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Abstract. The paper investigates whether foam glass could reduce the structural thickness of the protection layer in the 
construction of the railway track (saving of natural materials – crushed aggregate) and, at the same time, also provide suf-
ficient thermal protection of the frost-susceptible subgrade surface. It also discusses whether the incorporation of foam 
glass would have a relevant effect on the increase of the deformation resistance of the railway track structure at the level of 
the sub-ballast upper surface. Following these assumptions, the paper presents the results of experimental measurements 
of the deformation resistance of the modified structural composition of the sub-ballast layers (with an embedded foam 
glass layer) and their comparison with the results determined on a structure with a standard composition of the sub-ballast 
layers (crushed aggregate sub-ballast layer/protective layer). Also, numerical and mathematical analysis of the influence of 
the built-in thermal insulation foam glass layer on the reduction of the structural thickness of the protective crushed aggre-
gate layer in terms of the effect of climatic factors is conducted in the paper. The mathematical model, developed by the 
research, provides the possibility of continuous monitoring of the change in the railway track structure freezing depending 
on climatic characteristics.
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Introduction

Rail transport is also often referred to as green transport 
due to lower energy consumption, lower noise production 
and, last but not least, lower greenhouse gas production 
of rail transport compared to other transport systems. A 
2018 EU analysis indicated that rail transport accounted 
for only 0.4% of the overall GHG transport emissions. 
This proportion is negligible compared to road transport 
that is ubiquitous and more burdensome to the environ-
ment, producing more than 71% emissions (Republic of 
Slovenia Statistical Office, 2018). The development and 
modernisation of the rail network are, therefore, one of 
the EU‘s priorities, with a strong emphasis on ensuring 
sustainable development and reusing material resources. 
One of the waste materials that deserve increased atten-
tion is glass due to its long decomposition time (estimated 
to 4000 years). At present, among other products, waste 

glass is used for the production of foam glass, which, 
thanks to some of its distinctive properties, is constantly 
finding new applications, for example as a thermal insula-
tion material. The objective of the present paper is thus to 
assess the possibility of applying foam glass as a secondary 
building material in the structural composition of the sub-
ballast layers, with a specific focus on its excellent thermal 
insulation properties. In the case of sub-ballast layers of 
fine-grained soils, this means achieving its complete ther-
mal protection, which, together with a possible increase in 
the deformation resistance of the sub-ballast layers, would 
create conditions for a long-term safe and stable roadway. 

Ensuring long-term shape and volume stability and, at 
the same time, deformation-resistant construction of the 
sub-ballast layers can generally be achieved by selecting 
appropriate construction materials and thicknesses of its 
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structural layers. In addition to the transport load, the 
sub-ballast layers are also subjected to non-transport lo-
ads – the effect of weather and climatic factors. If the magni-
tude and thus the effect of the traffic load can be influen-
ced, the effect of the non-traffic load on the railway track 
cannot be excluded and affects the quality of the railway 
track throughout the year, especially during the winter 
and spring seasons. In particular, the effect of frost on the 
sub-ballast layers is one of the main factors of non-traffic 
loads that significantly affects its quality, especially in rela-
tion to the unfavourable water regime and the frost-suscep-
tible subgrade surface (Bąk & Chmielewski, 2019).

The effectiveness of the whole structure of the track 
substructure concerning the protection against the adver-
se effects of frost is expressed in terms of thermal resistan-
ce. The greater the thickness of the individual structural 
layers and/or the lower the thermal conductivity coeffi-
cients of the incorporated building materials, the higher 
the overall thermal resistance of the structure. Therefore, 
the incorporation of high-efficiency thermal insulation 
materials (λ < 0.4 W.m–1.K–1) in the structural sub-bal-
last layers allows, from the point of view of its protection 
against freezing of the frost-susceptible subgrade surfa-
ce, a reduction of the structural thickness of the protec-
tive subgrade surface layer of standard natural materials 
(crushed aggregate or gravel sand).

Currently, there are some high-performance thermal 
insulation materials with constantly evolving and expan-
ding properties and applications on the construction mar-
ket. The research of the Department of Railway Enginee-
ring and Track Management (DRETM) has long focused 
on monitoring the influence of traffic and non-transport 
(climatic) loads on the deformation resistance of the 
sub-ballast layers, as well as on the assessment of the pos-
sibilities of application of various thermal insulation mate-
rials in the structural sub-ballast layers (extruded polysty-
rene, liapor, liaporconrete, composite foam concrete, foam 
glass). The research involved the construction of a 1:1 sca-
le model of the railway line, consisting of 6 different stru-
ctures of the sub-ballast layers (Ižvolt et al., 2021). Here, 
the thermal-technical parameters of the materials applied 
to the sub-ballast layers were determined (Ižvolt et  al., 
2013). The water regime of the subgrade surface of all 6 
structures of sub-ballast layers was also monitored using 
the TDR method (Pieš & Môcová, 2019). Currently, the 
DRETM research focuses on monitoring the traffic load, 
its static (on the experimental stand) and dynamic (on real 
experimental sections of modernised lines) components.

Abroad, the application of thermal insulation materials 
in the sub-ballast layers was addressed, for example, in the 
Netherlands (Esveld & Markine, 2003), where expanded 
polystyrene (EPS) plates were applied in the structural 
composition of the sub-ballast layers (specifically on the 
subgrade surface) of a high-speed line (with a non-stan-
dard superstructure of the Rheda 2000 type). The EPS 
application in the structural composition of the sub-bal-
last layers indicated the most positive results in the case of 

a low deformation-resistant subgrade (maintenance costs 
were significantly reduced). In research conducted in Fin-
land (Nurmikolu & Kolisoja, 2005), extruded polystyrene 
boards (XPS) were applied in the sub-ballast layers, spe-
cifically at the level of the sub-ballast upper surface. The 
research results pointed out the necessity to tighten the 
compressive strength requirements of the boards for the 
case of high axle loads and to modify the design value of 
the thermal conductivity of the XPS thermal insulation 
boards to 0.050 W.m–1.K–1.

In turn, research implemented in the UK (Woodward 
et  al., 2012) focused on the application of polyurethane 
boards in critical areas of railway tracks, namely transi-
tion areas to artificial structures (underpasses, culverts, 
bridges, tunnels). It confirmed the suitability of the appli-
cation of polyurethane polymers called XiTRACK to sta-
bilise and increase the stability of railway lines, especially 
in critical areas of increased dynamic effects of passing 
railway vehicles (e.g., switches, track crossings or transi-
tion areas). Another option for the application of thermal 
insulation materials, namely artificial aggregates (aggrega-
tes made from old recycled tyres – TDA or light expanded 
clays – LECA), in combination with standard aggregates 
(gravel) in the railway track embankment was considered 
in the USA research (Sadrinezhad et  al., 2019). The re-
sults demonstrated that the application of TDA and LECA 
reduces the overall settlement and the rate of vibration 
propagation in the railway embankments, improving their 
stability and resistance to dynamic load or seismic effects. 
Artificial aggregate made of expanded clay  – LECA or 
waste glass – GLASOPOR was also tested in the resear-
ch implemented in Finland (Loranger et  al., 2017). The 
output of their publication is the collected data necessary 
for the calibration of the numerical models. The use of 
another thermal insulation material, namely lightweight 
foam concrete, in the structural composition of transition 
zones for man-made structures was addressed in research 
conducted in China (Li et al., 2020). The research results 
indicated that the use of lightweight foam concrete in the 
structural composition of the transition area for artificial 
structures will provide reasonably satisfactory stability, 
and resistance even to large axial loads. Moreover, it will 
reduce the differential settlement of the bridge transition 
area, and distribute the stresses evenly to the subgrade of 
the railway track.

 The content of the paper is related to the publication 
(Ižvolt et al., 2021), focused on the verification of the po-
ssibilities of application of extruded polystyrene in the 
sub-ballast layers and to the publications discussing the 
possibility of application of composite foam concrete in 
the structural sub-ballast layers (Ižvolt et al., 2019, 2022) 
or as a protective (sub-ballast) layer (Vlček & Valašková, 
2021). The primary objective of the paper is to assess the 
possibility of applying foam glass aggregate fr. 0/63 mm 
to the structural sub-ballast layers in terms of the applied 
traffic load (its static component) and non-traffic (clima-
tic) load.
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The experimental measurements assessed the influen-
ce of the static component of the traffic load (static load 
tests) on the real modified construction of sub-ballast 
layers (built-in sub-ballast layer of foam glass and crushed 
aggregate) and standard construction of sub-ballast layers 
(only the sub-ballast crushed aggregate layer). The output 
of the experimental measurements are graphs enabling the 
design of the constructional composition of the standard 
or modified construction of sub-ballast layers in terms of 
the static component of the traffic load.

The numerical and mathematical analysis assessed 
the influence of the incorporation of a thermal insulation 
layer of foam glass aggregate fr. 0/63 mm on the reduc-
tion of the structural thickness of the protective crushed 
aggregate layer in terms of climatic factor effects (water 
and frost). Considering the experience of the subgrade 
surface freezing into the active zone in the direction from 
the track bench surface and from the embankment slope 
presented in Ižvolt et al. (2022), the numerical modelling 
of sub-ballast layers used a combination of two thermal 
insulation materials (foam glass aggregate and extruded 
polystyrene boards). The output of the numerical (mathe-
matical) analysis is a design nomogram (mathematical re-
lations) that enables to design the structural composition 
of the modified sub-ballast layers or the standard constru-
ction (structural layers) of the railway substructure. Appli-
cation of foam glass aggregate in the sub-ballast layers is 
expected to reduce the protective layer (saving of natural 
materials – crushed aggregate, gravel sand) and effectively 
use waste glass.

1. Materials and methods

The subject of this chapter will be the characteristics of 
the modified structural composition of the sub-ballast 
layers (combination of a layer of granular foam glass ma-
terial and a layer of crushed aggregate fr. 0/31.5 mm), the 
standard structural composition of the railway sub-ballast 
layers (consisting only of a crushed aggregate layer), the 
characteristics of the methodology for the determination 
of the deformation resistance of the tested structures and 
the numerical analysis conducted to assess the modified 
sub-ballast layers to the non-transport loads.

1.1. Foam glass 

Foam glass is a porous glass foam material produced by 
heating a mixture of crushed or granulated glass and a 
chemical foaming agent. Limestone, calcium carbide or 
coke is used as the foaming agent. The mixture is roasted 
at a temperature of about 800 °C that releases gas from the 
foaming agent and creates a high number of closed and 
discontinuous pores in the glass (porosity of 80 to 90%, 
pore diameter of 0.1 to 5 mm). Foam glass is commercially 
available in the form of thermal insulation boards or as 
aggregates of different fractions. Since foam glass resists 
the rotting process and has completely closed pores, it can 

be considered a highly suitable thermal insulation at the 
contact points with the frost-susceptible subgrade surface.

The first information on foam glass as a construction 
material was published by I. I. Kitaygorodskiy at the All-
Union Conference on Standardization and Manufacture 
of New Construction Materials in Moscow as early as 
1932 (Kitaygorodskiy, 1932). The product that is known 
today as cellular glass insulation Foamglas was developed 
by Pittsburgh Corning and was later acquired by Owens 
Corning. Thanks to some of its excellent properties (high 
thermal resistance, non-absorption, environmental frien-
dliness), foam glass is continuously gaining popularity in 
building practice. Research on the properties of foam glass 
is being conducted abroad, e.g., in China, where it has so 
far been found that its mechanical properties are signifi-
cantly influenced by the foaming agent (SiC). When the 
amount of foaming agent was reduced, the strength of the 
material increased (Bian et al., 2018). The thermal insu-
lating properties of foam glass are also affected by the fly 
ash content, soda ash carbonate, as well as foaming tem-
perature and time. Research results suggest that the more 
uniform and orderly the openings in the foam glass mate-
rial are, the greater the thermal resistance of the material 
is, and thus the better its thermal insulation properties are 
(Qin et al., 2019). The structural, physical and mechanical 
properties of foam glass were also addressed in Malaysia 
(Hisham et  al., 2021), where research demonstrated the 
effect of mixture composition and sintering temperature 
on the improvement of the foam glass properties in que-
stion. A correlation between the physical and thermal 
insulation properties of foam glass was established by Ro-
manian research (Paunescu et al., 2021). It concluded that 
foam glass is a favourable alternative compared to known 
types of polymeric or fibreglass thermal insulation mate-
rials. The U.S. research indicated that the strength of foam 
glass is equally affected by different pore sizes (Morgan 
et al., 1981).

The basic technical and environmental properties of 
foam glass were also the subject of research in Austra-
lia (Arulrajah et al., 2015), where the health safety of this 
material was demonstrated. The concentrations of ha-
zardous substances in the leachate were 100 times lower 
than drinking water standards. The dynamic resistance of 
foam glass and its impact on vibrations by railway traf-
fic was addressed in Slovenia (Lenart & Kaynia, 2019). In 
this publication, numerical modelling of the use of foam 
glass aggregate embedded in a railway embankment was 
implemented. Due to all the above-mentioned properties 
and the obtained knowledge, the foam glass aggregate is 
also suitable for earthworks. Here it can be used as a ligh-
tweight fill material for embankments placed on poorly 
bearing soils and as a soil improvement material (Lu & 
Onitsuka, 2004). A study was also conducted on the possi-
bility of applying foam glass as a thermal insulation mate-
rial in pavement construction with foam glass as a suitable 
alternative for extruded polystyrene sheets (Ghafari et al., 
2019; Frydenlund & Aaboe, 2003).
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1.2. Properties of the applied materials – 
characteristics of the experimental field

One of the research activities currently being solved at 
DRETM is the assessment of the suitability of the appli-
cation of thermal insulation materials in the sub-ballast 
layers, not only in terms of increasing their thermal re-
sistance, but possibly also their deformation resistance at 
the level of the sub-ballast upper surface. For this reason, 
an experimental field (Figure 1), which enables to deter-
mine the deformation resistance of individual structural 
sub-ballast layers, was built on the premises of the Uni-
versity of Žilina. The experimental field is a part of the 
Experimental Stand DRETM (Ižvolt et al., 2021), built for 
the verification of the thermal-technical and deformation 
properties of the materials incorporated into the railway 
track structure.

Since the subject of the experimental measurements 
is the assessment of the influence of the built-in struc-
tural layer of foam glass aggregate on the increase of the 
deformation resistance of the sub-ballast layers, the ex-
perimental field consists of two segments. Segment A is a 
standard construction of sub-ballast layers (a sub-balast 
crushed aggregate layer, fr. 0/31.5 mm) designed in the 
construction thickness according to the Slovak Technical 
Railway Standard (Directorate General of the Railways of 
the Slovak Republic, 2005). Segment B represents a modi-
fied construction of the sub-ballast layers – a combination 
of a sub-ballast layer of crushed aggregate fr. 0/31.5 mm 
and foam glass aggregate, fr. 0/63 mm. The subgrade of 
the sub-ballast layers at the level of subgrade surface of 
both segments can be characterised as not highly defor-
mation resistant since in both cases the static modulus of 
deformation of the subgrade surface E0 = 10 ± 2 MPa was 
the baseline value. The Geofiltex 63/20 T separation geo-

textile was placed on the subgrade surface. As part of the 
modified construction of the sub-ballast layers (Segment 
B), a 150 mm thick layer of foam glass aggregate, fr. 0/63 
mm was applied onto the subgrade surface. Subsequently, 
layers of crushed aggregate, fr. 0/31.5 mm gravel were 
placed on the surface of this thermal insulation layer, 
gradually reaching partial design thicknesses of 100, 200, 
300 and 400 mm. The individual construction layers of 
crushed aggregate were compacted using a vibrating plate. 
Figure 1 demonstrates the ground plan and cross-section 
of the two segments of the experimental field and indi-
cates the positions of the locations for determining the 
deformation resistance of the individual partial sub-ballast 
layers by static load tests. The basic physical and deforma-
tion characteristics of the construction materials incorpo-
rated in the experimental field structures are provided in 
Table 1.

1.3. Methodology for determining the deformation 
resistance of sub-ballast layers – Experimental 
Measurement

The experimental measurement of the deformation resis-
tance of the standard (Segment A) and modified (Segment B)  
compositions of the sub-ballast layers of the experimental 
field was implemented using a static load setup and is de-
monstrated in Figure 2.

The experimental measurements followed the metho-
dology presented in Directorate General of Railways of the 
Slovak Republic (2018), where a value of 0.20 MPa was 
used as the maximum value of the contact stress for both 
loading cycles of the static load test. The static load tests 
were performed in two loading cycles in which a rigid 
circular plate of 300 mm diameter was successively pushed 
into the surface of the tested structural sub- ballast. 

Figure 1. Experimental field: Segment A (standard sub-ballast layers), Segment B (modified sub-ballast layers)
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The resultant parameter is the static modulus of defor-
mation Esi, obtained in the second loading cycle. The value 
of the static modulus of deformation Esi was calculated 
from the relation:

1.5 ,si
p rE

y
⋅ ⋅

=   (1)

where Esi - static modulus of deformation of the i-th struc-
tural layer, (MPa); p - specific pressure acting on the plate, 
(MPa); r - radius of the load plate, (m); y - total average 
load-plate compression found in the second cycle, (m).

Since the static load tests were performed in two loa-
ding cycles, in addition to the deformation resistance on 
the surface of the partial structural sub-ballast layers, it 
was also possible to determine the quality of compaction 
of the embedded materials according to the methodology 
presented in Slovak Office of Standards, Metrology and 
Testing (2017). The quality (degree) of compaction was 
determined by the ratio of static deformation moduli de-
termined in the second and first loading cycles. The static 
modulus of deformation on the surface of each structural 
layer of the sub-ballast layers was always determined on 
the second day after the compaction of the structural layer 
in question. A series of 4 measurements were performed 

on the surface of each structural layer of both segments 
(see Figure 1), with the static load tests always performed 
at the same location, indicated as measurement point Mi 
(Segment A – measurement points M1 to M4 and Segment 
B – measurement points M5 to M8). Specifically, the expe-
rimental measurement of the static modulus of deforma-
tion was performed at the level of the subgrade surface, on 
the surface of the foam glass aggregate and at the level of 
each crushed aggregate layer of structural thickness 100, 
200, 300 and 400 mm.

1.4. Methodology for determining the freezing  
of sub-ballast layers – Numerical analysis

The numerical analysis of the modified structure of the 
sub-ballast layers (with built-in thermal insulation layer 
of foam glass) was conducted to assess the freezing of this 
structure and to determine the required dimensions of 
the individual sub-ballast layers depending on different 
climatic loads (air freezing index IF and the average an-
nual air temperature θm). The numerical models of the 
modified design of the sub-ballast layers were developed 
based on the experience presented in Ižvolt et al. (2021, 
2022) using the SVHeat programme (Thode, 2012). These 
models feature 2D transition models of a double-track 
railway line (as the most common case) with an embank-
ment height of 2.0 m. 

The initial design of the numerical model includes 4 
material construction layers (ballast bed thickness 500 
mm, protective crushed aggregate layer of variable thick-
ness – from 50 to 600 mm, 150 mm thick thermal insu-
lation layer of foam glass and clay subgrade), marked in 
the model as regions (Figure 3 left). Later, based on the 
results of the numerical analysis, a fifth material area will 
be added, namely extruded polystyrene boards (protection 
of the subgrade surface from freezing into the active zone 
in the direction from the surface of the track bench and 
the embankment slope).

The material characteristics of the individual structural 
layers in the numerical model are provided in Table 1 (see 
Section 1.2). Their thermal-technical characteristics were 
specified based on laboratory measurements (ballast bed, 
crushed aggregate, clay) (Ižvolt et al., 2013), technical data 
sheets declared by the manufacturer (thermal insulation 
materials) or experience from abroad papers (Glapor, n.d.; 
Gnip et  al., 2001; Styrodur, 2019), and are presented in 
Table 2. 

Table 1. Physical and strength parameters of the applied materials

Material Bulk density – 
dry (kg.m–3)

Moisture
(%)

Poisson’s ratio
(–)

Compressive strength
(MPa)

Tensile strength
(kN.m–1)

Crushed aggregate fr. 0/31.5 mm 1930 5.5 0.20 – –
Foam glass fr. 0/63 mm 135 ± 10% 6 0.25 min. 0.17 –
Separation geotextile Geofiltex 63/20 T 200 ± 201 – – – 5.0
Subgrade – gravely clay 1650 26 0.40 ? –

Note: 1area weight 200 ± 20 g.m–2 according to EN ISO 9864.

Figure 2. Implementation of static load test on the surface  
of foam glass aggregate

steel test frame 
with a movable 
transverse beam

static plate load 
test device
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In the individual numerical models, the climatic stress 
was defined at the edges of the material regions in contact 
with the air. The main parameter for the climatic load was 
the mean daily air temperature θs defined for the whole 
analysed period. The mean daily air temperatures were 
entered in such a way that for the numerical model loa-
ded with the most severe climate load, they characterised 
the air freezing index IF = 1400 °C, day, and the average 
annual air temperature θm = 2 °C (Figure 4). The air free-
zing index IF = 1400 °C, day considers the threshold where 
a greater design thickness of the foam glass layer would 
be needed in the active zone of the sub-ballast layers, or 
where it would be appropriate to use another thermal in-
sulation material with more suitable thermal-technical pa-
rameters (e.g., polyurethane boards, extruded polystyrene 
boards, etc.) in combination with a sufficient thickness of 
the protective crushed aggregate layer (to ensure sufficient 
deformation resistance of the structure at the level of the 
sub-ballast upper surface).

In the other numerical models, the climatic load was 
progressively reduced by using air freezing index values 
of IF  = 1300, 1200, 1100 and 1000  °C, day, and corres-
ponding average annual air temperature values of θm = 2, 
3 and 4 °C. The lower limit of the climatic load, namely 
the air freezing index IF = 1000 °C, day and the average 
annual air temperature θm  = 4  °C, were determined on 
the basis that for the specific climatic load a design of a 
smaller thickness of the protective layer of crushed aggre-
gate than the minimum required technological thickness 
(150 mm) was necessary. The climatic characteristics were 
determined due to measured values of mean daily air tem-
peratures θs obtained from various meteorological stations 
located in the territory of Slovakia.

The average annual air temperature θm in the numeri-
cal models defines the range of days TIME =1 to TIME = 
365. The freezing period in the numerical model is de-
fined for an air freezing index of IF = 1400  °C, day and 
average annual air temperature θm = 2 °C over a period 
of 200 days (from 15 October to 2 May – TIME = 289 to 
TIME  = 488). As the climatic load decreased, a shorter 
freezing period was defined, with a length of 180 days for 
the lower limit of the climatic load (IF = 1000  °C, day). 
The numerical models also consider the influence of snow 
cover expressed by the nf factor (factor expressing the de-
pendence between the mean daily air temperature and the 
temperature on the ballast bed surface). In the numerical 
models, a value of nf = 0.6 (the value attributable to the 
thickness of the snow cover aligned to the top surface of 
the ballast bed) was used during the winter period. The 
influence of snow cover thickness on the nf factor values 
was presented in Ižvolt et al. (2018).

 Figure 3. Numerical model (initial design) and use of FlexPDE in the analysis
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Table 2. Thermal-technical parameters of the materials of the numerical model

Construction layer/
material characteristics

Ballast bed
(moderate pollution) Protective layer Thermal insulation 

layer
Thermal insulation 

layer Subsoil

Material of the layer gravel fr. 31.5/63 mm crushed aggregate 
fr. 0/31.5 mm foam glass fr. 0/63 mm extruded polystyrene 

boards clay

Temperature (°C) –2 3 4 –2 10
Specific heat capacity 
(J.kg–1.K–1) 980 1090 850 2060 1095

Thermal conductivity 
coefficient (W.m–1.K–1) 1.0 1.73 0.12 0.04 1.55

Figure 4. Maximum climate stres sused in the numerical 
modelling (air freezing index IF = 1400 °C, day and average 

annual air temperature θm = 2 °C)
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The calculation of the freezing of the structural layers 
of the railway track in numerical models was performed 
using the FlexPDE programme and the ACU-MESH 
programme was used to visualize the solution results 
(Fredlund & Haihua, 2011). The complex differential 
equations were solved using the infinite element method 
with a specified solution time step of 0.1 per day. The grid 
generation module constructs a triangular (3, 6, or 9-node 
triangles) finite element mesh over an arbitrary two-di-
mensional model domain (Figure 3, right). The mesh ge-
nerator allows a spatially varying density of nodes in order 
to focus on areas of structural detail.

2. Results and discussion

The sub-ballast layers must have the ability to accept trans-
port and non-transport (climatic) loads without harmful 
deformations in the long term. They can only have these 
properties if they are built of high-quality construction 
materials of the required structural thicknesses – dimen-
sions. In this part of the paper, the results of experimental 
and numerical analyses focused on the design of a modi-
fied structural composition of the sub-ballast layers (with 
a built-in thermal insulation layer of foam glass aggregate 
fr. 0/63 mm) will be characterised in terms of the sta-
tic component of the traffic load as well as the effect of 
non-traffic load.

2.1. Deformation resistance of the sub-ballast layers

The determination of the deformation resistance on the 
surface of the partial structural layers of the sub-ballast 
layers was performed on the experimental field using the 
methodology described in more detail in Section 1.3. The 
characteristics of the individual segments, material and 
structural composition of the experimental field were 
specified in Section 1.2. The measured values of the de-
formation resistance (static modulus of deformation Esi on 
the surface of the partial structural layers representing the 
standard structural composition of the sub-ballast layers 
(Segment A) are demonstrated in Figure 5.

The values of the static modulus of deformation Esi, 
specified in Figure 5, will be compared with the values 
identified for the modified structural layer composition of 
the sub-ballast layers (Segment B), Figure 6. 

The comparison of the results specified in Figure 5 
and Figure 6 indicates that as the design thickness of the 
crushed aggregate layer increases, the equivalent value of 
the modulus of deformation also increases. This finding 
is valid for larger structural thicknesses of the crushed 
aggregate layer  – from approx. 300 mm onwards, when 
the measured value of Esi is no longer affected by the small 
deformation resistance of the subgrade surface (E0 = 10 ± 
2 MPa). The measured values at the level of the sub-ballast 
upper surface (in this case on the surface of the 400 mm 
thick crushed aggregate layer) indicate a higher value of 
the static modulus of deformation of the modified design 
of the sub-ballast layers (150 mm thick layer of foam glass 

aggregate + 400 mm thick layer of crushed aggregate) by 
approx. 12 to 20 MPa compared to the standard design of 
the sub-ballast layers (only 400 mm thick layer of crushed 
aggregate). The experimental measurements also determi-
ned the degree of compaction of the measured structural 
layer in question, with comparable values achieved in both 
the Segment A and Segment B designs. For the 1st and 2nd 
construction layer of crushed aggregate, a compaction rate 
(quality) of 1.70 to 1.90 was achieved, and for the case of 
the 3rd and 4th construction layer of crushed aggregate 
(level of the sub-ballast upper surface), a compaction rate 
of 1.50 to 1.65 was achieved. Since the minimum allowable 
compaction rate for coarse-grained materials according to 
Slovak Office of Standards, Metrology and Testing (2017) 
is 2.60, the measured values of the compaction rate were 
satisfactory in all cases.

Figure 5. Values of the static modulus of deformation Esi 
measured on the surface of the partial layers of the standard 
structural composition of the sub-ballast layers (Segment A)

Figure 6. Values of the static modulus of deformation Esi 
measured on the surface of the partial layers of the modified 
structural composition of the sub-ballast layers (Segment B)
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Figure 7 demonstrates a comparison of the standard 
(Segment A) and modified (Segment B) structural com-
position of the sub-ballast layers, where the values of the 
static deformation moduli Esi are presented as average va-
lues for each structural layer (average values of the static 
deformation moduli Esi from 4 measurements on the sur-
face of each structural layer).

Figure 7 indicates that the difference in the defor-
mation resistance of the standard and modified sub-bal-
last layers increases with the increasing thickness of the 
sub-ballast layer tsbl of crushed aggregate. This means that 
the 0/63 mm layer of foam glass aggregate in the present 
design has a certain influence on the increase of the overall 
deformation resistance of the structural sub-ballast layers. 
This claim is predictable due to the structural thickness of 
the protective subgrade surface which is larger than in the 
case of the modified sub-ballast layers design.

However, if the same design thickness of the sub-bal-
last layer (protective layer) of the standard and modified 
designs of the sub-ballast layers is compared, in the case 
of the standard design of the sub-ballast layers, it is a 400 
mm thick sub-ballast layer of crushed aggregate and in the 
case of the modified design, it is a 150 mm thick design 
layer of foam glass aggregate and a 250 mm thick design 
layer of crushed aggregate. In this way, more relevant in-
sight into the actual effectiveness of the foam glass aggre-
gate on the overall deformation resistance of the structure 
can be obtained.

The comparison of the structural composition of the 
sub-ballast layers (the structural thickness of the protec-
tion subgrade surface layer) indicates that the standard 
structural composition of the sub-ballast layers is more 
deformation-resistant (Esi of about 56 MPa) than its mo-
dified structural composition (Esi of about 40 MPa). The 
0/63 mm foam glass aggregate layer does not contribu-
te to increasing the overall deformation resistance of the 
sub-ballast layers at the level of the subgrade surface, but, 
as demonstrated below, only has an excellent thermal in-
sulation effect, i.e. it protects the frost-susceptible subgra-
de surface from freezing.

This finding implies that if a higher value of deforma-
tion resistance is to be achieved at the level of the sub-bal-

last upper surface, a higher design thickness of crushed 
aggregate must be considered, since the structural layer of 
foam glass has a significantly lower value of deformation 
resistance than an equally thick structural layer of crushed 
aggregate. By incorporating a 150 mm thick structural layer 
of foam glass aggregate fr. 0/63 mm, it is generally pos-
sible to reduce an approx. 50 mm thick layer of 0/31.5 mm  
crushed aggregate.

The experimental measurement results of deformation 
resistance demonstrated in Figure 7 indicate that for the 
case of deformation resistance of subgrade surface of E0 = 
10 ± 2 MPa, a deformation resistance value of Esi of about 
20 MPa was obtained on the surface of the 150 mm thick 
crushed aggregate structural layer, and a deformation re-
sistance value of Esi of only about 10 MPa was obtained 
on the surface of the 150 mm thick foam glass structural 
layer. This means that the 150 mm thick foam glass stru-
ctural layer material had no effect on the increase of the 
deformation resistance under these boundary conditions, 
or the crushed aggregate material will cause an increase 
of the deformation resistance of the structure compared 
to the foam glass material by 100% in this case (low de-
formation resistant subgrade surface).

2.2. Resistance of the modified structure  
to non-traffic loads – design nomogram

The aim of the numerical analysis was to create a numeri-
cal model of the sub-ballast layers that will be sufficiently 
resistant to the defined climatic loads specified in more 
detail in Section 1.4, and thus the frost-susceptible sub-
grade surface will not freeze in the entire active zone of 
the traffic load. A comparison of the real structure with 
the numerical model, in order to verify the relevance of 
the numerical modelling input data, has been elaborated 
in previous papers (Ižvolt et al., 2020, 2021, 2022). In the 
first step, a numerical model of the railway track in em-
bankment (Figure 8) was developed. It included the de-
sign of a foam glass thermal insulation layer of structural 
thickness 150 mm over the entire width of the subgrade 
surface, combined with a crushed aggregate layer of struc-
tural thickness of 600 mm. The thickness of the crushed 
aggregate layer was designed depending on the applied 
climatic load for freezing index IF = 1400 °C, day and av-
erage annual air temperature θm  = 2  °C (maximum cli-
matic load considered in the numerical analysis) accord-
ing to the legislative document (Directorate General of the 
Railways of the Slovak Republic, 2005). These design layer 
thicknesses were proposed because the protective layer of 
crushed aggregate, of design thicknesses of 250 mm and 
400 mm (as proposed by assessing the design thickness 
of the sub-ballast layer for the static loads resulting from 
Section 1.2 and Section 2.1 respectively), are insufficient 
in terms of non-traffic loads.

Figure 8 (right) depicts the maximum depth of free-
zing achieved in numerical model 1, represented by the 
zero isotherm (red curve). The course of the zero isotherm 
demonstrates that the design of the sub-ballast layers in 

Figure 7. Comparison of standard (Segment A – crushed 
aggregate only) and modified (Segment B – crushed aggregate + 
150 mm of foam glass aggregate) structural composition of the 

sub-ballast layers
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numerical model 1 prevented the embankment subgra-
de surface from freezing in the track centreline region. 
However, the freezing already occurs before the end of 
the active zone of the traffic load effects (the active zone 
is considered about 2.50 m from the track centreline). 
In order to ensure the protection of the embankment 
subgrade surface against freezing in the direction from 
the embankment slope and from the track bench surface, 
a numerical model 2 was defined (Figure 9). The nume-
rical model No. 2 differs from the previous model by a 
thicker thermal insulation layer of foam glass aggregate 
(design thickness 250 mm) in the area of contact with the 
embankment slope (to a width of 2.50 m from the em-
bankment slope).

Figure 9 (right) demonstrates that numerical model 2 
is suitable with respect to the protection of the subgrade 

surface from freezing over the entire width of the active 
zone of the traffic load effects, but requires the incorpora-
tion of a larger amount of foam glass aggregate.

For that reason, and based on the experience gained 
from the numerical analysis implemented in Ižvolt et al., 
(2022), numerical model No. 3 was developed (Figure 
10). Numerical model No. 3 is characterised by the re-
placement of a part of the foam glass material in the area 
where the increased freezing of the subgrade surface of 
the sub-ballast layers in the embankment occurs, specifi-
cally in the direction from its slope and from the surface 
of the track bench, with a thermal insulation material of 
better thermal insulation properties (boards of extruded 
polystyrene – XPS). Extruded polystyrene boards of 0.10 
m thickness were designed for a width of 2.50 m from the 
contact of the subgrade surface of the embankment and 

Figure 8. Numerical model No. 1: design of the body of the sub-ballast layers with built-in thermal insulation layer made of foam 
glass for the whole width of the embankment subgrade surface with respect to the applied climatic load IF = 1400 °C, day  

and θm = 2 °C (left); the day of reaching the maximum freezing depth of the structural layers of the numerical model (right)

Figure 9. Numerical model 2: design of different thicknesses of the foam glass layer in the sub-ballast layers with respect to the 
applied climatic load IF = 1400 °C, day and θm = 2 °C (left); day of achieving the maximum freezing depth of the structural layers  

of the numerical model (right)
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Figure 10. Numerical model 3: design of the combination of two thermal insulation materials (foam glass and extruded polystyrene) 
in the sub-ballast layers with respect to the applied climatic load IF = 1400 °C, day and θm = 2 °C (left); day of achieving  

the maximum freezing depth of the structural layers of the numerical model (right)
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its slope. 
Figure 10 (right) demonstrates that the numerical mo-

del 3 is suitable in terms of protecting the embankment 
subgrade surface against freezing over the entire width of 
the active zone of the traffic load effects, in the case of 
the maximum climatic load considered in the numerical 
analysis (IF = 1400 °C, day and θm = 2 °C). For this reason, 
the structural composition of the sub-ballast layers of the 
numerical model 3 was also subsequently used to create 
the design dimensioning nomogram (Figure 11). The de-
sign nomogram is to be used for the final design of the 
necessary design thickness of the crushed aggregate layer, 
which in combination with the thermal insulation mate-
rials (foam glass aggregate fr. 0/63 mm of 150 mm design 
thickness and XPS boards of 100 mm design thickness – 
see Figure 10 left), will provide the required protection 
of the frost-susceptible subgrade surface against freezing, 
depending on the different climatic loads (freezing index 
IF and average annual air temperature θm). The thickness 
of the structural crushed aggregate layer in the individual 
numerical models was progressively adjusted depending 
on the different climatic loads, in such a way that the final 
structural layer composition in the model would resist fre-
ezing of the frost-sensitive subgrade surface in the active 
zone of the traffic load effects. 

The range of climatic loads used in the development 
of the design nomogram is further specified in Section 
1.4. In addition, the design nomogram is supplemented 
with curves to allow the design of the necessary thickness 
of the crushed aggregate layer for the case of a standard 
sub-ballast layers design (without the application of ther-
mal insulation materials in the sub-balast layers design), 
depending on the different climatic loads (Ižvolt et  al., 
2022). Thanks to this measure, it is also possible to com-
pare the standard and modified design of the sub-ballast 
layers and to determine the possible saving of natural ma-
terials (crushed aggregate). 

Figure 11 demonstrates that in the case of a modified 
design of the sub-ballast layers, and in terms of non-traf-
fic loads for areas with an air freezing index of, e.g., IF = 
1200  °C, day and an average annual air temperature of 
θm  = 3  °C, it would be necessary to design a construc-
tion layer of crushed aggregate with a thickness of tpl = 
350 mm, in combination with foam glass aggregate layer 
with a construction thickness of 150 mm and extruded 
polystyrene (XPS) boards with a thickness of 100 mm. The 
construction arrangement as depicted in Figure 10. 

In the case of the standard design of the sub-ballast 
layers, it would be necessary to design a crushed aggre-
gate layer of 1100 mm design thickness. However, in the 
case of the standard design of the sub-ballast layers, the 
entire active zone of the traffic load would not be protec-
ted from freezing. Freezing would occur in the direction 
from the embankment slope and from the surface of the 
track bench.

The modified structural composition of the sub-ballast 
layers needs to be assessed in terms of the application of 

the traffic load (see Section 2.1). The freezing indices IF < 
1000 °C, day were not interpreted in the numerical analy-
sis of the modified structural composition of the sub-bal-
last layers, since for the given climatic load the design of 
a minimum thickness of the structural layer of 150 mm of 
crushed aggregate, in combination with foam glass aggre-
gate, would be sufficient. The design of XPS boards would 
not be necessary. 

The numerical analysis also produced numerical mo-
dels with the thickness of the foam glass aggregate layer 
increased to 200 mm. In the case of these models, increa-
sing the thickness of the foam glass aggregate layer by 50 
mm allows reducing the design thickness of the crushed 
aggregate layer by an additional 150 mm, compared to 
the thickness determined according to Figure 11 (in the 
case of dimensioning the modified design depending on 
the climatic load). In many cases, a subsequent increase 
in the thickness of the crushed aggregate structural layer 
would be necessary, e.g., in the case of the assessment of 
the structural sub-ballast layers for deformation resistance 
as the benefit of the increased structural thickness of the 
foam aggregate layer is negligible.

2.3. Design of the modified structure of the  
sub-ballast layers in respect to non-traffic  
load – mathematical model

From the numerical modelling of the obtained data (Sec-
tion 2.2) and from the design nomogram for dimension-
ing the sub-ballast layers for non-traffic loads – Figure 11, 
it was possible to create a continuous mathematical model 
to monitor the influence of the incorporated thermal in-
sulation layer of foam glass aggregate on the reduction 

Figure 11. Design nomogram: dependence of the thickness  
of the crushed aggregate protection layer on different climatic 

conditions for standard and modified construction of the  
sub-ballast layers
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of the thickness of the protective crushed aggregate layer. 
The design considers the effects of climatic factors that 
are the air freezing index IF and the average annual air 
temperature θm.

Based on the distribution of numerically obtained data 
and the discrete dependence of the depth of freezing of the 
railway track structure DF on the value of the air freezing 
index IF and the average annual air temperature θm, the 
influence of the embedded thermal insulation layer in the 
form of foam glass aggregate can be approximated partial-
ly by a power function:

, a b
F m FD c I= θ  where 0, 0.m FIθ > >   (2)

This function was based on the knowledge and de-
pendencies already established for extruded polystyrene 
(Ižvolt et al., 2021) and foam concrete (Ižvolt et al., 2022). 
Using a sufficiently stable least squares method (Buša 
et al., 2006), when the sum of squared deviations between 
the obtained and approximated data is to be minimal, the 
unknown coefficients a,b,c must be determined in the se-
arch for the minimum of the sum function:

( ) ( )2
1

, ,
n

a b
mi Fi Fi

i

S a b c c I D
=

= θ -∑ . (3)

Using the linearization of the problem, the least squa-
res method and the procedure given in (Ižvolt et al., 2021), 
after denoting C = ln c,  ln c,  ln , ln ,   ln  ,  1, i mi i Fi i fiC x y I f D i n= = θ = = = …
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The solutions of the system of linear Eqns (4) are:

( ) ( )2/ , fy xy y fx xy x ya Q Q R Q Q R R= - -

( ) ( )2 / ,fx xy x fy xy x yb Q Q R Q Q R R= - -   . Cc e  (5)

The global error of this approximation is determined 
by the relation:

( )2
1

/
n

a b
mi Fi Fi

i

c I D n
=

ε = θ -∑ .  (6)

At a freezing index value of IF  = 900  °C, day there 
is a change in the properties that were comprehensively 
entered into the numerical model and that also affect the 
depth of freezing of the railway structure. Therefore, all 
these influences have to be considered. Also, the approxi-
mation function sought for the continuous monitoring of 
the freezing depth of the railway track without the use 
of a thermal insulation layer in the sub-ballast layers will 

vary in this value and has a different expression for the 
case of the protective subgrade surface layer of crushed 
aggregate only.

In the case of climatic conditions for IF ≤ 900  °C, 
day and θm ≥ 2  °C and the construction of the protec-
tive subgrade surface layer of crushed aggregate, without 
the use of a  thermal insulation layer in the sub-ballast 
layers, the following relations apply for the calculation of 
the depth of freezing of the railway track structure, or the 
necessary thickness of the protective layer:

0.28 0.374 0.1436 ;F m FD I-= θ  (7)

 0.28 0.374  0.5  0.1436 0.5,                PL F m Ft D I-= - = θ -  (8)

where IF ≤ 900 °C, day.
Considering all the complex properties of the railway 

track structure, the mathematical model is for IF > 900 °C, 
day and θm ≥ 2 °C:

0.33 0.30.2808 ; F m FD I-= θ  (9)
0.33 0.3  0.5  0.2808 0.5,  PL F m Ft D I-= - = θ -  (10)

where IF > 900  °C, day. The global error for both these 
mathematical models is 0.0117ε = . 

According to the above procedure, in the case of un-
favourable climatic conditions (IF ≥ 900 °C, day and θm < 
5 °C) and the reduction of part of the protective crushed 
aggregate layer by thermal insulation material  – foam 
glass aggregate of thickness zi = 150 mm, the approxima-
tion functions depending on the air freezing index IF and 
the average annual air temperature θm for the calculation 
of the depth of freezing DF of the railway track structure 
and the required thickness of the protective layer tPL are 
expressed as follows:

0.34 0.990.00121 ; F m FD I-= θ  (11)
0.34 0.990.65  0.00121 0.65,PL F m Ft D I-- = -= θ    (12)

where IF ≥ 900 °C, day.
The global error for the determined approximation 

functions is 0.014ε = . The deviations ΔDF between the 
data obtained by mathematical and numerical modelling 
are in the interval –0.02; 0.01. 

Table 3 demonstrates the difference ΔDF  = DF, mat  – 
DF, num between the data calculated by the mathematical 
model (Eqns (7), (9), (11)) and the data obtained by the 
numerical modelling presented in Section 2.2. The va-
lues obtained by the mathematical model are rounded 
to two decimal places. Subsequently, when rounded up 
to a number divisible by five, the same values as for the 
numerically obtained data are acquired and, for practical 
purposes, rounded up to a multiple of 50 mm. The mathe-
matical model thus characterises the depth of freezing of 
the railway line as well as the necessary thickness of the 
protective layer of the subgrade surface of the railway line 
structure in a sufficiently accurate and continuous man-
ner. 
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The determined approximation functions for the cal-
culation of the freezing depth of the railway track struc-
ture as a function of the average annual air temperature 
θm and the air freezing index IF are sufficient, since the 
determined thickness is rounded up to the nearest 50 
mm in the dimensioning of the thickness of the protec-
tive crushed aggregate layer. A global calculation error of 
up to 15 mm guarantees that the same resulting values 
are obtained after rounding the thickness of the crushed 
aggregate protection layer, even with the addition of the 
thermal insulation material, as after rounding the values 
obtained by numerical modelling.

Conclusions and future research

The DRETM research has long been focused on moni-
toring the different compositions of the sub-ballast layers 
from the point of view of the effects of non-traffic (cli-
matic) loads (since 2003) and more recently also traffic 
(static) loads (since 2020). In addition to the standard 
construction materials, the research assesses the effects 
of various thermal insulation materials incorporated into 
the structural composition of the sub-ballast layers and 
investigates their influence not only on the increase of the 
thermal resistance of the structure, but also on the possi-
ble increase of its deformation resistance. In this context, 
the paper presents conducted experimental measurements 
and numerical analysis to assess the suitability of incorpo-
rating foam glass aggregate, fr. 0/63 mm, into the struc-
tural composition of the body of the sub-ballast layers to 
achieve savings of natural materials (crushed aggregate) 
and at the same time the use of recycled waste materials 
(in our case, glass). Based on these facts and results, it 

can be concluded that: The incorporation of foam glass 
aggregate, fr. 0/63 mm and the thickness of 150 mm in the 
structural composition of the tested structure of Segment 
B (see Figure 1), has no significant effect on the increase of 
the overall deformation resistance of the sub-ballast layers 
at the level of the sub-ballast upper surface (see Section 
2). However, as Figure 7 demonstrates, if an equally thick 
crushed aggregate structural layer is considered (400 mm 
structural thickness in both cases), then the difference be-
tween the deformation resistance of the standard (Segment 
A) and modified (Segment B) structural compositions of 
the sub-ballast layers increases with increasing thickness 
of the crushed aggregate structural layer. In this case of 
a 400 mm thick crushed aggregate layer, it is possible to 
achieve on average approximately 16 MPa more deforma-
tion resistance compared to the standard sub-ballast layers 
composition. The modified sub-ballast layers consist of a 
150 mm thick structural layer of foam glass aggregate in 
addition to the 400 mm thick crushed aggregate layer). It 
should be noted, however, that the measured values were 
obtained for the case of a low deformation-resistant sub-
grade surface (E0 = 10 ± 2 MPa):

1. By incorporating a 150 mm thick structural layer of 
0/63 mm foam glass aggregate, it is generally pos-
sible to replace an approximately 50 mm thick layer 
of 0/31.5 mm crushed aggregate. The objective was 
to achieve the deformation resistance of 50 MPa at 
the level of the sub-ballast upper surface, which is 
the required value for the existing modernised lines 
under the administration of Slovak Railways classi-
fied in the speed zone SZ4, i.e. 120 to 160 km.h–1) 
according to the legislative document (Directorate 
General of the Railways of the Slovak Republic, 

Table 3. Deviations of the values determined by mathematical and numerical methods for the depth of freezing of the railway track 
structure DF as a function of the air freezing index IF and the average annual air temperature θm (sub-ballast layers without thermal 

insulation layer and with built-in thermal insulation layer made of foam glass of 150 mm thickness)

Without thermal insulation layer zi = 0 mm With thermal insulation layer zi = 150 mm

IF
(°C, day)

θm
(°C)

DF, mat.
(m)

DF, num.
(m)

ΔDF
(m)

IF
(°C, day)

θm
(°C)

DF, mat.
(m)

DF, num.
(m)

ΔDF
(m)

1000 2.0 1.560 1.564 0.002 1000 2.0 0.890 0.900 –0.010
1100 2.0 1.620 1.642 –0.022 1100 2.0 0.980 1.000 –0.020
1200 2.0 1.690 1.196 –0.006 1200 2.0 1.070 1.090 –0.020
900 3.0 1.340 1.338 0.002 1300 2.0 1.160 1.160 0.000

1000 3.0 1.480 1.470 0.010 1400 2.0 1.240 1.250 –0.010
1100 3.0 1.550 1.542 0.008 900 3.0 0.700 0.700 0.000
1000 4.0 1.430 1.428 –0.015 1000 3.0 0.780 0.800 –0.020
700 5.0 1.060 1.064 –0.004 1100 3.0 0.860 0.860 0.000
800 5.0 1.110 1.129 –0.019 1200 3.0 0.930 0.940 –0.010
900 5.0 1.170 1.176 –0.006 1300 3.0 1.010 1.030 –0.020
600 6.0 0.950 0.944 0.006 1400 3.0 1.080 1.100 –0.020
700 6.0 1.010 1.026 –0.016 1000 4.0 0.700 0.700 0.000
500 7.0 0.850 0.849 0.001 1100 4.0 0.780 0.800 –0.020
400 8.0 0.750 0.752 –0.002 1200 4.0 0.840 0.850 –0.010
500 8.0 0.820 0.820 0.000 1300 4.0 0.920 0.910 0.010
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2005). To achieve it, it would be necessary to de-
sign a structural layer of foam glass aggregate fr. 
0/63 mm of 150 mm thickness and a 300 mm thick 
construction layer of crushed aggregate fr. 0/31.5 
mm (modified construction of the sub-ballast lay-
ers). In the case of the standard construction, only 
a 350 mm thick layer of crushed aggregate fr. 0/31.5 
mm would be required (see Figure 7). This finding 
demonstrates that the foam glass aggregate does not 
have an equivalent performance compared to the 
standard material (crushed aggregate) in terms of 
the assessment of the sub-ballast layers for deforma-
tion resistance. However, due to the superb thermal 
insulation properties of the foam glass material (λ = 
0.12 W.m–1.K–1) compared to crushed aggregate 
(λ = 2.0 W.m–1.K–1), its use is assumed mainly due 
to the thermal protection of the subgrade surface.

2. The application of foam glass aggregate fr. 0/63 mm 
in the structural composition of the sub-ballast lay-
ers (modified construction) is assumed mainly for 
areas with climatic load IF > 800  °C, day (neces-
sary design of a large thickness of the structural 
layer of crushed aggregate tpl > 600 mm in the case 
of the standard construction  – see Figure 11). As 
the climatic load increases, a more significant sav-
ing of natural material (crushed aggregate) can be 
achieved. For example, for an air freezing index of 
IF  = 1200  °C, day and an average annual air tem-
perature of θm = 3  °C, it is possible to reduce the 
structural thickness of the crushed aggregate protec-
tion layer by up to 750 mm in the track centreline 
and replace it with foam glass aggregate in a struc-
tural layer thickness of only 150 mm (see Figure 11). 
Such a composition and dimensioning of the sub-
ballast layers is usually also satisfactory in relation 
to the traffic load.

3. For areas with the air freezing index IF < 1000 °C, 
day, the design of the minimum required thickness 
of the protective crushed aggregate layer tpl = 150 
mm, in combination with a thermal insulation foam 
glass layer with a design thickness of 150 mm, is 
sufficient to protect the frost-susceptible subgrade 
surface from freezing. In the case of areas with the 
air freezing index IF > 1000 °C, day, the design of a 
greater thickness of the protective crushed aggre-
gate layer in combination with a 150 mm thick foam 
glass layer is required (see Figure 11). In addition, 
it is necessary to secure the protection of the frost-
susceptible subgrade surface against freezing in the 
direction from the embankment slope and from 
the surface of the track bench. The use of extruded 
polystyrene boards is recommended in the design – 
see Figure 10.

4. Due to the fact that each structural composition 
of the sub-ballast layers must be assessed for both 
traffic (design thickness of the sub-ballast layer  – 
Figure 7) and non-traffic loads (design thickness of 
the protective subgrade surface layer – Figure 11), 

the greater design thickness determined from both 
assessment procedures is decisive. These findings 
thus imply that the greater thickness of the crushed 
aggregate layer will be used in the final design of 
the modified sub-ballast layers combined with a 
150 mm thick foam glass aggregate layer.

5. In terms of the assessment of the sub-ballast lay-
ers for non-traffic loads (design of the protective 
layer thickness), the increase of the design thick-
ness of the foam glass aggregate layer from 150 mm 
to 200  mm allows a smaller design thickness of 
the crushed aggregate layer by 150 mm compared 
to the thickness of the protective layer determined 
by Figure 11. However, in many cases the designed 
crushed aggregate layer would have to be increased 
in size if such a structure were assessed for deforma-
tion resistance, particularly in cases where the de-
formation resistance of the subgrade surface is low, 
and therefore the benefit of increasing the thickness 
of the foam glass aggregate would be negligible. 
However, the design of a modified sub-ballast lay-
ers with a 200 mm thick foam glass aggregate layer 
would be of interest in the case of an air freezing 
index IF > 1200  °C, day and higher values of the 
deformation resistance of the subgrade surface.

6. In the framework of further DRETM research ac-
tivity, an assessment of the real thermal insulation 
effects of foam glass material incorporated in the 
railway track structure is considered from the per-
spective of the obtained results. At the same time, 
it is assumed that the possibility of applying foam 
glass boards to the structure of the sub-ballast layers 
will be assessed in the same way and then compared 
with the aggregate of 0/63 mm, the application of 
which was part of the analysis presented in this 
paper. It is also assumed that a comparison will be 
conducted with extruded polystyrene boards with 
the trade name 5000 CS.
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