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Abstract: Adverse climatic conditions, particularly excessive water and frost, necessitate
the design of thick protective sub-ballast layers when dealing with frost-susceptible sub-
grade surfaces, especially when using standard natural materials (crushed aggregate or
gravel-sand). Given the current preference for conserving natural construction materials
and promoting sustainable development in the dimensioning of sub-ballast layers, it is
advisable to incorporate various thermal insulation, composite, or suitable recycled mate-
rials in their design. Therefore, the paper analyses the impact of incorporating different
thermal insulation materials (including extruded polystyrene, Liapor, Liapor concrete, and
composite foam concrete) into sub-ballast layers. As part of the experimental research,
these modified sub-ballast layers were constructed on a real scale in the outdoor environ-
ment of the University of Zilina (UNIZA) campus. They were subsequently compared in
terms of their thermal resistance to climatic loads. The research results demonstrate that
extruded polystyrene provides the optimal thermal insulation effect in modified sub-ballast
layers, which was subsequently used in the numerical modelling of railway track structure
freezing under different climatic loads.

Keywords: railway track; sub-ballast layers; climatic conditions; thermal insulation materials;
extruded polystyrene; numerical modelling

1. Introduction

A frequent cause of railway track geometry defects, aside from operational influ-
ences [1], is an inappropriate design composition of the track structure, particularly
the sub-ballast layers. In this context, the subgrade surface—the weakest structural
component—plays a decisive role, especially in the conventional ballasted superstruc-
ture. The presence of fine-grained materials (Slovakia) that are susceptible to frost and
not highly resistant to deformation, combined with insufficient protection against freezing
and traffic loads, creates conditions that lead to faults and defects in the railway track
structure. Each railway line must be evaluated for both traffic (static and dynamic) and
non-traffic (climatic) loads. When assessing the railway track structure (sub-ballast layers)
in terms of non-traffic loads, the effects of water and frost are critical in determining track
quality. For frost action, it is essential that the design of the sub-ballast layers provides
adequate thermal resistance. This ensures that during the winter period, or when the
railway track structure is exposed to freezing conditions, the zero isotherm does not reach
the frost-susceptible subgrade surface.
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The thermal resistance of sub-ballast layers primarily depends on the thickness and
the thermal conductivity coefficient (1) of their individual structural layers. When ther-
mal insulation materials with a thermal conductivity coefficient A <04 W-m 1. K™! (e.g.,
expanded or extruded polystyrene, polyurethane, Liapor, foam glass, composite foam
concrete) are applied in sub-ballast layers, it is possible to reduce the thickness of these
layers compared to constructions that use only standard natural materials (e.g., crushed
aggregate or gravel-sand). The construction market currently offers a variety of thermal
insulation materials with different compositions and properties. In technically and eco-
logically advanced countries, there is a strong emphasis on sustainable development and
conserving natural resources. This has led to the use of recycled resources (e.g., foam glass
production) and foam-forming substances (e.g., composite foam concrete) in the production
of building materials and thermal insulation materials.

The formation of track geometry faults is significantly influenced by uneven track
settlement, which primarily results from the presence of fine-grained materials in the sub-
grade surface when exposed to water and frost. Issues related to water presence in porous
materials and the processes of freezing and thawing are discussed in publications [2-5].
Research on the factors influencing uneven track settlement and methods for its mitigation
can be found in publications [6-8].

The resistance of the railway track structure to applied climatic loads (especially frost
action) primarily depends on the physical [9] and thermal insulation properties of the
materials used in its individual structural layers [10,11]. In designing sub-ballast layers
in areas with adverse climatic conditions (particularly those with a high frost index), it
is necessary to conserve natural resources by reducing the use of standard construction
materials (gravel-sand or crushed aggregate) and replacing them with materials that
demonstrate better thermal insulation and, if necessary, deformation properties [12-23].
Experience with the application of expanded polystyrene (EPS), specifically EPS geofoam,
in railway track construction is discussed in ref. [24]. Various embankment stabilisation
techniques in permafrost areas and methods for applying extruded polystyrene (XPS) in
sub-ballast layers, particularly at the sub-ballast upper surface, are detailed in refs. [25,26].

The effect of incorporating expanded clay aggregate (LECA) into pavement structural
layers, and its comparison with extruded polystyrene, is examined in ref. [27]. The appli-
cation of artificial aggregates—LECA (from extruded clay) and GLASOPOR (from waste
glass)—in the structural layers of railway tracks, and their benefits for protecting against
track freezing, are discussed in ref. [28]. The use of a composite layer of foam concrete
in pavement structures for frost protection is explored in refs. [29,30]. Additionally, the
application of foam concrete composite layers in the structural composition of railway
tracks and their resistance to dynamic loads imposed by moving trains are detailed in
ref. [31].

The paper aims to compare the effects of different embedded thermal insulation mate-
rials (extruded polystyrene, expanded clay aggregate—Liapor, Liapor concrete, composite
foam concrete) on the railway track structure freezing. For this purpose, the DRETM
(Department of Railway Engineering and Track Management) test stand (Figure 1)—Sector
A was constructed, where each measurement profile represents a different material
composition of the sub-ballast layers (standard—without thermal insulation material or
modified—with built-in thermal insulation material) [32]. In addition to Sector A, the test
stand includes Sector B and Sector C, which allow the assessment of the designed modified
compositions of the sub-ballast layers [33], as well as other designed structures in terms of
the applied static loads [34]. Sector B allows for static load testing on individual layers of
the modified railway track structure constructed on real subgrade and under real climatic
conditions. Sector C includes a steel container located within a closed shelter, enabling the
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Legend:

testing of various geotechnical characteristics even in adverse weather conditions. These
sectors of the DRETM test stand are used in the department’s research to address other
issues related to the design of structural layers of the railway track bed, although they
are not directly related to the topic discussed in the paper. They are mentioned here only
because they are visible in the following figures.

Sector A: Verification of the material thermotechnical characteristics and monitoring of the thermal
regime of the track substructure construction.

Sector B: The major test stand (measurement of deformation characteristics).
Sector C:  The small test stand (measurement of deformation characteristics).
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Figure 1. Plan view of the DRETM test stand—localisation of measurement profiles with standard
and modified structural composition of the sub-ballast layers.

The following chapters of this paper detail the material compositions of individual
measurement profiles (MP), evaluate the climatic parameters identified experimentally to
date, determine the most effective material composition for enhancing the resistance of
sub-ballast layers to frost, and present the numerical modelling of the specified material
composition. This includes modifications to account for significantly more adverse climatic
conditions, such as higher frost indices or increased frequency and intensity of frost periods.

2. Materials and Methods

The construction of individual measurement profiles for the test stand, representing
various structural compositions and thermal resistances of the track, was conducted at a 1:1
scale (Figure 1) and started in 2012. The DRETM test stand was constructed in the outdoor
area of the UNIZA campus, the workplace of the authors of this paper (with the last author
having been on a long-term internship at the institution). In response to a request from
the Railways of the Slovak Republic to revise and update the design methodology for
dimensioning the structural layers of the railway track bed—outlined in their legislative
document [35]—and to address the decreasing intensity of winter periods (in terms of both
frost index values and snowfall quantities), the decision was made to construct the test
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stand directly on the UNIZA campus. This choice also enabled the testing of a wide range
of constructions and thermal insulation materials under controlled conditions.

This decision stemmed not only from the avoidance of constructing test sections on
various operational railway tracks across Slovakia—which would have incurred significant
financial costs and operational restrictions, including the need for track closures—but also
from the climatically advantageous location of Zilina. The city, and thus the UNIZA campus,
is favourably positioned in terms of the design frost index (approximately 480 °C, day),
within the range of 250 °C, day to 750 °C, day considered across Slovakia. Consequently,
the campus represents a mid-range location regarding winter intensity in the country.

The need to test multiple constructions under varying winter conditions (frost intensity
as indicated by the frost index and snowfall quantities) and to simultaneously obtain
relevant input parameters for the thermal regime of railway track structures—including
the influence of snow cover on track bed freezing—made the establishment of the test
stand the ideal solution. The choice of location was also driven by the requirement to
embed various thermal insulation materials and a significant number of measuring sensors
(for temperature and humidity measurements) into the individual structures—something
unfeasible on operational railway tracks.

Additionally, most of the thermal insulation materials tested had not yet been applied
or experimentally evaluated on Slovak railway tracks. Moisture monitoring using the TDR
method was initially conducted daily, later weekly, and during winter periods, the influence
of snow cover was also observed, with snow being removed from certain measuring
profiles as needed. Constructing the test stand outside the UNIZA campus would have
been prohibitively time-consuming and costly for the scope of the research.

The measured data were further supplemented with climate data from the Slovak
Hydrometeorological Institute (SHI), providing real-world climate load parameters for use
in numerical modelling. This approach expanded the scope of numerical modelling to
include both less and more extreme winter conditions recorded in Slovakia. It is anticipated
that this combination of data acquisition methods will ensure the collection of relevant
input data for numerical modelling and facilitate their generalization to other climatic
environments where railway tracks are situated.

The research aimed to compare the standard structural composition of the sub-ballast
layers (measurement profile no. 1—with a protective layer of crushed aggregate, measure-
ment profile no. 2—without a protective layer) with a modified construction that includes
a built-in thermal insulation layer (measurement profiles no. 3, 4, 6, and 7). Additionally,
the research examined the impact of railway track alignment (embankment—measurement
profiles no. 14 versus cutting—measurement profiles no. 5-7). Figure 2 illustrates the
actual configuration of the test stand during the winter period, including the markings of
the individual measurement profiles.

2.1. Measuring Equipment and Method of Evaluating Measured Data

In terms of experimental monitoring of the effects of non-transport loads (climatic
loads) on the railway track structure, identical measuring elements were incorporated into
all measurement profiles. These elements allow non-destructive monitoring of moisture and
temperature variations in individual sub-ballast layers, specifically for detecting freezing
in the railway track structure.

Moisture measurement of the individual structural layers of the measurement profiles
was implemented using time domain reflectometry (TDR), specifically with a Trime-Pico
T3/1IPH44 moisture probe connected to the HD2 reading device (Figure 3, left photo).
Temperature measurements in the different parts of the structure were carried out using
ground resistance temperature sensors, Pt1000 (Figure 3, second photo from the left).
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Temperature data are collected continuously (every 30 min) by connecting the temperature
sensors to a data logger housed in a distributor (Figure 3, third photo from the left).

- Measurement profile no. 1§

ik

Figure 3. Trime-Pico T3/IPH44 moisture probe and HD2 reading device (left), Pt1000 ground
temperature sensor located on the surface of the ballast bed and connection of the individual sensors
to the data logger located in the distributor (photo in the (middle)), Comet T3419 sensor (right).

At the same time, temperature and relative moisture measurements (for subsequent
evaluation of the climatic characteristics of individual winter seasons) were conducted
using the Comet T3419 sensor, placed 2.0 m above the ground surface in a professional
thermometer screen (Figure 3, right photo). Experimental moisture monitoring using
the TDR method could not be carried out in all structural layers of the measurement
profiles due to the nature of the embedded materials. This included cases where the
structural layer thickness was less than 150 mm (such as all thermal insulation materials)
or where the material contained a large proportion of air gaps (such as the ballast bed).
This method was primarily used to determine the moisture content of the subgrade of the
measurement profiles, consisting of clay with river gravel admixture, and for the structural
layers consisting of 0/31.5 mm or 0/63 mm crushed aggregate.
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Measurements using the TDR method were conducted every two weeks throughout
the year and more frequently during periods of exceptional rainfall, at the beginning and
end of the winter season, or during the winter season if there was a thaw. The materials
measured by the TDR method did not demonstrate significant changes in moisture content
during the year (experimentally measured data are reported in several publications [36]).
The measured values will be used as input parameters for the numerical modelling (see
Section 3.2). To determine the moisture content of the other embedded materials of the
measurement profiles (ballast bed, thermal insulation materials), the standard laboratory
method (drying the test material in a drying oven) was used.

The most significant climatic characteristic to monitor is air temperature. As part of
the evaluation of climatic characteristics, it is necessary to determine the following;:

e The mean daily air temperature 8; in °C, where 607, 814 and 8,1 denote the air temper-
atures measured at 7:00, 14:00 and 21:00 o’clock GMT at a height of 2.0 m above the

ground surface;
07+ 014 +2:00

65 1 )
e The average annual air temperature 8, in °C;
365

S @

e Air frost index Ir in °C, day (sum of mean daily air temperatures 5 of the frost period);

Ir=Y/ 0 3)

In the Slovak Republic, the air frost index Ir is most frequently used for determining
the structural and material composition of railway tracks. This index influences the thermal
regime and the assessment of sub-ballast layers in terms of protecting the frost-susceptible
subgrade surface from frost effects.

The thermal regime of the structural layers of the railway track is defined as the
gradual change in the thermal state of the individual layers and the subgrade of the railway
track structure. This change depends on the intensity of applied solar radiation (which
causes variations in air temperature throughout the day or year) and the effects of frost. A
critical parameter for dimensioning the structural layers of the railway track to withstand
adverse frost conditions is the frost depth Dr. The following relation, according to [35], is
used for its calculation:

Dr = 0.045-\/Tr (4)

However, during the evaluation of the experimental measurements, the frost depth
Dr of the railway structure was determined by interpolating the temperatures between
the two nearest thermometers, which were spaced 150 mm apart within the measurement
profiles around the area of interest. This interpolation was performed in the region where
the 0-isotherm was located.

The efficiency of the entire designed railway track structure, including the ballast bed
and sub-ballast layers, specifically from the perspective of protecting the frost-susceptible
subgrade surface from the adverse effects of frost, can be expressed in terms of the thermal
resistance R (m?-K-W~!). Thermal resistance increases with greater structural thickness of
the individual layers t; (m) and decreases with their lower thermal conductivity coefficients
A (W-m~1.K~1). The total thermal resistance of the multilayer track bed can be calculated
using the following relation:
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profile no. 1

Legend:

@ Sensor for measuring air temperature and air relative moisture
Measuring node (distributor for data logger)
Thermometers (Pt1000)
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Track bed structures with a higher thermal resistance value R demonstrate superior
thermal insulation properties and more effectively protect the frost-susceptible subgrade
surface from the adverse effects of frost [35].

2.2. Characteristics of Individual Measurement Profiles of the Test Stand

Figure 4 depicts a cross-section of measurement profile no. 1 (MP1), which charac-
terises the standard material composition of the railway track in the Slovak Republic. The
railway track structure is constructed on a low embankment built of crushed aggregate fr.
0/63 mm. Protection of the subgrade surface against frost is ensured by a protective layer
of crushed aggregate fr. 0/31.5 mm. The thickness of the protective layer (t, = 0.45 m) was
over dimensioned with respect to the design of the air frost index for the area of the test
stand (Zilina), which is Irp = 480 °C, day.
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- Crushed aggregate protective layer fr. 0/31.5 mm, thickness 450 mm
 Embankment of crushed aggregate fr. 0/63 mm, thickness 550 mm
— Subgrade (clay with the addition of river gravel)
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Humus, thickness 100 mm

@
©)
(@) Protective plastic tube (Tecanat)
®
®

Figure 4. Standard construction of the sub-ballast layers—a protective layer built of crushed aggregate.

The MP1 incorporates a total of 50 Pt1000 resistive temperature sensors (indicated
by red rings in Figure 4) distributed across 8 horizontal levels and 5 vertical rows, as
well as on the slopes of the embankment. Moisture measurement can be conducted at
5 locations characterised by the incorporation of TECANAT moisture probe protection
tubes (indicated by blue rectangles in Figures 4 and 5 vertical rows). Moisture measurement
of the embankment subgrade can be implemented using a retrofitted protection tube at
the foot of the embankment. The resistance thermometers are offset in the longitudinal
direction by approximately 300 mm with respect to the plastic protection tubes of the
moisture probe to avoid mutual interference during measurement. MP2 differs from MP1
in that it does not include a protective layer of crushed aggregate with a fraction size of
0/31.5 mm (it consists solely of an embankment body constructed from crushed aggregate
with a fraction size of 0/63 mm). As it does not include any embedded thermal insulation
material, and its thermal regime parameters and climatic characteristics were comparable
to those of MP1, it is not detailed further in this article.

In 2018, the model of the railway track in the embankment (measurement profiles no.
1 and 2) was extended to include measurement profile no. 3 (Figure 5) and measurement
profile no. 4 (Figure 6). In measurement profile no. 3, part of the protective layer of
0/31.5 mm crushed aggregate (300 mm thick) was replaced with 50 mm of extruded
polystyrene (XPS), placed on a 100 mm thick levelling layer of sand.
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Figure 5. Modified sub-ballast layers—a protective layer of crushed aggregate partially reduced by
the application of a thermal-insulating layer of extruded polystyrene.

Measurement L 1650 , 1650 , Legend:
profile no. 4 | | 1 @ Thermometers (Pt1000)
- 1 2 3

@ Measuring segment of moisture
‘ ‘ ‘ ® Protective plastic tube (Tecanat)

AN
o| o ~
ol ol 8
A 9]

;ﬁ

Aﬁ

N

150
Vsot%%

Ballast bed fr. 31.5/63 mm, thickness 500 mm

Crushed aggregate protective layer fr. 0/31.5 mm, thickness 150 mm
Liapor concrete layer LB 12.5, thickness 150 mm

Separation geotextile

Subgrade (clay with the addition of river gravel)

Figure 6. Modified construction of the sub-ballast layers—a protective layer of crushed aggregate
partially reduced by the application of a reinforcing and thermal-insulating layer of Liapor concrete.

A total of 18 Pt1000 resistance thermometers (indicated by red rings in Figure 5) are
installed in measurement profile no. 3 (hereafter MP3). They are arranged in 8 horizontal
levels, 3 vertical rows, and on both the top and bottom surfaces of the extruded polystyrene
plate (hereafter XPS). Moisture measurement using the TDR method can only be conducted
along the axis of the measurement profile (blue rectangle in Figure 5—vertical row 2).

In measurement profile no. 4 (MP4), part of the protective layer of 0/31.5 mm crushed
aggregate (300 mm thick) was replaced by a 150 mm thick layer of Liapor concrete (a
concrete layer compacted with lightweight expanded clay aggregate). Like MP3, MP4
incorporates a total of 18 resistance thermometers (indicated by red rings in Figure 6),
arranged in 8 horizontal levels, 3 vertical rows, and on both the top and bottom surfaces of
the Liapor concrete. Moisture measurement using the TDR method can only be conducted
along the axis of the measurement profile (blue rectangle in Figure 6—vertical row 2).

Measurement profile no. 5 (MP5) is not detailed in this article because it does not
include any embedded thermal insulation material. It was constructed solely to study the
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impact of different railway track alignments in the terrain, with MP5 being constructed in
a cut.

Construction of measurement profile no. 6 (Figure 7) began in 2016. In this case, part
of the protective layer of 0/31.5 mm crushed aggregate (300 mm thick) was replaced with a
100 mm thick layer of lightweight expanded clay granulate (Liapor fr. 0/16 mm).

Measurement L 1650 , 1650 , 925 | Legend:
. @ Thermometers (Pt1000)
rofile no. 6 ] | |
- 1 2 3 @ Measuring segment of moisture

‘ ‘ ‘ ® Protective plastic tube (Tecanat)

Ballast bed fr. 31.5/63 mm, thickness 500 mm

Crushed aggregate protective layer fr. 0/31.5 mm, thickness 150 mm
Liapor fr. 0/16 mm, thickness 100 mm

Separation geotextile

Subgrade (clay with the addition of river gravel)

Figure 7. Modified construction of the sub-ballast layers—a protective layer of crushed aggregate
partially reduced by the application of a thermal-insulating layer of Liapor (commercially known
as Keramzit).

A total of 23 resistance thermometers (indicated by red circles in Figure 7) are installed
in measurement profile no. 6 (hereafter MP6), arranged in 9 horizontal levels and 3 vertical
rows. Moisture measurement using the TDR method can be conducted at three locations
along the moisture probe protection tube (blue rectangles in Figure 7—vertical rows 1-3).

Measurement profile no. 7 (hereafter MP7), shown in Figure 8, was constructed in 2019.
In this profile, part of the protective layer of crushed aggregate fr. 0/31.5 mm (300 mm thick)
was replaced with a 100 mm thick composite layer of foam concrete (foam concrete with a
bulk density of approximately 600 kg-m 3, reinforced with basalt mesh). This structure
was primarily assessed for its deformation resistance, so only 5 resistance temperature
sensors and 1 moisture probe protection tube are incorporated into the structure.

1500, 1500 Legena:
1 1 1 @ Thermometers (Pt1000)
1 @ Measuring segment of moisture

‘ 3 Protective plastic tube (Tecanat)

ﬁﬁﬁﬁﬁﬁﬁﬁ%gi/jiﬁ‘%%

Ballast bed fr. 31.5/63 mm, thickness 500 mm

Crushed aggregate protective layer fr. 0/31.5 mm, thickness 150 mm
Composite foam concrete layer, thickness 100 mm

Crushed aggregate layer fr. 0/31.5 mm, thickness 150 mm

Crushed aggregate layer fr. 0/63 mm, thickness 200 mm

Subgrade (clay with the addition of river gravel)

Figure 8. Modified construction of the sub-ballast layers—a protective layer of crushed aggregate partially
reduced by the application of a reinforcing and thermal insulation layer of composite foam concrete.
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As noted in the text above, constructing the individual measurement profiles has been
a multi-year process. Figure 9 highlights key stages of the construction as the various
thermal insulation layers were being established.

Figure 9. Photographs of the installation of thermal insulation layers are shown from (top left) to
(bottom right): the installation of a structural layer of extruded polystyrene (top left), a layer of
Liapor concrete (top right), a layer of Liapor fr. 0/16 mm (bottom left), and the installation of a
composite layer of foam concrete (bottom right).

3. Results and Discussion

The following sections of the paper focus on comparing the experimentally deter-
mined parameters of the thermal regime and climatic characteristics within individual
measurement profiles of the test stand (described in more detail in Section 2). Additionally,
the paper addresses the selection of the structure with the most effective thermal insula-
tion based on its material composition and includes numerical modelling of the selected
structure under significantly more adverse boundary climatic conditions.

3.1. Experimental Measurements

The thermal regime of the railway track structure is monitored during experimental
measurements primarily in winter, when the effects of frost on the structural layers of the
sub-ballast layers are assessed. The winter period is defined as the time between the first
and last frost occurrences, where the mean daily air temperature 6; during the frost period
must not exceed —0.1 °C, and the frost period must last at least 3 days. The winter period
may include multiple frost occurrences, with short-term warming intervals between them
where the mean daily air temperature 6; is higher than —0.1 °C. Since 2013, the DRETM
test stand at the department has been monitoring the thermal regime of various material
compositions of the sub-ballast layers (see Section 2). Table 1 presents the evaluated climatic
characteristics and thermal regime parameters for MP1 (the standard material composition
of the sub-ballast layers without thermal insulation material), including the following;:

Mean daily air temperature 6;;

Average annual air temperature 6,;,;

Air frost index If;

Air freezing index at the surface of the ballast bed Irs;

The frost depth of the track structure (measurement profile) Dr.
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Table 1. Evaluated thermal regime parameters and climatic characteristics of individual winter
seasons from measured data on MP1 (without built-in thermal insulation material).

. . 65, min Om Ip Irs Dp
Winter Period ¢0) eC)  Cday (Cday)  (m)
2013/2014 —11.7 9.6 38 22 0.41
2014/2015 -10.8 10.2 77 32 0.41
2015/2016 —10.2 9.9 99 72 0.46
2016/2017 -19.0 9.2 284 248 0.65
2017/2018 1 -11.2 9.0 107 66 0.56
2018/2019 —113 10.3 124 58 0.47
2019/2020 —7.7 10.1 50 28 0.37
2020/2021 —124 9.6 110 27 0.37
2021/2022 —82 8.8 60 37 0.41
2022/2023 -99 9.7 59 31 0.45
2023/2024 -83 10.2 49 44 0.41

! Winter period when snow cover was not removed from the surface of the measurement profile.

In the same manner, the parameters were evaluated for the other measurement profiles
of the test stand. The coldest winter period recorded on the DRETM test stand to date
was the winter of 2016/2017, which had the highest air frost index Ir = 284 °C, day (see
Figure 10, left). This winter period was characterised by a single prolonged frost period
lasting 79 days (from 28 November 2016 to 14 February 2017), during which the maximum
air frost index Ir was reached on 14 February 2017. After this date, warming occurred,
with only occasional days having a negative mean daily air temperature below —1 °C.
During this winter, there were 26 days with a mean daily temperature 6; below —5 °C and
7 days with 6; below —10 °C. Interestingly, the maximum frost depth was not reached on
the day of the maximum air frost index, but nearly two weeks earlier (1 February 2017),
when the air frost index was Ir = 278 °C, day. Between 1 February and 14 February 2017,
air temperatures ranged from —4.2 °C to +1.5 °C. Although these temperatures partially
contributed to an increase in the air frost index Ir, they did not significantly affect the frost
depth of the railway track structure Dr.
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Figure 10. Evaluation of the air frost index Ir for the winter period 2016/2017—(left) and winter
period 2018 /2019—(right).

In the winter of 2016/2017, not all measurement profiles had been constructed. The
only profile with a built-in thermal insulation layer (hereinafter TIL) in the sub-ballast
layers was MP6, which included a 0/16 mm Liapor layer. By comparing the climatic
characteristics and thermal regime parameters of the standard structural composition of
the railway substructure (MP1) with those of the modified sub-ballast layers (MP6), it is



Buildings 2025, 15, 239

12 of 26

possible to observe and draw conclusions. These findings were subsequently applied in
the numerical modelling discussed in Section 3.2.

The embedded thermal Insulation material at the subgrade surface level significantly
increases the thermal resistance of the railway track structure. This insulation prevents
cold from penetrating into the underlying materials, leading to a substantial cooling of
the overlying layers as cold accumulates within them. It is observed that the higher the
temperature below the thermal insulation layer (TIL), the lower the temperature in the
structural layer above it. This observation is supported by the greater frost depth recorded
in MP6 (Dr = 0.72 m), which is 70 mm greater than the frost depth recorded for MP1 in
the winter of 2016/2017—(Dr = 0.65 m). The measured data also indicate that a sufficient
intensity of frost is required to significantly increase the frost depth of the railway track
structure Dr, especially when the zero isotherm is already positioned deeper within the
sub-ballast layers. This conclusion is supported by the values of the air frost index Ir and
the frost depth Df for MP1. On 21 January 2017, the frost depth in MP1 reached 0.60 m.
Despite subsequent days with mean daily air temperatures of —5.1 °C and —6.7 °C, the
frost depth decreased to 0.59 m. The frost depth then increased to 0.61 m on 4 February
2017, when the mean daily air temperature was —7.3 °C. The greatest frost depth in MP1
(Dr = 0.65 m) was observed the day after a 4-day period with mean daily air temperatures
6 ranging from —8 °C to —10.3 °C.

From the data for MP6 (with a 0/16 mm Liapor layer), it can be observed that accumu-
lated cold is retained longer in the overlying layers above the thermal insulation layer (TIL)
compared to MP1 (without a thermal insulation layer). This is evidenced by the values
recorded on 4 January 2017, when the mean daily air temperature was 6; = 0.3 °C. On
this date, the frost depth in MP1 decreased from 0.46 m to 0.39 m (a reduction of about
70 mm), whereas in MP6, it decreased from 0.50 m to 0.49 m (a reduction of about 10 mm).
A comparison of the measured temperatures below and above the TIL in the individual
measurement profiles will be presented in the following text and figures.

To compare the impact of different thermal insulation materials (extruded polystyrene
layer, Liapor aggregate fr. 0/16 mm, Liapor concrete, and a composite layer of foam
concrete) in the sub-ballast layers with a standard construction (without thermal insulation),
the winter period with the highest recorded air frost index was selected. This was the
winter of 2018/2019, which had an air frost index Ir = 124 °C, day (see Figure 10, right), and
during which all the analysed measurement profiles were already constructed. Although
the winter period of 2016/2017 had an air frost index Ir nearly 2.3 times higher, it could
not be included in this analysis because measurement profiles no. 3, 4, and 7 were not
yet built at that time. Table 2 provides a comparison of the frost depth Dr in the various
measurement profiles for the winter period of 2018/2019.

Table 2. Achieved frost depth D from measured data in individual measurement profiles (without
and with built-in thermal insulation materials) in the winter period 2018/2019.

Achieved Frost Depth—DrF (m)
MP1 MP3 MP4 MPe6 MP7
2018/2019 0.47 0.65 0.49 0.381 0.49

! Winter period when snow cover was not removed from the surface of the measurement profile.

Winter Period

A noteworthy finding is that measurement profiles with embedded thermal insulation
material show a slight increase, and MP3 (with an embedded XPS layer) shows a significant
increase, in the frost depth Dr of the railway track structure (Figure 11, bottom) compared
to the standard structure without thermal insulation material (Figure 11, top).
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Figure 11. Determined value of frost depth D for the winter period 2018/2019 in measurement
profile no. 1 (without built-in thermal insulation material)—(top) and in measurement profile no. 3
(with a built-in layer of extruded polystyrene—XPS)—(bottom).

The exception is MP6, which includes an embedded layer of 0/16 mm Liapor aggregate.
In this case, snow cover was intentionally left on the measurement profile to monitor its
thermal insulation effect, whereas snow cover was removed from the other measurement
profiles throughout the winter period in question. Despite this, the trend observed in MP6
was consistent with other profiles. During the winter period of 2022/2023, MP1 achieved a
structural frost depth of Dr = 0.45 m, while MP6 reached Dr = 0.50 m. This observation is
supported by data from the winter period of 2016/2017, when MP6 recorded a frost depth
(Dr = 0.72 m), which was 70 mm greater than the MP1 (Df = 0.65 m). These results indicate
a notable thermal-insulating effect of the snow cover in MP6. Based on experience from
other winter seasons, it can be estimated that without snow cover, the frost depth in MP6
would have been approximately 50-70 mm greater than that in MP1, resulting in a value of
around 0.52-0.54 m. Thus, during the winter period of 2018/2019, the presence of snow
cover reduced the frost depth in MP6 by approximately 150 mm.

Figures 12 and 13 (top) present a comparison of the lowest mean daily air temperatures
65, experimentally measured in the different measurement profiles of interest (MP1, MP3,
MP4, MP6, and MP?7), at the sub-ballast upper surface level, at the temperature sensor
located above the thermal insulation layer (TIL), and at the temperature sensor below
the TIL. Figures 12 and 13 indicate that the XPS layer embedded in MP3 (green curve in
Figures 12 and 13, top) has a significantly greater impact on temperature changes at each
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level of the railway track structure compared to the other embedded thermal insulation
materials. This effect is most pronounced during both winter and summer. More specifically,
the difference in experimentally measured temperatures between MP1 (without TIL) and
MP3 (with embedded XPS) during the winter period of 2018/2019 can be observed in
Figure 13 (bottom).
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Figure 12. The course of minimum mean daily air temperatures 65 in the individual measurement
profiles during the winter period 2018,/2019 and during 2019 ((top)—at the sub-ballast upper surface
level, (bottom)—between the sub-ballast upper surface level and the thermal insulation layer).

Figure 13 (bottom) demonstrates that the temperature is approximately 1-4 °C higher
at the monitored level below the XPS layer compared to the identical level in MP1 (without
built-in thermal insulation material). From this, it can be concluded that the XPS layer has
a significant thermal insulation effect within the structure. An interesting observation is
that, despite the thermal-insulating properties of XPS, MP3 achieved a greater frost depth
than MP1 by up to 0.18 m (see Table 2). Figure 13 (bottom) also demonstrates that during
the winter period of 2018/2019, the temperature is approximately 1-4 °C lower at the
monitored level above the XPS layer in MP3, as well as at the sub-ballast upper surface
level, compared to the identical level in MP1. This implies that frost acting from above on
the MP3 structure gradually cools the individual structural layers until it reaches the TIL
level of the XPS. As this creates significant resistance to cold air penetration, the cooling of
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the overlying structural layers becomes more intense, resulting in a greater depth of frost
above the XPS layer.
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Figure 13. The course of minimum mean daily air temperatures 65 in the individual measurement
profiles during the winter period 2018/2019 and during 2019 ((top)—at the level below the thermal
insulation material, (bottom)—detail of the comparison of temperatures in the individual levels of
MP1 and MP3 in the winter period 2018/2019).

In the case of a significantly higher value of the air frost index Ir (if zero isotherms
penetrate below the level of the XPS), a lower frost depth Dy would be achieved in MP3
compared to measurement profile MP1. However, the increased freezing of the overlying
layers does not impact the safety and reliability of the railway structure since these layers
are constructed of coarse-grained materials (aggregate or gravel). Therefore, there are
no conditions conducive to the freezing of the material above the TIL or to the initiation
of uneven uplift during freezing or settlement periods, which could potentially lead to
track geometry faults. This phenomenon of colder overlying layers can be observed in
the photo (Figure 14), where the MP3 profile shows a clear layer of snow on the surface
of the structure. Consequently, during the warming period, the snow cover melted on all
surrounding profiles but remained on MP3 for about three days longer. Typically, snow
cover is removed from the surface of the measurement profiles during the winter period (it
is left only when its thermal insulation effect is being monitored) to increase the intensity of
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frost action on the measurement profile structure. Research activities related to identifying

the thermal insulation effect of snow cover were published, e.g., in ref. [37].

Figure 14. Unmelted snow cover during a period of warming above MP3 (with an embedded layer
of XPS).

From the above, it is evident that although the embedded XPS layer increases the
temperatures of the materials beneath it, it simultaneously causes the materials above the
XPS layer to cool down. This cooling effect caused the snow layer on the surface of MP3 to
melt more slowly compared to the MP1, MP2, and MP4 profiles located next to MP3.

An equally interesting observation from experimental measurements is that the max-
imum frost depth Dr of the railway track structure does not generally occur on the day
the maximum air frost index Ir is reached. The evaluated data from the winter periods
revealed that the maximum frost depth Dr was reached before the maximum value of the
air freezing index Ir (depending on the nature of the winter period and the properties of
the TIL, this ranged from about 1 to 14 days). In the case of measurement profiles with a
built-in TIL, the maximum frost depth Dr was generally reached later than for the standard
sub-ballast layers (without thermal insulation material). This is due, as already mentioned,
to the accumulation of a higher amount of cold in the overlying layers above the TIL.

It is also noteworthy that the maximum value of the surface air frost index Irg in
the case of MP1 (without thermal insulation material) generally occurs on the day the
maximum air frost index Ir is reached, or at most 3 days later (coldest winter period
2016/2017). In contrast, for measurement profiles with built-in thermal insulation material
(mainly XPS and Liapor), the maximum value of the surface air frost index Is is frequently
reached significantly later than the maximum value of the air frost index Ir, sometimes up
to 12 days later in the winter period 2021/2022. This delay is likely due to ground frosts
and, as previously noted, the accumulation of a greater amount of cold in the overlying
structural layers above the embedded thermal insulation material.

Also of interest is the percentage comparison between the achieved air frost index
Ir and the surface air frost index Irg for both the standard construction (without thermal
insulation material) and the modified construction (with thermal insulation material incor-
porated). For the standard construction (MP1), the surface air frost index Irs is generally
45% to 60% of the air frost index I, except during the coldest winter period of 2016,/2017,
when it reached 86% (surface air frost index Igg = 245 °C, day). In the case of measurement
profiles with built-in thermal insulation layers (mainly XPS and Liapor), the surface air
frost index Irs typically ranges from 88% to 96% of the air frost index Ir.

Among the embedded thermal insulation materials considered (XPS layer, Liapor
aggregate layer, Liapor concrete layer, and composite foam concrete layer), the XPS layer
(MP3) demonstrated the highest thermal resistance in the sub-ballast layers. To date, the
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DRETM test stand has not recorded a winter period with an air frost index approaching
the design parameters for the area, which is 480 °C, day. Consequently, the experience and
measured parameters from the experimental measurements conducted at MP3 will be used
in numerical modelling, where this structure will be subjected to significantly more severe
climatic conditions (air frost index Ir up to 2000 °C, day).

3.2. Numerical Modelling—Structure with Extruded Polystyrene (XPS) Layer in the
Sub-Ballast Layers

Numerical modelling was performed for MP3, where the embedded thermal insulation
layer (TIL) of XPS, as previously mentioned, provides the greatest thermal resistance to
frost penetration into the railway track subgrade. SVOffice software (v2012), specifically
SVHeat [38], was selected for the numerical modelling. The SVOffice software (v2012),
at the time of its acquisition, was the most advanced 1D/2D/3D geotechnical software
developed by the Canadian company SoilVision Systems Ltd. The software was created
based on feedback from geoengineering consultants and remains highly suitable even
after its upgrade to meet current needs. The SVHeat programme (v2012), used within the
numerical modelling framework, is capable of calculating geothermal gradients and the
movement of freezing fronts in saturated and unsaturated soils. It also enables the analysis
of steady-state or transient thermal conductivity and convection models. User-defined
soil properties define the latent heat released or absorbed during the ice-water phase
change [38].

Initially, an exact replica of MP3 was developed in the model, and the results were
compared with those obtained experimentally. This comparison is detailed in publica-
tion [32], which identifies the difference in the frost depth of the railway track structure
Dr < 10 mm, and the temperature variations in the individual structural layers of MP3 for
the winter period 2018/2019 up to 6 = £0.5 °C. In ref. [32] as well as in other publications
by the authors of this paper, analyses were conducted on the impact of various input
parameters of numerical modelling on the resulting freezing behaviour of the railway track
structure. The main parameters influencing the freezing of the railway track structure
include the moisture and temperature of the embedded materials, the air frost index, the
average annual air temperature (parameters dependent on the mean daily air temperature),
and the snow cover thickness. The method for determining each parameter and its input
into the numerical model is presented in the following text.

Based on the evaluation of the results and the insights gained from MP3, a numerical
model of a double-track railway line running in a low embankment was subsequently
developed as a 2D transition model. Figure 15 (centre) illustrates the colour coding used
for the materials in the various structural layers of all the numerical models presented.
Figure 15 (right) shows the colour coding for the temperature range used during the moni-
toring of the model’s freezing behaviour after it was solved using FlexPDE, a programme
that employs the finite element method (see Figure 15, left). The time step for the solution
was set to 0.1 days, with the programme’s grid generation module creating a triangular
finite element mesh consisting of three-, six-, or nine-node triangles. Each finite element
triangle has an assigned proportional coefficient. The network is controlled according
to these coefficients. The mesh generator calculates the network quality parameters and
allows for spatially varying node density to focus on areas with construction details. The
results of the solution were visualised using the ACUMESH program (v2011) [39].

The individual materials of the structural layers of the numerical model were assigned
physical and thermal characteristics, as detailed in Table 3. The thermal-technical parame-
ters (specific heat capacity c—defined in the programme for the dry state of the material and
thermal conductivity coefficient A—defined in the programme for the specified material
moisture content w) were defined in the numerical model based on the experimental results
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determined by calorimetry and the method of determining the time interval of freezing of
the structural layer. The procedure for these experimental measurements has already been
characterised in several publications, e.g., in ref. [33]. The moisture content of different
materials, as already mentioned in the previous text (see Section 2), was defined in the
same way on the basis of experimental measurements carried out using the non-destructive
TDR method [36] or using the destructive method (by sampling and drying) if the TDR
method could not be used (in the case of extruded polystyrene and track ballast).

Temperature
Te(°C)
Materials
-15
gravel -10
crushed aggregate =5
XPS 0
sand ?O
clay 15
20
25

-8-7 6 -5-4-3-2-10 12 3 4 5 6 7 8

X (m)

Figure 15. Example of a numerical model with finite element method calculations (left); material
composition of the numerical models (centre); and colour coding of the temperatures achieved in the
structural layers and subgrade during the freezing process of the numerical model (right).

Table 3. Physical and thermal-technical parameters of the embedded structural materials and
subgrade of the numerical model.

Structural Layer/Material Ballast Protective Thermal Levelling Suberade
Characteristics Bed-New Layer Insulation Layer Layer &
Layer material gravel acgrtc;‘se}éea(’:e extruded sand clay

fr. 31.5/63 mm fr. 0/31.5 mm polystyrene fr. 0/1 mm
Temperature 6 (°C) 2 3 5 5 10
Moisture w (%) 1 5.5 12 12 26
Bulk density p (kg-m~3) 1900 1930 35 1750 1650
Specific heat capacity ¢
Jkg LK 1) 980 1090 2060 960 1095
Thermal conductivity 0.7 173 0.04 2.00 1.55

coefficient A (W-m~1.K~1)

In addition to the parameters listed in Table 3, the maximum saturation of the indi-
vidual materials and the boundary conditions for water freezing (freezing and thawing
temperatures and the method for determining the characteristic water freezing curve) were
defined in the Material Manager dialog box. The characteristic water freezing curve for the
subgrade in the software was set based on the temperature at the beginning and end of
the phase change using the empirical relationship derived by Tice and Anderson. For sand
and crushed aggregate, the curve derived by Fredlund and Xing was applied [38]. The
characteristic water freezing aggregate for the ballast bed and XPS layer was not defined
due to the nature of the material or the low moisture content.

Once the material characteristics were defined, it was then necessary to define the
climatic characteristics and the model boundaries that are affected by the climatic load
(boundaries in contact with air). Significantly more adverse climatic characteristics (air
frost index up to Ir = 2000 °C, day) were used in the numerical model solution compared to
the climatic characteristics identified in the individual test stand measurement profiles. To
ensure a realistic course of the winter period and to use realistic temperatures, these climatic
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characteristics were obtained from the Slovak Hydrometeorological Institute (SHI) [40].
The climatic characteristics were assessed based on the coldest winter period of the past
50 years, in terms of the maximum air frost index Iy (winter period 1986/87) and the lowest
annual mean air temperature 0., (year 1980) for the High Tatras region.

Figure 16 (top) presents the initial state of the numerical model where the embedded
XPS layer is applied at a uniform design thickness across the full width of the subgrade
surface. The numerical model was subjected to maximum climatic loads, with an air
frost index Ir = 2000 °C, day and an annual mean air temperature 6, = —1 °C. Figure 16
(bottom) presents the output of the numerical model for day 448, while Figure 16 (top)
shows the structural and material composition of the model. Day 448 marks the end of the
longest period of the lowest daily mean air temperatures 65 used in this model. During
this period, there were 29 consecutive days with daily mean air temperatures 65 below
—10 °C, followed by 7 days with temperatures greater than —20 °C. This severe cold spell
was followed by milder temperatures ranging mainly from 85 = +2.8 to 85 = —10 °C. Mean
daily temperatures 65 below —10 °C became sporadic, thus having minimal impact on the
freezing of the railway structure. On day 448, the maximum frost depth of the railway track
structure Dp = 1.07 m was reached at the centreline of the double-track railway. Of the total
XPS thickness of 80 mm, 70 mm had frozen. This indicates that sufficient protection against
freezing was provided at the centreline of the tracks, with approximately 75 mm of the
80 mm XPS layer having frozen.

8-7-6-5-4-3-2-1 012 3 45 6 7 8
X (m)

-6 /

7 \j\/\>\/\/\/\ NININININ, ININTNINININTS

-8 -7-6-5-4-3-2-101 23 4 5 6 7 8
X (m)

Figure 16. Numerical model of the modified sub-ballast layers (with an embedded XPS layer of
80 mm thickness across the entire width of the subgrade surface)—(top). Day 448 of the numerical
model (the last day of the severe cold period with daily mean temperatures below —10 °C)—(bottom).

The interfaces between different temperature zones in the numerical model were
highlighted in red for better orientation. The position of the zero isotherm is marked by
the boundary between pale blue and pale orange areas. A problem arises with the lateral
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freezing of the railway structure (freezing in the direction away from the berm and the
embankment slope). Lateral freezing of the subgrade surface (indicated by light green
circles in Figure 16, bottom) occurs due to the absence of a ballast layer above the berm
or on the embankment slope, which would otherwise provide certain thermal insulation.
Due to its fraction of 31.5/63 mm, the ballast bed contains a considerable proportion of
air gaps (with a thermal conductivity coefficient of A = 0.7 W-m~1-K~! as used in the
numerical model). This results in a better thermal insulation property compared to crushed
aggregate with a fraction of 0/31.5 mm, which has a thermal conductivity coefficient of
A =173 W-m~1.K~1. In this case, subgrade surface freezing occurred within approximately
1.0 metre from the edge of the active zone of traffic load. The active zone of traffic load,
depicted in Figure 16 (bottom), is defined by a 45° angle of spread from the edges of the
sleepers. In this instance, the active zone extends up to 2.45 metres from the track centreline
towards the embankment slope. A noteworthy finding from the numerical model is that
the maximum frost depth of the railway track structure Dr does not occur on the day when
the maximum air frost index I is reached, but rather after the longest period of very low
mean daily air temperatures 85 (consistent with the findings presented in Section 3.1 of the
experimental results). On day 448 of the numerical model, the air frost index was as low as
Ir = 1659 °C, day, compared to the total applied value of Ir = 2000 °C, day.

Equally interesting is day 453 of the numerical model (Figure 17, top), when approxi-
mately the same maximum frost depth (D = 1.07 m) was reached at the centreline of the
track structure. However, the lateral freezing of the subgrade surface (indicated by light
green circles in Figure 17, top) increased from approx. 1.0 m to approx. 1.2 m. This increase
is attributed to the accumulated cold in the overlying layers above the thermal insulation
material (XPS), as indicated by the “bubble” of colder temperatures in Figure 17 (top),
where darker blue represents lower temperatures. On the day when the maximum air frost
index Ir = 2000 °C, day was applied in the numerical model (day 531), as demonstrated in
Figure 17 (bottom), the frost depth at the centreline of the track structure was Dr = 1.03 m,
which is 40 mm less than the maximum value Dr observed. Remarkably, no lateral freezing
of the subgrade surface into the active zone of action of the traffic load occurred on this day.

Lateral freezing of the subgrade surface (from the berm and the embankment slope)
within the active zone of the traffic load begins on day 425 of the numerical model. It
reaches its maximum extent on day 453 and, by day 518, the zero isotherm has moved
outside the active zone. During this approx. 100-day period of structural freezing within
the active zone, ice formations (such as ice lenses, layers, or sheets) are predicted to develop
in the track subgrade, potentially causing frost heaves. The formation and subsequent
thawing of these ice structures may lead to significant uneven settling of the track after
the winter period ends. An option to prevent lateral freezing of the subgrade surface
into the active zone of the traffic load is to increase the design thickness of the XPS TIL
below the berm or at the edge of the embankment slope. Figure 18, top, demonstrates a
numerical model with the designed greater thickness of the respective TIL at the edge of
the embankment slope, or below the berm.

The XPS thickness was progressively adjusted in the numerical model, with the final
thickness of 180 mm shown in Figure 18 (top) extending up to a distance of 2.50 m from the
embankment slopes, and an 80 mm thick XPS layer continuing up to the track centreline.
With this structural treatment, there is no longer any subgrade surface freezing within the
active zone of the traffic load. Figure 18 (bottom) presents day 453 of the numerical model,
when the maximum frost depth Dr of the track structure was reached.

Since the numerical model presented in Figure 18 (top) was satisfactory for the max-
imum climatic load considered in the numerical modelling (air frost index Ir = 2000 °C,
day and average annual air temperature 8,, = —1 °C) and no subgrade surface freezing
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occurred within the entire active zone of the traffic load, the design dimensions of the
structural layers and the numerical modelling were conducted similarly for other climatic
loads (range of air frost indices Ir = 800-2000 °C, day and average annual air temperature
O =+4to —1°C).
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Figure 17. Day 453 of the numerical model (day of reaching the largest lateral freezing of the subgrade
surface)—(top), day 531 of the numerical model (day of reaching the maximum value of the air frost
index Ir = 2000 °C, day)—(bottom).

The lower limit (Ir = 800 °C, day) characterises the climatic load from which, in the
case of the standard design of the sub-ballast layers, a large thickness of crushed aggregate
protection layer (more than 0.60 m) has to be designed. Therefore, part of it should be
replaced by a thermal insulation material. The upper limit (Ir = 2000 °C, day) of the
climatic load was determined based on the availability of real measured temperatures
(the maximum value determined from the data obtained from the SHI). Additionally, in
areas with an even higher value of the air freezing index Ir, the formation of permafrost
(permanently frozen subgrade) can be assumed [41,42].

Table 4 presents the designed thicknesses of the crushed aggregate protection layer
at the track centreline (designed with a roof-shaped slope of 5%), the thickness of the XPS
applied at the identical roof-shaped slope in the track centreline and near the embankment
slope, or under the berm (XPS thickness applied at a width of 2.50 m from the edge
of the embankment slope), considering the applied climatic load. The ballast bed was
analysed in all numerical models with a total thickness of 0.50 m. In the numerical models,
the thermal insulation effect of the snow cover was also included using the so-called nf
factor (expressing the dependence between the mean daily air temperature 6; and the
temperature at the ballast bed surface 6;). In the numerical modelling, nf factor of 0.60
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was used, indicating that the temperature at the ballast bed surface 6y, is 60% of the value
of the applied mean daily air temperature 65 (8, = 0.6-6;).

8-76-5-4-3-2-1012 3 45 6 7 8
X (m)

N

8-7-6-5-4-3-2-10 12 3 45 6 7 8
X (m)

Figure 18. Numerical model of the modified sub-ballast layers (embedded layer of XPS with a struc-
tural thickness of 80 mm or 180 mm up to a distance of 2.50 m from the embankment slope)—(top),
the specific day of reaching the greatest frost depth in the numerical model (453rd day)—(bottom).

Table 4. Designed structural layer thicknesses of numerical models as a function of climatic load.

. Average Annual . . XPS Thickness in XPS Thickness at
Air Frost . Duration of Protective Layer
Air Temperature . . the Track the Embankment
Index I Frost Period Thickness £, .
©C, Day) 0. (Days) (mm) Centreline Slope
il Q) y (mm) (mm)
800 4 110 200 30 50
1000 2 180 450 50 60
1200 1 190 500 50 80
1400 1 200 500 60 100
1600 —-0.5 220 500 80 120
1800 -1 240 500 80 140
2000 -1 255 500 80 180

During the numerical modelling, a constant XPS thickness was initially used along
the track centreline to ensure adequate protection of the subgrade surface against freezing.
Subsequently, the XPS thickness was adjusted at the embankment slope to provide sufficient
protection of the subgrade surface against freezing from above (from the berm) and from
the side (from the embankment slope). Finally, the thickness of the crushed aggregate
protection layer was modified to ensure adequate protection of the subgrade surface
against freezing across the entire area of the active traffic load zone. The width of the active
traffic load zone was determined based on the designed dimensions of the sub-ballast
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layers. It extended from 2.10 m to 2.45 m, depending on the designed structural thickness
of the protection layer, from the track centreline towards the embankment slope. The
XPS thicknesses were designed based on the thicknesses and dimensions of XPS panels
supplied by the manufacturer (in some cases, a 10 mm smaller XPS thickness would have
been sufficient, but this was not feasible due to manufacturing constraints).

4. Conclusions

The dimensioning and design of the material composition of railway track structural
layers are generally conducted to ensure a minimum of 50 years of service life for the
designed structure. Despite ongoing concerns related to global warming and increasing
average annual air temperatures, winter periods with significantly adverse climatic con-
ditions (e.g., winter periods of 1986/87 or 2005/2006) or unfavourable winter weather
patterns (such as achieving the maximum air frost index in a short period, e.g., winter
period 2011/2012) still occur during the design lifespan of railway tracks. For areas with
highly adverse climatic conditions (high design air frost index and low average annual air
temperature), it would be necessary to design a large thickness of the protective crushed
aggregate layer (more than 0.60 m) in the standard design of the sub-ballast layers (con-
sisting solely of a protective layer of crushed aggregate or gravel-sand) to fully ensure
the protection of frost-susceptible subgrade surface against freezing. To conserve natural
resources and promote sustainable development, it is necessary to reduce the use of such
materials and instead replace them with materials that have superior thermal insulation
properties, even though these materials may not be readily available in nature.

From the analysis of the applied thermal insulation materials in the structural com-
position of the sub-ballast layers (XPS layer, Liapor aggregate layer, Liapor concrete layer,
composite foam concrete layer) and the experimental or numerical modelling, the following
conclusions can be drawn:

e  The frost depth of the railway track structure does not primarily depend on the air
frost index I, but also the average annual air temperature 6, that affects the amount
of heat accumulated in the track bed before the freezing period, the course of the
winter period (the number and intensity of frost and thaw periods), and the presence
of snow cover (especially “dry” snow has a significant thermal-insulating effect);

e  The application of thermal insulation material in the sub-ballast layers provides a
significant thermal resistance to frost penetration into the subgrade but results in
greater freezing of the overlying layers of the railway track structure (layers located
above the thermal insulation material);

e  The frost index on the surface of the ballast bed Irg is lower than the air frost index
Ir due to the thermal-insulating effect of snow cover. In the case of the standard
design of the sub-ballast layers (without embedded thermal insulation material), the
surface frost index Irg is significantly lower compared to the modified sub-ballast
layers (with applied thermal insulation material), which causes greater cooling of the
overlying layers);

e  The highest thermal resistance in the railway track structure is provided by the XPS
layer (when comparing the above-mentioned thermal insulation materials);

e In the case of highly adverse climatic loads on the railway track structure (air frost
indices ranging from Ir = 800-2000 °C, day and average annual air temperatures from
0 = +4 to —1 °C), significant freezing of the subgrade surface occurs even within the
active zone of traffic load, extending from the berm and the embankment slope;

o  Complete protection of the subgrade surface against freezing across the entire width
of the active traffic load zone can be achieved by designing various thicknesses of XPS,
as determined through numerical modelling (see Table 4);
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e Based on the relationship provided in Equation (5) (see Section 2.1) and the thermal
technical parameters listed in Table 3 (see Section 3.2), the total thermal resistance

(R) for the designed material composition in the numerical model listed in Table 4

(see Section 3.2) can be calculated as R = 3.0 m?-K-W~! (for Ir = 2000 °C, day) or

R =158 m?-K-W~! (for I = 800 °C, day).

The proposed modified railway track structure with embedded XPS within the railway
substructure needs to be tested on a real railway track. However, this is not feasible on the
railways in Slovakia. The extent of the climatic load used in the numerical modelling is only
found in high-altitude areas in Slovakia, where no railway tracks have been constructed.
Therefore, this represents a subject for applied research at research institutions in countries
where such climatic loads are standard for the design of their railway tracks.

To test the proposed modified railway track construction (Figure 18, top) in real condi-
tions, suitable machinery would be required to embed XPS into the railway substructure
without removing the overlying layers. Of course, other suitable thermal insulation materi-
als could also be tested. However, at present, we are not aware of any other relevant thermal
insulation materials that could be tested for their application in railway track construction.
Relevant materials are those that are cost-effective, have a low carbon footprint, or are
environmentally compatible. It would be appropriate to identify a material that contributes
not only to the protection of the frost-susceptible soil from freezing but also enhances the
deformation resistance of the railway substructure. This could be the subject of research
not only at our institution but also at other foreign research institutions that have railway
tracks in areas with higher frost indices.
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Abbreviations

For better identification of the abbreviations used and thus improving the readability of this
paper, the following list of abbreviations is provided.

DRETM Department of Railway Engineering and Track Management
EPS expanded polystyrene
GLASOPOR trademark for aggregate made from waste glass

LECA/LIAPOR trademark for artificial aggregate made from extruded clay
MP measuring profile

SHI Slovak Hydrometeorological Institute

TDR time domain reflectometry

TECANAT trademark for the protective tube of the moisture probe
TIL thermal insulation layer

UNIZA University of Zilina

XPS extruded polystyrene
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