinee sensors, indicating that the strain
distribution inside the pad is quite nonlinear. 8, which is the outmost of the three
sensors, shows the largest strain values (up @03&. Sensor C, which is 10 mm
closer to the pad’s centre, provides strain vathasare smaller by a factor of 7. In the
central region of the pad (sensor B), even negatixaan (-20 |g) appears, indicating
that the pad is compressed in this region. Thisopmance was previously unknown
and indicates a non-linear Poisson'’s ratio forelastic pad in the position of use.

It is now one of the next goals to compute thedsracting on the RASP by using the
FBG signals and individual calibration functiong feach sensor. First results were
already shown in Woschitz (2010). There, the maxohahe applied vertical forces
could be determined with an accuracy of about 2#afatory conditions).

6 STRAIN IN THE FIELD ON A RAIL TRACK

In order to get first information about the stramside an elastic pad under field
conditions, several RASPs (14) were manufacturetiastalled in a mountainous rail
track in a narrow curve (R =290 m), see fig. 6.

|

& - g"’,’ i RN

e

Figure 6: Several RASPs installed in a rail track.
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During a period of one week, the signals of sevieaaths were measured. Fig. 7a shows
the largest signal that was observed in the filddr days after the installation of the
RASPs. Shown are the raw signals, as the valuewdoelength to strain conversion
could be different from the standard values, egtigcfor signals of that magnitude.
However, this will be investigated with our calibom facility in future works.

In Fig. 7a the vertical axis corresponds to the lehmeasurement range of the
interrogation unit. For comparison, the signal ot@responding passenger train is
shown in fig. 7b; the signal was acquired in thieolatory at the test stand using the
same RASP (the sensor positions in this pad difeen the one shown in fig. 5b, why
the signals of sensors A and C are almost of threegaagnitude here).
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Figure 7: Wavelengths measured with sensors A, BGuga) in the field during a real
train passage and (b) in the laboratory for a sateal train passage with a train of the
same type.

At a first glance, the large wavelength differetetween the field and the laboratory
data can be seen. It is about 19 nm for sensord®&mm for sensor B. In the field, the
signal of sensor C (about 1581 nm, measured iat& Situation with another reading
unit) is even out of the measuring range of thermogation unit used. Secondly, the
signals of the train acquired in the field are akb®itimes larger compared to those in
the laboratory. Of course, the conditions in tHmtatory and the field are different. For
example, additional horizontal forces in the figlaused a tilting of the rail of 0.5°
during the train passage and thus the elastic psddeformed asymmetrical. But for
material optimisation, knowledge about the strainthe pad in real conditions is
essential. It is explicitly mentioned that theseyvkarge strains cannot be measured
using standard sensors; sensor A for example, wiratides a nominal wavelength of
1530.0 nm, survived wavelength changes of aboutn39Assuming that the standard
coefficient for strain conversion is applicable feuch large strains, then the
corresponding strain might be about 31 0@D pdversely, all recoated FBG sensors
that were used in some early RASP prototypes babkeuch smaller strain rates.

One possible reason for the very large signaldienfield might be a slip of the elastic
pad. The RASP was installed in the track four dagfre the measurements were
performed. Within this time, the pad has moveddpprox. 4 mm towards the angled
guide plate, see fig. 8.

(@

Figure 8: Position of the elastic pad between thié and the sleeper (a) after its
installation and (b) 4 days later.
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In order to prove the functionality of the RASP alhhas shown these large signals, the
pad was removed from the rail track after the eintth@ experiment and again tested in
the laboratory. Its correct operation could be destrated.

7 CONCLUSIONS AND OUTLOOK

The elastic pads used in railway tracks show ldefermation when they are loaded. If
installed in narrow curves, the replacement inteofathe pads is rather short (some
years) and thus their replacement is cost intensigethe improvement of this situation
a better knowledge of the strain variation in a gadequired. For this purpose a rail-
strain-pad was developed based on fiber-optic sensorst, only little information
about the material was available and thus stanBBf@ sensors of the recoating type
were used mainly for cost reasons. However, theyndit withstand the large strain
values that appear inside the small pad during mymdoading. Draw-tower-gratings
were found to be the suitable sensor type for #mplication. Several RASPs were
installed in a narrow curve of an alpine railwagck for a period of one week. There,
the sensors, which were embedded into the matea#ix, survived even strain values
of about 31 000 @

The measurements are the first of this type imthagerial used and are now the base for
the optimisation of the elastic pads by the produceorder to provide pads with a
higher durability. A further development of the RASuill be used for the continuous
monitoring of loads applied to the railway trackermhigh elasticity of the elastic pad is
a key issue in railway systems, but makes sensswues a rather sophisticated task. For
the investigation of FBG sensors in their limit gana testing facility was established
and the first testing will be done soon. However, future WIM applications, the
RASP will be modified in order to reduce the maximstrain that is induced by the
applied loads.
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