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ABSTRACT. Railway sleepers are traditionally made of hardwood, pre-stressed concrete or steel.
However, emerging advanced materials, including polymers or composites, are investigated for a possible
employment in the sleeper production. The main function of sleepers is to distribute forces they carry
onto the trackbed, to support rails and keep the spacing between them, called the track gauge. The
operating tolerance of the track gauge is critical for safety and is set by regulations. Generally, it is
advisable to keep the track gauge deviation, as well as the sleeper length deviation influencing it, as low as
reasonably practicable. In this article, the recommended limit values of the thermal expansion coefficient
characterizing possible sleeper length deviation were evaluated. The recommendation considered allowed
track gauge tolerance and the experimentally determined temperatures of a sleeper measured in the
trackbed for a year. In addition, thermal expansion of a selected polymer in laboratory conditions
was determined, representing an alternative material for the sleeper production. Consequently, it was
compared with the limit and conservatively used materials. Furthermore, the same tested polymer,
but utilizing chopped glass fibres to reduce the thermal expansion of the polymer, was also tested.
Results show a positive impact of the glass reinforcement on the thermal expansion coefficient. The
applicability of the selected polymer in the railway sleeper production from the perspective of the
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thermal expansion was discussed in the paper.
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1. INTRODUCTION

Railway sleepers are beams supporting rails (Figure
1). Sleepers are laid in railway ballast material up
to their upper surface. Sleepers keep track gauge,
carry vertical, longitudinal, and transversal forces,
and distribute them to the ballast as described by
Bonnet et al. [1].

As pointed out by Manalo et al. [2], railway sleepers
can be classified as traditional (made of hard wood,
pre-stressed concrete or steel) and alternative (made
of polymers, composites with a polymer matrix, etc.).
From the perspective of applicable properties, each
mentioned material option may provide advantages
for different specific track sections including straight
or curved tracks, switches, bridges, railroad crossings,
welded or non-welded rail. As reviewed by Ferdous,
specific material limits, failure mechanisms and reme-
dies should be taken into account for each material
option [3].

Railway sleepers made of hard wood were the only
material solution introduced at the beginning of rail-
way transport in the 19*" century. These have pro-
vided sufficient stiffness, compressive and bending
strength, and adaptability in the installation of a
fastening system. On the downside, wood has a well-
known propensity for degradation by wood-destroying
insects and fungi and, additionally, wide and longitudi-
nal cracks occurring in wooden sleepers decrease their
performance and ability to hold fasteners. These were

/railway sleeper
track gauge rail
e A

railway ballast

FiGUurE 1. Railway sleeper laid in railway ballast.

partially solved by using creosote tar for preservation
of the wood and by employment of condition monitor-
ing methods simplifying the inspection of sleepers [4].
However, the creosote tar is considerably hazardous
with respect to pollution of groundwater, and of air
when burned, and its use was, therefore, regulated
by the European Union - leading to a total ban of
creosote (with few exceptions) in new or reconstructed
railway lines after 2020 [0 [6]. Taking this into account,
development of a safer preservation substance or an in-
troduction of a material for the production of railway
sleepers has become a new challenge of transportation
engineering. Moreover, the lack of good-quality hard
wood for the production of wooden sleepers led to
the investigation of pre-stressed concrete has become
available since mid of 20*" century.

Pre-stressed concrete became an attractive mate-
rial providing high compressive strength and stability,
both improving the capabilities of continuous welded

467


https://doi.org/10.14311/AP.2019.59.0467
https://ojs.cvut.cz/ojs/index.php/ap

.....

AcTA POLYTECHNICA

rail, along with a high resistance to damage, adding
to its superiority in service life. However, the higher
stiffness of pre-stressed concrete results in sleepers
with low damping coefficient and insufficient flexibil-
ity, which in turn leads to cracking in their midspan.
Heavy loading and repeated dynamic load cycles, to-
gether with a relatively high rigidity of concrete sur-
face, lead to excessive wear of trackbed [7]. Conse-
quently, the modification of contact parameters be-
tween sleeper soffit and grains, turn into a change
in the granulometric curve producing fines leading
to the deterioration of the railway ballast elasticity
and permeability [8]. Finally, a track maintenance
intervention is required.

As for pre-stressed concrete, an analogous case of
the widespread expansion of a new sleeper material
is the application of polymers or composite materi-
als with a polymer matrix in the beginning of the
215 century. After discovering the pultrusion pro-
cess, first sleepers made of polyurethane foam and
longitudinal glass fibres were introduced. Such sleep-
ers were produced in Japan and installed on high
speed railway tracks. This resemblance is based on
the fact that it was necessary to develop the proper
manufacturing technology and not only to develop
a polymer, which had become common in industry
about 100 years ago [9]. In the late 20" century, the
ever increasing consumption of polymer across indus-
tries, which volumetrically surpassed the amount of
produced steel, glass or concrete, led to considera-
tions about the treatment of polymer waste. The
phenomenon of processing recycled polymers, espe-
cially by extrusion or moulding processes, enabled
their use as secondary material for the transportation
building industry, including railway structures. They
are applied in the production of polymer railway sleep-
ers, polymer sleeper anchors, damping mats or rail
noise absorbers [10].

The use of recycled polymers in the production
of railway sleepers brings advantages, including the
assumed service life of up to 50 years, no biodegradabil-
ity (and thus no need to use preservation substances),
shape variability and design freedom, low weight ben-
efitting the transportation and installation costs, and
also the possibility to reduce wood consumption [I1].
Polymer sleepers are more flexible, and thus their ap-
plication in switches and lines on undermined areas is
beneficial [12]. Since the application of creosote oil in
wooden sleepers is to be banned, polymers can become
the appropriate alternative of wood. Advanced and
innovative application of polymers, composites with
polymer matrix or sandwiches in the sleeper devel-
opment can be found, for example, in [I3] [14]. The
recent developed polymer and composite sleeper types
are summarized in Ferdous et al. [I5]. The crucial
laboratory tests of plastic sleepers, which determine
the material, application and supplementary prop-
erties including an issue of thermal expansion, were
summarized by Lojda in [I6] [I7]. The characteristic
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of polymers is their sensitivity to the temperature in-
fluencing their properties [I8]. The thermal expansion
of polymers is by an order of magnitude higher than
of traditional materials [19].

The main objective of this article is to describe
the role of the thermal expansion, represented by a
coefficient of linear thermal expansion «, in the devel-
opment of polymer railway sleepers and to consider
the range of « with respect to their production. Then,
the coeflicient o was experimentally determined on
selected recycled polymer and composite specimens.
The selected materials were subjected to temperature
test cycles while the dimensions of specimens were
measured. Taking the thermal expansion into account,
the influence on the track gauge and possible produc-
tion of railway sleepers was assessed. In addition, a
recommendation of a limit value of the coefficient «
for the material intended for the production of railway
sleepers was proposed.

2. DETERMINATION OF SLEEPER
THERMAL EXPANSION

A tendency of materials to change their volume upon
change in temperature is referred to as the thermal
expansion. Positive thermal expansion within poly-
mers results in a volume increase if the material is
heated and a decrease if cooled. In solids, this rate
is characterized by the coefficient of linear thermal
expansion o [20] expressed in Eq. (I):

a = Al/(IpAT) 1)

where « is the coeflicient of linear thermal expansion
of the sleeper material [K~'], Al is the change in
length [mml]; I is the initial length [mm], AT is the
change in the sleeper’s temperature [°C].

2.1. EFFECT OF LINEAR THERMAL
COEFFICIENT TO RAILWAY SLEEPERS

The track gauge is defined as the distance measured
in the direction perpendicular to the rail between the
running edges of rails at a depth of 14 mm below the
line that is bounded by the tops of the rail as de-
scribed in the technical standard 736360-2 of Czech
Office for Standards Metrology and Testing [2I]. In
the case that the coefficient « of the sleeper material,
together with the change in the sleeper temperature
AT, would be substantially high, the track gauge may
become affected. The change in the temperature AT
is given as a difference between the temperature 7'1
and temperature T2. It is assumed that the rails
are connected to a sleeper in the railway ballast at a
temperature of T'1. As the sleeper is heated or cooled,
depending on ambient temperature, the sleeper tem-
perature changes to T2 and based on the coefficient
«, the sleeper changes in its volume.

The dimensions of a typical sleeper are 2.60 x 0.15 x
0.26 m [22]. Since the length is about 10 times higher
than the two remaining dimensions, the sleeper is
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FIGURE 2. Positive and negative deviations Al of track gauge. Initial length [y changed by Al as the consequence of

a change in temperature AT (heating or cooling).

considered as a beam with one prevailing dimension,
which is represented with its centreline.

A simplified model of a temperature being equally
distributed through the whole sleeper body (a model
adopted in this article) states that the change in the
length equals to the change of the centreline. As op-
posed to that, more accurate model described further
in the paragraph is being investigated, but for the
purpose of this paper, the former, simplified model
is sufficient and thus was adopted. As shown in Fig-
ure [T} a sleeper in a railway ballast is surrounded
with gravel up to its upper surface and thus unequal
change in its temperature occurs and deformation
may be reduced. The theoretical heat transfer model
including parameters of the specific thermal capacity
C, the thermal conductivity A, and the density p of
the polymer sleeper would describe the sleeper defor-
mation more precisely. The standard track gauge of
1435 mm is common in majority of the world railways
[23]. Positive or negative deviation of the track gauge
(Figure [2) leads to an excessive wear of wheels and
rails, or even derailment. In order to keep mainte-
nance costs in a reasonable range while ensuring the
safety of the railway track, it is required to keep the
geometrical characteristics of a railway track within
permitted values.

In a railway track, deviations of the track geometry
parameters, including track gauge, track elevation,
track direction, the longitudinal height of rails, etc.,
are observed. They arise during the track construction
phase and also during the operational phase. In the
construction phase, allowed parameter deviations of
the track are stricter and between maintenance actions,
the allowance is less strict.

The permitted deviations listed in the technical
standard 736360-2 [2I] depend on the track gauge,
maximal permissible speed and a consideration of the
construction or operation phase of a track. The values
of a rail gauge deviation in the operational phase are
divided into three levels (alert limit, intervention limit,
immediate action limit). Taking the alert limit and the
permissible speed of up to 230km-h~! into account,
the positive allowed deviation of the track gauge is
up to 10 mm and negative up to 3mm (Table . The

negative allowed deviation is always stricter than the
positive deviation.

If the sleeper is heated or cooled, the track gauge
may theoretically slightly change depending on the
temperature change. In order to describe the tempera-
ture of a sleeper laid in a railway ballast, a supportive
measurement on a track in a municipality of Hostivice
was performed. Temperature sensors were placed in
the ballast under wooden and plastic sleeper soffit and
one sensor was placed one meter above the terrain,
all of them collecting data for the period of one year.
From the collected data, it was found out that, under
local conditions, the sleeper temperature in extreme
can vary on the range of about 45 °C. However, typ-
ically, the range is lower. In the next part of the
article, the temperature of 35°C was considered as
AT. Using the change in the sleeper ambient tempera-
ture AT of 35 °C, the normal track gauge of 1435 mm,
and the negative deviation of the track gauge Al of
-7mm in Eq. , the coefficient « is 13.9 - 1075 °K 1.
Additional limit values of the coefficient « for a higher
permissible speed are shown in Table

A comparable finding from the perspective of
an American technical regulation was found in
Lampo [23] where the limit value of the coefficient
« for polymer sleepers required by American Rail-
way Engineering and Maintenance-of-Way Association
(AREMA) is 7.5-107° K~ [23].

2.2. DESCRIPTION OF POLYMER SAMPLES
SUBJECTED TO THERMAL EXPANSION
TEST

The recycled polymer (REP) selected for the possi-
ble sleeper production was subjected to a thermal
expansion test. This material is mainly utilized for
the production of storage pallets. Details about their
application can be found for example in [26]. The
used REP is obtained from the polymer waste gen-
erated by the general public in households [27]. The
polymer waste consists of polyethylene (PE; 65 %),
polyethylene terephthalate (PET; 24 %), polypropy-
lene (PP; 2%), polystyrene (PS; 1%) and other sub-
stances (8 %) [28]. The REP conglomerate is treated
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Permissible speed V. [kmh7l] V<120 120<V <160 160 <V < 230
Allowed track gauge deviation Al [mm] -7 -5 -3
Limit value of coeflicient o [1075K] 13.9 96 59

of thermal expansion

TABLE 1. Limit value of thermal expansion coefficient « of sleeper material determined on base of Eq. |1| applying
allowed track gauge deviation Al (at alert limit for the track gauge [ of 1435 mm) and maximal temperature change
AT of 35°C.

Material REP REP_ C Ecotrax
Density p, [kgem™3] 940 950 875

Integrico
1089

TABLE 2. Volumetric mass density p, of REP and REP_ C and other recycled polymers used in the production of

railway sleepers [24] [25].

utilizing the extrusion process under a temperature
of 220°C and the pressure of 100 MPa.

In order to reduce the thermal expansion of the
REP, a reinforcement made of glass fibres was applied
into the REP conglomerate. Chopped glass fibres [29]
with a length of 12 mm arranged multi-directionally
were applied. The selection criterion of the fibres’
length was provided by the production technology
(the narrowest spot in the extruder was 15 mm), and
the fibres’ material was chosen in relation to the wear
and tear of an extruder by an abrasive material. The
choice of fibres weight concentration was based on:

e literature research — the recommendation is to add
the fibres in the volumetric concentration of at least
15 % [301,

o experimental development of polymer railway sleep-
ers in [3I] where the volumetric concentration of
12.5% was used,

e experience with REP resulting in the minimum
weight concentration of 12 % of glass fibres [28].

The fibres weight concentration was chosen at 15 %.
This composite material composed of recycled polymer
reinforced with glass fibres was labelled as REP__C.
Both materials including REP and REP__C were sub-
jected to the thermal expansion test. The specimens
made of REP and REP__C were of a prismatic shape
with the dimensions of 160 x 40 x 40mm. There
was a total of 18 specimens prepared and separated
into 2 groups (REP and REP__C) both consisting of
9 specimens.

Consequently, the volumetric mass density p, of
REP and REP_C was determined in order to describe
these materials. The density p, was calculated on the
basis of the weight and with the dimensions measured
with a calliper. The density p, was identified within
the natural moisture of polymers. The laboratory
determined density p, of REP and REP__C is shown
in Table 2l For a better insight, the density p, of
different recycled polymers commonly used in the
production of railway sleepers is also reported here.
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The density of REP and REP__C was comparable,
since the matrix material of REP and REP_ C is based
on the same mixture. The small difference between
them is attributed to the content of glass fibres in
REP_ C. Other types of recycled polymers, mentioned
in Table [2 resulted in approximately 10 % difference
in the density.

2.3. METHODOLOGY

The coefficient of thermal expansion, a, was deter-
mined based on a procedure specified in standard
CSN 640528 [32]. In the standard, the specimen is
described as a polymer body with the required mini-
mal length of 50 mm with a perpendicular or circular
cross section. The test is required to be done with a
minimal number of three specimens.

The length of the REP and REP_ C specimens
was determined with a calibrated Mitutoyo Absolute
Digimatic indicator with a precision of +0.001 mm.
The indicator was mounted in a metal dilatometer
intended for the purpose of the thermal expansion
measurement. The specimens and the test set-up is
shown in Figure [3

The specimen length was always measured after a
conditioning period at a certain temperature level. For
heating, a calibrated electric oven KCW 100 with a
digital thermometer was used. Freezing the specimens
was done with a calibrated Cooper climate chamber
equipped with a digital thermometer.

The first step consisted of measuring the initial
length three times at a default temperature of +20°C.
The specimens were conditioned in the electric oven
at the default temperature for 12 hours. Then, the
specimens were conditioned in two identical temper-
ature cycles. The temperature cycles are shown in
Figure [

One temperature cycle, in which the specimens
were firstly cooled and then heated, consisted of the
following temperature steps:

e cooling to 0, -10, -20, -10, 0°C and then
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FIGURE 3. Determination of the thermal expansion: a) polymer specimens made of REP, b) the dilatometer with the

displacement sensor.
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F1GURE 4. Illustration of thermal loading function for polymer specimens.

¢ heating to +10, 420, +30, +40, +50, +60, +50,
+40, +30°C and finally back to the default temper-
ature step of +20°C.

The length of each specimen was measured at ev-
ery single temperature step. Conditioning at every
temperature level took 12 hours. According to tem-
perature cycles and steps, each specimen’s length was
measured more than 30 times.

3. RESULTS AND DISCUSSION

In this part of the paper, data collected from the
laboratory test as well as the evaluation of the strain
€; related to the change in temperature AT and co-
efficient a are processed. In the selected range of
temperatures, the linearity of the thermal expansion
coefficient o for REP and REP_ C was estimated.

3.1. RELATIVE DEFORMATION

The development of relative deformation or, in other
words strain, ¢, = (I; — lp)/lo, of the specimens made
of the REP and REP_ C subjected to two temper-
ature test cycles, is presented in Figures [5j6] The
temperature cycles ranging between -20 to 460 °C
are expressed as the temperature change AT rela-
tively to 420 °C, which was the initial temperature
of specimens. Therefore, the temperature change AT

presented in graphs on the horizontal axis is between
-40 and +40°C.

There was a consistency in the behaviour of the REP
and REP__C specimens, however, the REP__C curves
were relatively scattered, which can be attributed to
an uneven distribution of the dispersed glass fibre
reinforcement.

The polymer reinforced with glass fibres achieved a
visibly lower relative deformation ¢;. The higher the
change in the temperature AT is, the higher difference
in relative deformation €¢; between REP and REP_ C
may be expected. The significant difference of about
30 % can be found at the temperature change AT of
440 °C, which is a consequence of the fibre reinforce-
ment effect.

Once the test cycles were finished, both materials
exhibited contraction. The residual deformation ¢;
after two temperature test cycles of REP was —3.14 -
10~% and of REP_ C was —3.56 - 1073,

The arithmetic mean and the 95 % probability in-
terval of the relative deformation €; for both polymer
types were calculated. The plot showing the rela-
tive deformation ¢, in Figure [7] represents 8 REP and
9 REP__C specimens. For the data processing, the
assumption of the normal (Gaussian) probability dis-
tribution was assumed.
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Recycled polymer REP

Coefficient o [1075 - K1)

REP_C
10.3+2.2 6.6+2.6 4.0 7.4 7.5

IntegriTies Ecotrax TieTek

TABLE 3. Summary of thermal expansion coefficient o of REP and REP_ C and polymer sleeper products [24H26], [33].

Based on the comparison of materials in the graph
above, the content of glass fibres in REP_ C led to
the reduction of the strain ¢; up to 25 % in relation
to the REP without glass fibre reinforcement.

3.2. COEFFICIENT OF LINEAR THERMAL
EXPANSION

The coefficient of thermal expansion a of REP and
REP_C was expressed on the base of Eq. [I] from the
positive part of the relative deformation in Figure [7}
For the calculation of the coefficient «, the second
temperature cycle was chosen, because it was assumed
that the material became stable. The coefficient o of
REP is 10.34+2.2 and of REP_ Cis 6.6+2.6 K~!-107°.
These results correlate well with reference polymer
sleeper products referred in Table [3]

The difference in the coefficient a between REP_ C
with glass fibres and REP without glass fibres cor-
relates with the material mass density p, of REP
and REP_ C, presented in Table 2l When comparing
REP_C with other materials, REP__C achieved simi-
lar results to other materials used in the production
of railway sleepers.

Assuming the formulated recommended value of the
coefficient of thermal expansion (Table 1)) shown in
a graph in Figure [§] the conclusion about REP and
REP_C can be said.

The conclusions about the application of REP and
REP_ C in the production of railway sleepers arose
from the maximal recommended values of coefficients
«. The thermal expansion of REP reaches the max-
imal recommended value for the material of railway
sleepers for the railway lines with a permissible speed
up 120km-h~!. In addition, REP significantly ex-

ceeds the AREMA recommendation for the coefficient
a of 7.5-107°K~! [23]. The thermal expansion of
REP__C is satisfactory for railway lines with a per-
missible speed up to 160km-h~!. Other polymers
mentioned in Table [3| are also suitable in the same
extent as REP_ C, or slightly better.

4. CONCLUSIONS

The influence of the thermal expansion of polymers
in the application of railway sleepers from the per-
spective of a track gauge stability was discussed. It is
crucial to mention that the coefficient « of a sleeper
material should be as low as possible in order to max-
imize the track gauge stability, which is permanently
deteriorated with operations of railway traffic. Within
certain design parameters of a railway track and as-
sumptions about possible temperature range of the
permanent way, the simplified calculations of an ad-
missible thermal expansion were made with respect
to common design procedures and dimensions. As the
main finding of this article, limit values of the thermal
expansion coefficient « for the sleeper material were
obtained. The thermal expansion of polymers used for
the production of plastic sleepers plays a minor role
when assessing the material suitability for a possible
production but it should be considered.

The investigated recycled polymer REP exhibited
a comparable thermal expansion to other polymers
used in the production of railway sleepers. Moreover,
a glass fibre reinforcement was used to assess its influ-
ence on the behaviour of the recycled polymer with
respect to a changing temperature. The presence of
the reinforcement resulted in lower values of thermal
expansion and the use of the reinforcement was justi-
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fied. From the thermal expansion point of view, the
results indicate the suitability of the recycled polymers
for the production of railway sleepers.

It is recommended to perform the complex thermal-
technical calculation of a railway sleeper laid in a
railway ballast material in a further research. This
calculation should provide more precise information
about heat transfer and consequent thermal expansion
of the sleeper with respect to the track gauge stability
issue.
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