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Abstract

Where railway tracks pass through tunnels, the temperature conditions on the railway superstructure are different from those on the
connecting track sections. Due to the temperature difference at the tunnel, dilatation movements occur even in cases of construction
of continuously welded rail (CWR) tracks. The aim of this research is to determine the magnitude of the movements resulting from

heat expansion and the normal force in the rail in the region of the tunnel gates, both in the tunnel and in the sections of track on the

connecting earthworks. Ballasted and straight tracks with rail section of 54E1 are assumed in this paper.
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1 Introduction

1.1 Temperature conditions in Hungary

According to the instructions of MAV Zrt D.I2.H of
Hungarian Railways, that is instructions of construction
and maintenance of CWR tracks, the nominal value of
the neutral temperature of the rail is 23 °C and the neu-
tral temperature zone is 23" °C. The rail temperature on
normal tracks can reach up to 60 °C in summer due to
direct sunlight and —30 °C is recommended as the min-
imum value in winter, however, considering the winter
weather conditions of the past 50 years, the probability of
a rail temperature of =30 °C is extremely low [1].

1.2 Longitudinal ballast resistance based on Hungarian
literature
According to Hungarian technical literatures, the longi-
tudinal ballast resistance per unit length of track for com-
pacted new track can be assumed to be p = 5 N/mm, that
for consolidated under traffic has a value within the range
of 810 N/mm, whereas in frozen ballast the longitudinal
resistance can increase up to p = 10-20 N/mm. Most of the
Hungarian literature communicate these values [2].
Nemesdy details accurate and approximative calcu-
lation procedures of dilatation of CWR tracks based on
simplified and accurate modelling of ballast longitudinal
resistance. Fig. 1(a) shows a possible diagram of tested

longitudinal ballast resistance in function of displace-
ment. Figs. 1(b) and 1(c) indicate two different bilinear
approximation of the ballast resistance, in this research
the one indicated in Fig. 1(c) is applied in the FEM com-
putations. In simple calculations, the ballast resistance can
be assumed to be a constant, that is shown in Fig. 1(d) [3].

1.3 Variation of longitudinal rail restraint and ballast
resistance according to standards
The standard EN 1991-2:2003 contains recommendations
of the stiffness and resistance of the rail fastenings and
the ballast of the loaded and unloaded tracks, according
to these the longitudinal rail restraint of the loaded rail
fastening is twice higher than that of the unloaded rail fas-
tening (Fig. 2). The standard does not specify any values,
such values depend on the fastening system [4].
Key:
1. Longitudinal shear force in the track per unit length,
2. Displacement of the rail relative to the top of the sup-
porting deck,
. Resistance of the rail in sleeper (loaded track),
. Resistance of sleeper in ballast (loaded track),
. Resistance of the rail in sleeper (unloaded track),
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. Resistance of sleeper in ballast (unloaded track).
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Fig. 1 Mathematical modelling possibilities of ballast resistance
according to Nemesdy [3], (a) a possible test result, (b) bilinear
approximation (1), (c) bilinear approximation (II),

(d) approximation by a constant

According to Track Installations [5], the resistance of
the rail in the sleeper (3.) and the sleeper in the ballast (4.)
is suggested to be taken for 60 kN/m in the loaded track.
The resistance of the rail in the sleeper is 30 kN/m and
that of the sleeper in the ballast is assumed to be 20 kN/m
in the unloaded track [5].
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(2)

Fig 2 Variation of longitudinal rail restraint and ballast resistance on the
loaded and unloaded track according to standard EN 1991-2:2003 [4]

UIC Code 774-3 Track/bridge Interaction provides rec-
ommendations on calculations of track — bridge interaction
and contains theoretical considerations that are also helpful
or applicable in modelling of other track — structure inter-
actions. It recommends that the resistance of the sleeper in
ballast with moderate maintenance is 12 kN/m, in ballast
with good maintenance it is 20 kN/m for unloaded tracks,
and it is 60 kN/m for loaded track or in frozen ballast [6].

1.4 Axial rail model [7]

Free expansion or contraction of the rail due to tempera-
ture differences does not occur. A longitudinal resistance
force distribution emanating from the rail fixation limits
the rail displacements but may cause high forces. In Fig. 3
a small rail element is given which is subjected to a tem-
perature increase AT with respect to the neutral or initial
temperature, as well as a shear force 7(e)dx which opposes
the displacement e(x). The longitudinal force in the rail
is N(x). Equilibrium demands:

dN =1 (x)dx M

The total strain is the sum of temperature strain and
strain according to Hooke's law:

e

N=——— aAT

%) e+(de/dx)dx

—= N+(dN/dx)dx

_
tdx

dx

Fig. 3 Differential rail element meant to study the temperature effect
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de =oAT + N )
dx EA

In general, 7 is a function of e, which in turn, is a func-
tion of x. Using the formulae (1) and (2), the following dif-
ferential equation can be derived:

e (o)
dx*  EA

=0 ©)

Once the displacement function e(x) is found, the nor-
mal force follows from Eq. (2):

N= EA(ﬁ—aAT] “4)
X

1.5 General international literature overview
Mirkovic et al. have carried out a research and published
the paper with the title "Determination of temperature
stresses in CWR based on measured rail surface tem-
peratures" [8] and also investigate the temperature dis-
tribution within the cross-section of the area of the rail.
They also discuss the longitudinal distribution of the rail
temperature along the railway line influenced by nature,
clouds, trees, hills etc. They cite that in the research con-
ducted by Chapman et al. [9] rail surface temperatures
were measured using thermal camera mounted on the rail-
way vehicle (personnel carrier) on the test section from
Ruddington to Loughborough in UK. This was the first
serious research where the in-situ measurements showed
that rail surface temperatures were variable along the track
due to the microclimate influences, such as shades of trees
and buildings, cuttings, embankments, bridges, and tun-
nels. In addition, the study conducted in laboratory condi-
tions by Ryan [10], showed that the maximum variation of
rail surface temperature in the rail cross-section could be
greater than 6 °C and that it depends on the angle at which
the rail is heated. Consequently, determination of tempera-
ture stresses due to the uneven temperature distribution in
continuously welded rail (CWR) in a real environment is of
great importance for railway transport safety.

Popovic et al. in paper "Temperature Stresses in CWR
— Experience of Serbian Railways" [11] present calcula-
tion of the temperature stresses in continuously welded
rails that has great significance for the planning of main-
tenance activities in order to maintain traffic safety (risk
of derailment due to either rail break, or track buckling).
This paper presents the finite element model for calcula-
tion of rail stresses and displacements due to the tempera-
ture changes, which was developed by the authors.

Kupfer performed a PhD dissertation at the Technical
University of Munich in topic of "Effects of accelerating
and braking forces on longitudinal movements of the track
structure" [12]. He presents laboratory test results of lon-
gitudinal rail restraint tests on rail fastenings without ver-
tical loads and with vertical loads acting on the railhead,
furthermore draws conclusions on regression curves.

Liu et al. [13] deal with the numerical simulation of tem-
perature effects on mechanical behaviour of the railway
tunnel in Tibet. They present the mechanical behaviour of
tunnel lining under high geothermal temperature, which
is studied by thermo-mechanical numerical method.
The length of tunnel is 16 447 m, with the maximum
depth 1347 m and the highest geothermal of the surround-
ing rock is 88 °C. Peltier et al. [14] performed numerical
investigation of the convection heat transfer driven by
airflows in underground tunnels. The purpose of the work
is to expand on the knowledge of non-isothermal problems
of internal flow common to applications conventional tun-
nels. Fazilova et al. [15] simulate the heat conduction pro-
cesses and their impact on the stress-strain state of the
continuously welded rail structure and take into account
the thermal stress occurring in continuously welded rails
due to deformations on the solid subgrade.

Davies et al. carried out research and published a
paper [16] that concerns the recovery and use of second-
ary/waste heat and identifies secondary heat sources in
London. London Underground (LU) railway tunnels gen-
erate significant quantities of low grade heat. There is also
a requirement for active cooling to reverse the long term
trend of rising tunnel temperatures. This heat is mainly
generated by the braking systems of trains, although with
significant contributions from aerodynamic friction and
the electric motors driving the trains.

Mountain tunnels can be a direct and indirect source
of geothermal energy. Tinti et al. [17] present a paper
with an overview of the practice of energy lining, sug-
gesting a procedure for the estimation of underground
temperatures in mountain environments affected by the
presence of a tunnel. Tunnels are sometimes severely
impacted to groundwater and surface waters that also
influence temperature conditions inside the tunnel [18].
Sanchis et al. [19] investigate the risk of increasing tem-
perature, high temperatures variations, including heat
wave events, due to climate change on operation of the
Spanish rail network. Changing climatic conditions pose
a risk to existing transport infrastructures, which are



generally built based on historical climate variations.
Mulholland et al. [20] assess the increased risk of extreme
heat to European roads and railways with global warming.

In order to build up a model for track — tunnel interaction,
it is imperative to analyse the longitudinal track resistances.

Zakeri et al. [21] present a new test method and a mea-
surement technique was proposed to evaluate the track
longitudinal resistance (TLR). The track longitudinal
stiffness (TLS) and track longitudinal resistance force
(TLRF) were defined based on the analyses of force-dis-
placement curves in each test. The effect of ballast geom-
etry on these two parameters was evaluated. De lorio et
al. [22] investigate the ballast — sleeper interaction in the
longitudinal and lateral direction.

In order to support the refinement of analytical mod-
els that leverage longitudinal track resistance and stiff-
ness, track panel pull tests (TPPTs) were executed in the
laboratory [23] to expand on the values within the avail-
able literature. Further, these novel tests quantified the
effect of the fastening system, crib ballast height, shoul-
der width, and ballast condition on the panel's longitudi-
nal resistance and stiffness.

To improve the management of CWR rail stresses,
Dersch et al [24] document the results from a field experi-
mentation program of controlled single rail breaks (SRBs)
tests that were conducted at multiple field site locations
to quantify the longitudinal resistance on both timber and
concrete sleeper track.

Longitudinal track resistance is one of the most critical
parameters required to accurately analyze longitudinal load
propagation and refine rail neutral temperature (i.e., stress-
free temperature) maintenance practices. Potvin et al. [25]
document common definitions of longitudinal track resis-
tance and the two methods regularly used for its quantifica-
tion: track panel pull test (TPPT) and single rail break (SRB).

In the paper of Nobakht et al. [26], the effect of vertical
load on the longitudinal resistance of the ballasted rail-
way track is investigated experimentally and numerically.
First, the longitudinal resistance of a 3-m test panel with
five B70 concrete sleepers under 0, 100, 200, and 300 kN
vertical load were investigated, then a three-dimensional
model of the track was developed using Abaqus software.

In the paper of Safizadeh et al. [27], the track longi-
tudinal resistance (TLR) and track longitudinal stiffness
(TLS) have been investigated to determine the contribu-
tion of the fastening system and sleeper in TLR and TLS
through laboratory tests and a numerical model.

Alizadeh et al. [28] experimentally investigated bal-
lasted railway tracks' longitudinal resistance and stiffness
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with standard and advanced Y-shaped steel sleepers. They
examined the shares of various track components in pro-
viding longitudinal resistance by measuring the displace-
ment of the track panel. Moreover, they validated the
results via modelling in finite element software. In the
paper of Mohammadzadeh et al. [29], the results of a field
study on a test track are presented to investigate the lateral
and longitudinal resistance of the ballasted track.

In order to maintain high quality performance of track
transitions, track monitoring becomes even more important.

In the paper by Sun et al. [30], distributed fiber optic
sensing (DFOS) was used to monitor indicators of track
buckling, i.e., the axial strain, curvature, and lateral
deflection along a 20-m section of curved track during
the summer when ambient temperatures are highest.
The DFOS provided temperature measurements along
the rail; however, local variations in temperature over the
cross-section were not captured by the single tempera-
ture fiber installed. According to Hong et al., the rail sur-
face temperature can vary by up to 7 °C within the rail
cross-section. Multiple temperature fibers are required to
correct each strain measurement for temperature to accu-
rately capture the track behaviour.

Liu et al. [31] present a new method for measuring longitu-
dinal rail stress using bi-directional resistance strain gauges
and develop a monitoring device for rail stress to realize
long-term and multi-point measurement. They also empha-
size that in CWR, the longitudinal rail stress is caused by
rail temperature change and moreover, rail creep, non-uni-
form distribution of rail resistance, and bridge expansion/
contraction lead to an additional longitudinal force in the
rail through the Poisson effect, and the corresponding trans-
verse, vertical stresses and strains are generated.

Ahmad et al. [32] introduced a new creep measure-
ment technique using internal rail stress. They quantify
the changes in rail neutral temperature due to the varia-
tion of actual rail temperature and the occurrence of rail
creep in straight and curved track. Field trials showed that
SFT can vary by 2-3 °C during the day. Based on this find-
ing and the derivation of an equation for change of SFT,
an improvement in utilising rail creep measurements for
assessing track condition has resulted. This finding sug-
gests that it is possible to determine the SFT throughout a
day rather than just a single SFT value.

Skarova et al. [33] presented a paper that reviews and dis-
cusses the factors affecting stress-free temperature and its
potential for variation along the track and over time in bal-
lasted railway track with continuous welded rails (CWR).
These include differential rail temperature changes,
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acceleration and braking forces, and differential track sup-
port stiffness, which in combination with a variation in the
degree of longitudinal restraint offered by the rail fasteners,
can result in the redistribution of stress free temperature
along the track with trafficking or temperature cycling. A
simple analysis of the effect of the strain associated with
the development of permanent track settlements, which will
change the stress-free temperature even if the longitudinal
restraint to the rail is uniform, is also presented.

In this paper, a constant neutral temperature is assumed.

For a proper modelling of longitudinal rail dilatation
movements, the vertical track stiffnesses, their variation
and stiffness irregularities must also be analysed.

Can Shi et al. [34] provide a summary and comments in
the field of tracks stiffness irregularities (TSI) and future
trends from a critical point of view. Novel concepts of the
critical values of TSI's and the integrated management of
the track geometry and stiffness irregularities are proposed.
Javaid and Choi [35] investigate the effect of track irregulari-
ties and speed on the prediction of two-way tracks' response.
They developed a three-dimensional dynamic finite ele-
ment (FE) model that uses tensionless stiffness between the
wheel and rail to couple them. The paper of Tong et al. [36]
comprehensively reviews the vertical stiffness measurement
methods, values, and effective ballasted track parameters
and their contribution to railway track condition monitoring.

Longitudinal forces result also in lateral displacements and
in severe cases buckling. Longitudinal and lateral displace-
ments may not be separated from each other completely, lon-
gitudinal forces may generate lateral misalignments as well.

Musazay et al. [37] study the development of lateral
thermal expansion forces on a curved railway track. Three
analytical methods are used to include: 1) Timoshenko
thermoelastic stress analysis in cylindrical coordinate sys-
tem, 2) mechanics of thin wall cylinders and 3) adapta-
tion of a variational calculus formulation method. A fourth
analysis approach is also introduced using a commercially
available finite element analysis package.

The paper [38] investigates the status of lateral stability
of a ballasted curved track, which is carried out under four
loading scenarios in terms of the factor of safety against dis-
placement as the indicator. The work has the potential to
estimate the critical temperature differential for buckling of
a curved track. In the study of Jing et al. [39], a series of
single-tie push tests were performed on biblock and mono-
block sleepers on a test track, where the variation of shoulder
height and shoulder width has been considered as effective
parameters for lateral resistance changes. Esmaeili et al. [40]

present research that was allocated to investigating the effect
of geogrid on the lateral resistances of both single tie and
track panel via laboratory and field tests.

Tunnel construction issues are discussed by Fu [41].
Zigiang Li et al. [42] analyse the load bearing capability
and the stress distribution patterns in cases of ballastless
slab tracks and ballasted tracks so the results can provide a
theoretical basis for the stress analysis and design parame-
ters of heavy-haul railway tunnel track beds.

Longitudinal extra forces, stresses and movements are
generated also by rail welding that affect dilation move-
ments. Fischer et al. [43] investigate the heat-affected zone
of several rail joints executed by thermite rail welding.

A wide variety of publications are available on track —
bridge interaction. Although the major topic of the publi-
cation is track — tunnel interaction, papers in track-bridge
interaction may provide fruitful concepts [44—45].

Although numerous publications are available on
track-structure interaction, the fluctuation of temperature
on the railway track, especially at the interaction of tracks
and tunnels is still open to a wide range of research into
infinite depth.

In this research a constant temperature distribution is
assumed for the cross-section of the rail.

2 Laboratory and field tests

2.1 Longitudinal rail restraint test of the W14 rail
fastening

The longitudinal rail restraint of the rail fastening W14 was
determined in the Track Laboratory of the Department of
Highway and Railway Engineering, Budapest University of
Technology and Economics according to standard EN 13146-
1:2019 [46], under the direction of Dr. Nandor Liegner, the
author of this paper. A rail section of 60E2 and the W14 fas-
tening was assembled on a concrete sleeper and clamped
firmly to a horizontal base. An increasing tensile load at a
rate of 6 kN/min was applied longitudinally to the rail foot.
The load and the longitudinal displacement of the rail rel-
ative to the block were measured. When the rail slipped in
the fastening assembly, the load was reduced to zero rapidly
and the rail displacement was measured for further two min-
utes. Without removing or adjusting the fastening assem-
bly, the loading cycle was repeated further three times, with
three-minute-intervals in the unloaded condition between
each cycle. The average longitudinal rail resistance was
calculated from the 2" 3 and 4" loading cycles, accord-
ing to the calculation procedure described in the standard.
The result of the first cycle was discarded. The test is shown



in Fig. 4. The result of 11.06 kN has been received for the
longitudinal rail restraint test of the fastening.

For the tests a data acquisition unit of Hottinger-
Baldwin Messtechnik (HBM) Quantum M X840 was used
with Catman Easy the software. The displacement was
measured with a displacement transducer of WA20MM
and a loadcell of C9B with a measuring range of 50 kN
was applied both sensors of HBM.

Publications have been made by the author and a co-au-
thor on longitudinal rail restraint tests carried out on
Vossloh Skl12 fastening system in the Track Laboratory
of the Department of Highway and Railway Engineering,
Budapest University of Technology and Economics. [47]

2.2 Lateral ballast resistance of track panel constructed
with LM type of sleepers

The lateral ballast resistance of a track panel with LM type of
concrete sleepers was determined by the Track Laboratory
of the Department of Highway and Railway Engineering,
Budapest University of Technology and Economics under
the direction of Dr. Nandor Liegner. A track panel consist-
ing of four LM types of concrete sleepers, W14 rail fas-
tenings and two rails was constructed in a ballast bed.
The shoulder of the ballast had a width of 0.45 m. The ballast
was compacted by manual machines but was not stabilized.
The track panel was loaded laterally three times by hydrau-
lic actuators, the load and the displacement of the sleepers
were measured. The lateral ballast resistance per unit length
of track has been resulted to be 7.54 N/mm belonging to
the highest load, and it is 7.39 N/mm at the load inducing
2 mm's of lateral displacement of the track panel.

Fig. 4 Arrangement of the longitudinal rail restraint test
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2.3 Longitudinal ballast resistance of track panel
constructed with LM type of sleepers

The longitudinal ballast resistance of track panel con-
structed of LM type of concrete sleepers was determined
by the Track Laboratory of the Department of Highway and
Railway Engineering, Budapest University of Technology
and Economics under the direction of Dr. Nandor Liegner.
A track panel consisting of four LM types of concrete sleep-
ers, K (Geo) rail fastenings and two rails was constructed in
a ballast bed, that had a shoulder width of 0.40 m. The bal-
last was compacted by petrol engine vibrators. The track
panel was pushed by two hydraulic actuators, the load was
measured by two load cells of HBM C9B 50 kN, and the
displacement was measured by two inductive displacement
transducers of type HBM WA20MM. The longitudinal
ballast resistance has been obtained to be between 5.3 and
5.9 kN in compacted but not consolidated ballast bed.

3 General structure of the computation model
3.1 Basic concepts
For this research I built a finite element model using
AxisVM XS5 software. The models are for half cross sec-
tion of the superstructure. The railway track was modelled
with a two-dimensional beam model with line-supported
Euler-Bernoulli elements, with the same characteristics as
the 54E1 system rail [48, 49]:

« area of cross-section: 6977 mm?

 modulus of elasticity: 215 000 N/mm?

« modulus of linear heat expansion: 1.15 - 103 1/°C.

Continuously welded rails are assumed and there are no
rail expansion devices at the tunnel gates.

Only straight tracks are examined in this paper where
the lateral stability is considered to be a pre-condition.
In curved tracks, lateral stability may arise an additional
problem, however it is a topic of a different paper.

3.2 Supports, properties of the ballast

A properly maintained, consolidated ballast can have a
longitudinal resistance of § to 10 N/mm per rail, compared
to 5 N/mm for newly laid ballast. Accordingly, the limiting
longitudinal resistance of the ballast was assumed to be
5 N/mm for modelling the newly constructed track. Due to
the vertical loads from the self-weight of the vehicles, the
longitudinal resistance of the track increases and it can
be assumed to be twice or three times higher, that is 10 to
15 N/mm. In this research a sensitivity analysis has been
carried out and three models have been built up:



6 5 O Liegner
Period. Polytech. Civ. Eng., 69(2), pp. 644-663, 2025

* the longitudinal ballast resistance is 7 N/mm, that is
less than the braking load,

* the longitudinal ballast resistance is 10 N/mm, that is
equal to the braking load,

* the longitudinal ballast resistance is 15 N/mm, that is
more than the braking load.

For the support a bilinear elastic and plastic stiff-
ness has been assumed as shown in Fig. 1(c). Within the
elastic part, the longitudinal stiffness has been assumed
on the basis that the maximum longitudinal load per
rail is 4.8 kN, the elastic displacement of the ballast is
1 mm, the sleeper spacing is 0.6 m and it will result in
4.8 (kN) /1 mm / 0.6 m = 8 kN/mm/m in the unloaded
models. In case of the loaded models the longitudinal
elasticity has been taken to
e 8/5x7=11.2 kN/mm/m in case of a ballast resis-
tance of 7 N/mm,

e 8/5x10=16.0 kN/mm/m in case of a ballast resis-
tance of 10 N/mm,

* 8/5x15=24.0 kN/mm/m in case of a ballast resis-
tance of 15 N/mm.

Of course, a sensitivity analysis could be carried out to
analyse how longitudinal rail displacements will vary by
changing the elasticity of the ballast, but due to limit of
the extent of this paper, such analysis will fall into another
research paper. These values have been chosen based on our
field measurements with LM sleepers, but different sleeper
types may result in different elasticity and limit values.

3.3 Loads
Dilatation movements and longitudinal internal forces in a
railway superstructure result from two main effects:

» change of temperature in the rail,

» braking and acceleration of the trains.

3.3.1 Change of temperature in the rail
As it was already mentioned in Section 1.1, accord-
ing to the instructions of MAV Zrt D.12.H of Hungarian
Railways, the nominal value of the neutral temperature
of the rail is 23 °C and the neutral temperature zone is
23f§ °C. The rail temperature on normal tracks can reach
up to 60 °C in summer due to direct sunlight and —30 °C is
recommended as the minimum value in winter [48].

In tunnels, the lack of sunlight and the internal heat of
the ground create significantly different temperature con-
ditions. The resulting temperature conditions depend to a

great extent on the length of the tunnel, with a short tunnel
having only a small difference in air temperature compared
to the air outside the tunnel, while long tunnels have sim-
ilar temperatures in winters and summers. To model this,
a sensitivity analysis has been carried out, where several
models have been built, two examples are the following:

* Case 'A' represents a medium long tunnel and

* Case 'B' models a long tunnel in respect of tempera-

ture conditions.

In case A, the highest rail temperature in the tunnel is
taken as +30 °C in summer and the lowest rail tempera-
ture is taken as —5 °C in winter. The winter temperature
change in the tunnel is +28 — (=5) = 33 °C, and outside
+28 — (=30) = 58 °C. The summer temperature change is
+60 — 15 = 45 °C for the track section on the earthworks
and +30 — 15 = 15 °C in the tunnel [49].

In case "B", the highest rail temperature in the tun-
nel was taken as +20 °C in summer and the lowest rail
temperature as +15 °C in winter. The winter tempera-
ture change in the tunnel +28 — (+15) = 13 °C and outside
the tunnel +28 — (30) = 58 °C. The summer temperature
change is +60 — 15 = 45 °C for the track section on the
earthworks and +20 — 15 =5 °C in the tunnel.

In the calculations, sudden change of temperature is mod-
elled. At the tunnel entrance, we assume that, for example,
in winter, one rail cross-section has a temperature of —30 °C
and the one immediately adjacent to it has +15 °C. In reality,
the temperature change is distributed over a given length,
depending on several factors. A sensitivity analysis can be
performed and the results can be used to comment on how the
length of the temperature change affects the results. This is
the subject of future research and a future publication.

The temperature variations are assumed to occur annu-
ally, however with this model temperature changes occur-
ring in any time intervals, such as day-night, or monthly,
etc. can be simulated and calculated. Day-night tempera-
ture changes normally do not raise a problem in operation
in Hungary. Long-term creeps are not possible to be mod-
elled with this software.

In this research a constant temperature is assumed for
each point of a cross-section of the rail. In this paper the
results obtained in Case 'A’ are presented.

3.3.2 Braking and acceleration forces

According to the standard EN 1991-2 Eurocode-1, the dis-
tributed load that can be taken into account on the loaded
section of the braking is 20 kN/m with a maximum value



of 6000 kN that will result in total length of 300 m.
The effect of acceleration is considered with a uniformly
distributed load of 33 kN/m/track, with a maximum value
of 1000 kN. Of braking and acceleration, it is the braking
that is significant [48, 49].

Regarding the braking force, it should be noted that a
distributed braking force of 20 kN/m/track can only be
produced by a locomotive with rail brakes. Freight trains
equipped with conventional air brakes can exert a brak-
ing force of only 15 kN/m/track for a wagon with a self-
weight of G =900 kN, ¢ = 0.25 coefficient of adhesion fric-
tion and / = 15.00 m length, where x = 0.25 is considered
high. Although high-speed passenger vehicles (e.g. RailJet
trains) are equipped with high-power rail brakes, their rel-
atively lightweight construction and long length mean that
they can only apply a maximum distributed braking force
0f 50 000 (kg) x 3 (m/s?) / 26.40 (m) = 5.68 kN/m/track [49].

3.3.3 Combination of loads

The load combinations consist of the thermal load in win-
ter and summer and the braking load over a length of
300 m. In order to determine the load positions generating
the standard, significant forces, the distributed load model-
ling braking to the right was shifted in steps of 50 m from
its position shown in Fig. 5(a) to the load position shown
in Fig. 5(b). The load positions for braking left were mirror
images of braking right. All load positions were combined
with both winter and summer thermal loads [49].
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The temperature change (also) occurs on the unloaded
track, while the acceleration-braking force can only
occur on the track loaded by the weight of the trains. For
the loading cases where the displacements and normal
forces due to only temperature changes were considered,
the longitudinal ballast resistance of the unloaded track
of p = 5 N/mm was taken into account. When the dis-
placements and normal forces due to braking were deter-
mined, increased longitudinal ballast resistances listed
in Section 3.1 were assumed for the section of the track
where the braking force acts. For these cases, of course,
different models had to be built up.

4 Results of internal forces and displacements from the
effects of temperature change, with the assumption of a
ballast resistance of p =5 N/mm

The normal force in the rail due to temperature changes
and the heat expansion of the rail can be considered as
a slow process in time in a mechanical sense, which
occurs on a track without the load of trains. The displace-
ments and normal forces calculated from the temperature
change in the unloaded model at the tunnel entrance are
shown in Table 1. The displacement of the rail at summer
temperature is shown in Fig. 6. The normal force in the
rail at summer temperatures is illustrated in Fig. 7.

tunnel

braking over 300 metres [
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Fig 5 Modelling the effect of braking, (a) starting position of braking, (b) end position of braking
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Table 1 Effects in the unloaded rail from the change of temperature

Longitudinal Normal
Load Change of Track section dlsplace.ment force in the
case temperature of rail, rail,
e [mm] N [kN]
track on 0 1001.67
earthwork
gate of tunnel —3.416 785.79
1 Winter extreme value -3.416 1001.67
location of track on
at the gate
extreme value carthwork
tunnel 0 571.81
track on
earthwork 0 77715
gate of tunnel 4781 —518.10
2 Summer extreme value 4.781 =777.78
location of track on
at the gate
extreme value earthwork
tunnel 0 —259.93

Under the temperature change and bedding conditions
assumed in the unloaded model [49]:

» the normal force in the rail at winter temperature is
571.81 kN in the tunnel and 1001.67 kN outside the
tunnel,

* the maximum longitudinal rail displacement at win-
ter temperatures is 3.42 mm, which is generated at
the tunnel entrance,

GT

» the normal force in the rail at summer temperature
is 259.93 kN in the tunnel and 777.15 kN outside the
tunnel,

* the maximum longitudinal rail displacement at sum-
mer temperatures is 4.78 mm, which occurs at the
tunnel entrance.

The gates of the tunnel that are beginnings and ends of
the tunnel are indicated by a GT sign.

5 Results of internal forces and displacements with the
assumption of a ballast resistance of p =7 N/mm over
the braking section
Under the load of trains, the longitudinal resistance of the
ballast bed increases significantly. On the actual track, the
longitudinal elasticity and the longitudinal resistance of
the ballast depend on the magnitude of the vertical load.
Movements of heat expansion occur in the unloaded ballast
with lower resistance and are then compounded by displace-
ments and internal forces in the bedding with increased stiff-
ness and resistance due to the vertical loads of the trains.
However, the specificity of the model is that only one
elasticity data can be given at a stage. For this reason, a con-
stant longitudinal ballast resistance — limiting force — of
p=T7N/mm is considered for the 300 m long section of track
on which the braking force is applied, while p = 5 N/mm is
considered for other sections. The drawback, however, is that

tunnel GT

50.0 m

0.007 0.262 4.781

-4.781

Fig. 6 Longitudinal displacement [mm] of the unloaded rail due to summer change of temperature

tunnel GT

Fig. 7 Normal forces [kN] in the unloaded rail due to summer change of temperature



the displacements and stresses due to temperature changes
are also calculated assuming a resistance of p =7 N/mm for
the 300 m long section loaded with the braking force.

5.1 Effects of temperature changes without braking force
The longitudinal displacements and the normal forces in
the rails resulting from each load case and load combina-
tion in the loaded model are summarized in Table 2. If the
above model is subjected only to thermal loads — load
cases 1 and 2 as shown in Table 2 — the maximum rail dis-
placement is obtained at load positions I and VII, its value
is 2.917 mm in winter and 4.063 mm in summer. The max-
imum rail displacements due to change of temperature
without braking is generated at the gate of the tunnel.

5.2 Effects of braking alone

The distributed load of braking on one rail is 10 kN/m.
The longitudinal elasticity of the ballast is assumed to
be K = 11.2 kN/mm/m, the limiting force is chosen to be
p =7 N/mm that is less than the braking force. The possibil-
ity of this case is rare in reality, although the results simulate
a case what could happen if the braking force is greater than
the ballast resistance. In this case the load over 1 m length
is greater than what the support can react, therefore the reac-
tion forces will be distributed over longer length than that of
the braking that is 300 m. As a consequence of this, a high
normal force is generated in the rail, whose magnitude is
+450 kN. In front of the braking, it is compression, and it
is tension behind the braking looking in the direction of the
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braking force. For all load cases, the maximum force in the
rail is developed at the points at the beginning and end of the
braking and the maximum displacement of the rail is devel-
oped in the middle of the braking section.

If only braking or acceleration is applied to the track with-
out temperature change — load cases 3 and 4 of Table 2 —,
the normal forces in the rail due to right braking starting
300 m in front of the gate of the tunnel is shown in Fig. 8.
Fig. 9 indicates the longitudinal displacement of the rail due
to right (—) braking starting at 300 m in front of the tun-
nel. The maximum longitudinal displacement of the rail is
36.271 mm whose position is at the middle point of the brak-
ing. The illustrations of "10.00" on Figs. 8 and 9 in blue indi-
cate the braking force of 10.00 kN/m acting on one rail.

5.3 Effects of combination of change of temperature
and braking with the assumption of a ballast resistance
of p =7 N/mm over the braking section

The normal force in the rail and the rail displacements due
to the combination of change of temperature and braking are
summarized in Table 2, load combinations 5—8. The maxi-
mum tensile force is generated in the rail in winter and due
to a right (—) braking that starts 300 m in front of the tunnel.
Its value is 1400.31 kN and its position coincides with the
starting point of the braking that is 300 m before the gate of
the tunnel (Fig. 10). The location of the minimum and max-
imum value of the normal force in the rail coincides with
the starting and end point of the braking. By evaluating the
normal forces in Table 2, load combinations 5—8, the normal

Table 2 Maximum values of the rail displacements and the normal forces in the rail resulting from load combinations, p =7 N/mm on the loaded section

Number of load case and position of the beginning of the braking in front of the tunnel

Load combination Effect L 1L 1L V. V. VI VI
300 m 250 m 200 m 150 m 100 m 50 m 0m
1. winter displacement e _[mm] -2.917 —2.529 —2.529 —2.529 —2.529 —2.529 -2.917
2. summer displacement e_[mm] 4.063 3.505 3.505 3.505 3.505 3.505 4.063
N braking displacement e_[mm] 36.271 36.271 36.271 36.271 36.271 36.271 36.271
normal force N [kN] 450.00 450.00 450.00 450.00 450.00 450.00 450.00
n braking displacement e_[mm] —36.271 —36.271 —36.271 —36.271 —36.271 —36.271 —36.271
normal force N [kN] 450.00 450.00 450.00 450.00 450.00 450.00 450.00
s winter + displacement e _[mm] 28.532 21.301 15.140 10.047 15.314 29.654 44.029
’ brake — normal force N [kN] 1400.31 1345.47 1290.63 1235.80 1182.04 1181.82 1181.82
p winter + displacement e _[mm] —54.326 —62.049 —=70.176 —73.570 —68.924 —57.887 —44.029
’ brake normal force N [kN] 1350.14 1312.03 1274.04 1237.40 1205.68 1185.05 1181.82
summer + displacement e _[mm] 59.204 68.627 78.201 81.520 76.387 63.686 47.443
7 brake — normal force N [kN] —-1101.27 -1056.90 —-1012.91 971.30 935.21 —909.68 —903.34
summer + displacement e _[mm] —28.147 —19.763 -12.712 —7.250 —-13.286 -30.192 —47.442
5 brake « normal force N [kN] -1173.07 —1108.11 —1041.40 —974.79 —909.43 —903.34 —903.34
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braking 300.0 m

tunnel GT

GT tunnel GT
braking 300.0 m
50.0 m
13797 26282 33773 36271 33773 26282 13797
10,00 10.00 10.00 10.00 10.00 10.00

Fig. 9 Longitudinal displacement [mm] of the rail due to right (—) braking starting at 300 m in front of the tunnel, p = 7 N/mm

braking 300.0 m

GT

tunnel GT

1400.31 |

1005.03

998.33

Fig. 10 Normal forces [kN] in the rail due to winter temperature plus right (—) braking starting at 300 m in front of the tunnel, p = 7 N/mm

forces in the rail are significantly higher due to the load com-
binations including braking than those due to only change
of temperature, included in Table 1. As in Section 5.2, it
can also be concluded that if the limiting force of the bal-
last resistance is less than the uniformly distributed brak-
ing load, the normal forces in the rail will be significantly
higher due to load combinations including braking forces
than those due to only change of temperature.

The maximum normal forces in the rail due to summer
temperature and left (<) braking starting 300 m in front
of the gate of the tunnel is indicated in Fig. 11, its value
is 1173.07 kN. The shape is similar to that in winter tem-
perature, but of winter and summer, this is the winter that
is more significant.

The calculated maximum longitudinal displacement
of the rail is 81.52 mm, which is obtained under summer
temperature variation and rightward (—) braking starting
at 150 m in front of the tunnel from the earthwork sec-
tion into the tunnel (load combination 7) and its position
is at the gate of the tunnel. In this load position the middle
point of the braking is at the gate. The longitudinal dis-
placement of the rail is illustrated in Fig. 12. By evaluating
the longitudinal displacements of Table 2, load combina-
tions 5-8, it can also be concluded that if the limiting force
of the ballast resistance is less than the uniformly distrib-
uted braking load, significant longitudinal displacements
of the rail will be resulted. The maximum displacement
occurs — as we have seen it in Section 5.2 — at the middle
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tunnel GT

braking 300.0 m

Fig. 11 Normal force [kN] in the rail due to summer temperature plus left («—) braking starting at 300 m in front of the tunnel, p =7 N/mm
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Fig. 12 Displacement [mm)] of the rail due to summer temperature plus right (—) braking starting at 150 m in front of the tunnel, p = 7 N/mm

point of the braking. The maximum rail displacement is
resulted if the middle point of the braking coincides with
the point of the sudden change of temperature, that hap-
pens always at the gate of the tunnel.

The FEM software Axis does the static calculations so that
it applies the loads in normally 50 increments, therefore it is
not possible to separate elastic and residual displacements.

Due to winter temperature the maximum rail displace-
ment is 73.57 mm and it occurs at the gate of the tunnel in
case of left (<) braking that starts 150 m before the tunnel.

As it has already been mentioned in Section 5.2, the pos-
sibility of huge displacements of 70 to 80 mm is very rare in
reality, although the results simulate a theoretical case what
could happen if the braking force is greater than the ballast
resistance. On tracks with clean ballast of good quality, well
compacted and consolidated, the longitudinal ballast resis-
tance under the load of the trains can be considered to be
30 N/mm per rail [5, 6, 11] that is higher than the braking
force of 10 kN/mm. A loaded ballast resistance of less than
10 kN/mm may occur only directly after laying newly con-
structed ballast or ballast screening, however in such cases
a speed restriction of 40 km/h or appropriate restrictions
are ordered. By dynamic ballast stabilizing machines and
the self-compaction of the ballast under traffic, the ballast
resistance increases rapidly higher than the braking force of
10 kN/mm. Since the time duration of the ballast resistance
of less than the braking force is limited to short time periods

directly after construction or maintenance works, this situ-
ation does not have much significance on the life cycle of
the track. This could be analysed in a different research and
the results published in a separate paper.

6 Results of internal forces and displacements with the
assumption of a ballast resistance of p = 10 N/mm over
the braking section

As it has already been introduced, under the load of trains,
the longitudinal resistance of the ballast bed increases
significantly. In this Section the longitudinal ballast resis-
tance — limiting force — of p = 10 N/mm is considered for
the 300 m long section of track on which the braking force
is applied, while p = 5 N/mm is considered for other sec-
tions. The drawback, again, is that the displacements and
stresses due to temperature changes are also calculated
assuming a resistance of p = 10 N/mm for the 300 m long
section loaded with the braking force. The calculations
presented in this Section simulate a case when the brak-
ing force is equal to the ballast resistance.

6.1 Effects of temperature changes without braking force
The longitudinal displacements and the normal forces in the
rails resulting from each load case and load combination in
the loaded model are summarized in Table 3. If the above
model is subjected only to thermal loads — load cases 1 and 2
as shown in Table 3 — the maximum rail displacement is
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Table 3 Maximum values of the rail displacements and the normal forces in the rail resulting from load combinations, p = 10 N/mm on the loaded section

Number of load case and position of the beginning of the braking in front of the tunnel

Load combination Effect L 1L 1L Iv. V. V1. VIL

300 m 250 m 200 m 150 m 100 m 50 m 0Om
1. winter displacement e _[mm] —2.442 -1.864 —1.864 —1.864 —-1.864 —1.864 —2.442

2. summer displacement e _[mm] 3.379 2.547 2.547 2.547 2.547 2.547 3.379

N braking displacement e _[mm] 0.625 0.625 0.625 0.625 0.625 0.625 0.625
normal force N [kN] +40.13 +40.13 +40.13 +40.13 +40.13 +40.13 +40.13
4 braking displacement e_[mm] —0.625 —0.625 —0.625 —0.625 —0.625 —0.625 —0.625
normal force N [kN] +40.13 +40.13 +40.13 +40.13 +40.13 +40.13 +40.13
s winter + displacement e_[mm] —1.488 —-0.778 —0.776 —0.776 —0.776 —0.778 —-1.460
' brake — normal force N [kN] 1041.80 1041.80 1041.80 1041.80 1041.79 1040.76 1001.67
s winter + displacement e _[mm] -10.110 —18.368 —23.326 —24.977 —23.315 —18.721 —9.967
. brake < normal force N [kN] 1001.67 1001.67 1001.67 1001.67 1001.67 1001.67 1001.67
. summer + displacement e _[mm] 13.893 23.206 28.793 30.653 28.762 23.001 13.632
brake — normal force N [kN] —777.15 =777.15 77715 =777.15 77715 77715 77715

o summer -+ displacement e _[mm] 2.093 1.119 1.117 1.117 1.117 1.119 2.039
. brake « normal force N [kN] —817.29 —817.29 —817.28 —817.28 —817.28 —815.99 =771.15

obtained at load positions I and VII, its value is value of
2.442 mm in winter and 3.379 mm in summer. The maxi-
mum rail displacements due to change of temperature with-
out braking is generated at the gate of the tunnel.

6.2 Effects of braking alone

If only braking or acceleration is applied to the track with-
out temperature change — load cases 3 and 4 of Table 3 —
there is no significant displacement or normal force in the
track. The distributed force of braking on a rail is 10 kN/m,
the longitudinal elasticity of the ballast is K = 16 kN/
mm/m, the resistance is p = 10 N/mm and the resulting
0.625 mm. At the begin-
ning and at the end of the braking section, a normal force

longitudinal displacement is e =
of 40.13 kN is generated in the rail due to the resistance of
the neighboring unloaded ballast of p = 5 N/mm.

Fig. 13 indicates the longitudinal displacement of the
rail due to right (—) braking starting at 300 m in front
of the tunnel. The normal forces in the rail due to right
braking starting 300 m in front of the gate of the tunnel is
shown in Fig. 14. With the comparison of Figs. 8 and 14,

it can be seen that if the limiting force of the ballast resis-
tance is equal or higher than the uniformly distributed
braking load, no significant normal forces are generated
in the rail. If however the ballast resistance is less than the
braking force, then significant internal tensile and com-
pression forces are generated in the rail (previous Fig. 8).

6.3 Effects of combination of change of temperature
and braking with the assumption of a ballast resistance
of p =10 N/mm over the braking section

The longitudinal displacements for the load combinations
and their load positions, consisting of the winter and sum-
mer temperature variations and the braking forces to the
right and left, and the normal force in the rail are summa-
rized in Table 3, load combinations 5—8.

The maximum normal forces in the rail due to winter tem-
perature and right braking starting 150 m in front of the gate
of the tunnel is indicated in Fig. 15, p = 10 N/mm, its value
is 1041.80 kN. By evaluating the normal forces in Table 3,
load combinations 5-8, it can be concluded that the nor-
mal forces in the rail are not significantly higher due to the

GT tunnel GT
braking 300.0 m
500m
0.366 0.624 0.625 0.625 0.625 0.624 0,366
10,00 q 70.00 70,00 70,00 §10.00
[le} 0
= S

Fig. 13 Longitudinal displacement [mm)] of the rail due to right (—) braking starting at 300 m in front of the tunnel, p = 10 N/mm
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Fig. 14 Normal forces [kN] in the rail due to right (—) braking starting 300 m in front of the gate of the tunnel, p = 10 N/mm

GT

tunnel

braking 300:0 m

GT

Fig. 15 Normal forces [kN] in the rail due to winter temperature and right braking starting 150 m in front of the gate of the tunnel, p = 10 N/mm

load combinations including braking than those due to only
change of temperature, included in Table 1. As in Section 6.2,
it can also be concluded that if the limiting force of the ballast
resistance is equal or higher than the uniformly distributed
braking load, the normal forces in the rail will not be sig-
nificantly higher due to load combinations including braking
forces than those due to only change of temperature.

The calculated maximum longitudinal displacement of
the rail is 30.65 mm, which is obtained under summer tem-
perature variation and rightward braking starting at 150 m
in front of the tunnel from the earthwork section into the
tunnel (load combination 7) and its position is at the gate
of the tunnel. The longitudinal displacement of the rail is
illustrated in Fig. 16. By comparing the longitudinal dis-
placements of Tables 2 and 3, load combinations 5-8,
it can also be concluded that if the limiting force of the
ballast resistance is equal or higher than the uniformly

distributed braking load, the longitudinal displacement of
rail will be resulted significantly lower, than in case that
the ballast resistance is less than the braking force.

The illustrations of "10.00" on Figs. 14 and 15 indicate
the braking load of 10.00 kN/m acting on one rail.

7 Results of internal forces and displacements with the
assumption of a ballast resistance of p = 15 N/mm over
the braking section

In this Section a longitudinal ballast resistance of
p =15 N/mm has been assumed on the track sections with
braking forces, that is significantly greater than the brak-
ing load, and 5 N/mm on other sections.

7.1 Effects of temperature changes without braking force
The longitudinal displacements and the normal forces in
therails resulting from each load case and load combination

GT tunnel GT e
braking 3000 m
500m
0.007 0.262 4.780 13.405 22029 30.653 22,028 13.402 4776 0.254 -0.255 -4.778

Fig. 16 Longitudinal displacement [mm)] of the rail due to summer temperature and right (—) braking starting at 150 m in front of the tunnel,
p =10 N/mm
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in the loaded model are summarized in Table 4. If the
above model is subjected only to thermal loads — load
cases 1 and 2 as shown in Table 4 — the maximum rail dis-
placement is obtained at load positions I and VII, its value
is 1.975 mm in winter and 2.707 mm in summer. The max-
imum rail displacements due to change of temperature
without braking is generated at the gate of the tunnel.

7.2 Effects of braking alone

If only braking or acceleration is applied to the track without
temperature change — load cases 3 and 4 of Table 4 — there
is no significant displacement or normal force in the track.
The distributed force of braking on a rail is 10 kN/m, the
longitudinal elasticity of the ballast is K = 24 kN/mm/m,
the resistance is p = 15 N/mm and the resulting longitudi-
nal displacement is e_= 0.417 mm. At the beginning and at
the end of the braking section, a normal force of 28.95 kN
is generated in the rail due to the resistance of the neigh-
boring unloaded ballast of p =5 N/mm.

The normal forces in the rail due to right braking
starting 300 m in front of the gate of the tunnel is shown
in Fig. 17. With the comparison of Figs. 8, 14 and 17, it can
be seen that if the limiting force of the ballast resistance
is equal or higher than the uniformly distributed braking
load, no significant normal forces are generated in the rail.

7.3 Effects of combination of change of temperature
and braking

The longitudinal displacements for the load combina-
tions and their load positions, consisting of the winter and

summer temperature variations and the braking forces to
the right and left, and the normal force in the rail are sum-
marized in Table 4, load combinations 5-8.

The maximum normal forces in the rail due to winter tem-
perature and right braking starting 150 m in front of the gate
of the tunnel is indicated in Fig. 18, its value is 1030.62 kN.
By evaluating the normal forces in Table 4, load combina-
tions 5-8, it can be concluded that the normal forces in the
rail are not significantly higher due to the load combinations
including braking than those due to only change of tempera-
ture, included in Table 1. As in Section 7.2, it can also be
concluded that if the limiting force of the ballast resistance
is equal or higher than the uniformly distributed braking
load, the normal forces in the rail will not be significantly
higher due to load combinations including braking forces
than those due to only change of temperature.

The calculated maximum longitudinal displacement of
the rail is 4.990 mm, which is obtained under summer tem-
perature variation and rightward braking starting at 150 m in
front of the tunnel from the earthwork section into the tunnel
(load combination 7) and its position is at the gate of the tun-
nel. The longitudinal displacement of the rail is illustrated in
Fig. 19. The maximum displacement of the rail is 3.624 mm
due to the combined effect of winter temperature variation
and braking. By comparing the longitudinal displacements
of Tables 2 and 4, load combinations 5—8, it can also be
concluded that if the limiting force of the ballast resistance
is remarkably higher than the uniformly distributed brak-
ing load, the longitudinal displacement of rail will be only
slightly higher than due to only change of temperature.

Table 4 Maximum values of the rail displacements and the normal forces in the rail resulting from load combinations, p = 15 N/mm on the loaded section

Number of load case and position of the beginning of the braking in front of the tunnel

Load combination Effect L ) 1L V. V. VI VIL
300 m 250 m 200 m 150 m 100 m 50 m 0m
1. winter displacement e _[mm] -1.975 —1.347 —1.347 —1.347 —1.347 —1.347 -1.975
2. summer displacement e [mm] 2.707 1.802 1.802 1.802 1.802 1.802 2.707
N braking displacement e _[mm] 0.417 0.417 0.417 0.417 0.417 0.417 0.417
normal force N [kN] +28.95 +28.95 +28.95 +28.95 +28.95 +28.95 +28.95
4 braking displacement e _[mm] -0.417 -0.417 -0.417 -0.417 -0.417 -0.417 -0.417
normal force N [kN] +28.95 +28.95 +28.95 +28.95 +28.95 +28.95 +28.95
winter + displacement e _[mm] —1.356 —-0.725 —-0.725 —-0.725 —-0.725 —-0.725 —1.356
> brake — normal force N [kN] 1030.62 1030.62 1030.62 1030.62 1030.62 1030.33 1001.67
winter + displacement e _[mm] —3.521 —3.603 —3.624 —3.624 —3.624 —3.603 —3.521
o brake — normal force N [kN] 1001.67 1001.67 1001.67 1001.67 1001.67 1001.67 1001.67
. summer + displacement e _[mm] 4.886 4.939 4.989 4.990 4.989 4.939 4.886
brake — normal force N [kN] =771.15 =771.15 =777.15 —777.15 —777.15 —777.15 —777.15
N summer + displacement e _[mm] 1.887 0.998 0.998 0.998 0.998 0.998 1.877
brake — normal force N [kN] —806.11 —806.11 —806.11 —806.11 —806.11 —805.75 —777.15
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Fig 17 Normal forces [kN] in the rail due to right braking (—) starting 300 m in front of the gate of the tunnel, p = 15 N/mm
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Fig 18 Normal forces [kN] in the rail due to winter temperature and right (—) braking starting 150 m in front of the gate of the tunnel, p = 15 N/mm
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Fig 19 Longitudinal displacement [mm)] of the rail due to summer temperature and right (—) braking starting at 150 m in front of the tunnel, p = 15 N/mm

8 Conclusions

The conclusions of the computations presented in this
paper can be summarized for the temperature conditions
of Case "A" in the following paragraphs:

With the assumption that the longitudinal resistance of
the ballast is p =7 N/mm for the 300 m long section loaded
with the braking force:

¢ The maximum rail displacement is 81.520 mm,

which is obtained from the combined effect of the
temperature change and the braking force by non-
linear calculation, based on the calculation results
obtained from a model that also takes into account
the effect of the vertical load of the trains.

* The maximum rail displacement due to summer tem-

The combined effect of the two loads results in
81.520 — 3.505 = 78.015 mm more displacement than
the thermal load alone.

With one or two exceptions, the displacements due
to temperature changes occur on the unloaded track,
which was calculated to be 4.781 mm (Table 1).

If this value is added to the value of 78.015 mm men-
tioned above, the total displacement of the rail is
4.781 +78.015 = 82.796 mm. This value represents the
combined effect of thermal expansion of the unloaded
rail and the displacement of the loaded rail due to the
braking with increased stiffness and resistance.

With the assumption that the longitudinal resistance

perature change alone is 3.505 mm and 36.271 mm of the ballast is p = 10 N/mm for the 300 m long section

due to braking alone, on the loaded model. loaded with the braking force:
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* The maximum rail displacement is 30.653 mm,
which is obtained from the combined effect of the
temperature change and the braking force by non-
linear calculation, based on the calculation results
obtained from a model that also takes into account
the effect of the vertical load of the trains.

* The maximum rail displacement due to summer tem-
perature change alone is 2.547 mm and 0.625 mm
due to braking alone, on the loaded model.

* The combined effect of the two loads results in
30.653 — 2.547 = 28.106 mm more displacement than
the thermal load alone.

o Ifthevalue 0f28.106 mm s added to the displacement
generated by temperature change alone, the total dis-
placement of the rail is 4.781 + 28.106 = 32.887 mm.
This value represents the combined effect of thermal
expansion of the unloaded rail and the displacement
of the loaded rail due to the braking with increased
stiffness and resistance.

With the assumption that the longitudinal resistance
of the ballast is p = 15 N/mm for the 300 m long section
loaded with the braking force:

* The maximum rail displacement is 4.990 mm, which
is obtained from the combined effect of the tempera-
ture change and the braking force.

e The maximum rail displacement due to summer
temperature change alone is 1.802 mm and 0.417 mm
due to braking alone, on the loaded model.

* The combined effect of the two loads results in
4.990 — 1.802 = 3.188 mm more displacement than
the thermal load alone.

o Ifthe value of 3.188 mm is added to the displacement
generated by temperature change alone, the total
displacement of the rail is 4.781 + 3.188 = 7.969 mm.
This value represents the combined effect of thermal
expansion of the unloaded rail and the displacement
of the loaded rail due to the braking with increased
stiffness and resistance.

9 Discussion

Based on the research presented in this paper due to the
combined effect of temperature change and braking, the
following results are obtained:

» If the longitudinal ballast resistance (p = 7 N/mm)
is less than the uniformly distributed braking force,
very high longitudinal rail displacements may occur
that is 82.796 mm according to the computations.

Also very high additional tensile and compressive
normal forces will be added to those generated by
change of temperature.

» If the longitudinal ballast resistance (p = 10 N/mm)
is equal to the uniformly distributed braking force,
still high longitudinal rail displacements may occur
that is 32.887 mm according to the computations, but
considerably lower than in the previous paragraph.
The normal forces in the rail will not be significantly
higher due to load combinations including braking
forces than those due to only change of temperature.

 If the longitudinal ballast resistance (p = 15 N/mm)
is considerably higher than the uniformly distributed
braking force, the longitudinal displacement of the
rail will be 7.969 mm, that is only 3.188 higher than
those from purely change of temperature. The nor-
mal forces in the rail will not be significantly higher
due to load combinations including braking forces
than those due to only change of temperature.

Accurate calculation can only be achieved with a model
that can vary the longitudinal elasticity and limiting force
of the ballast in a function of the vertical load.

As it has already been mentioned in Section 5.3, the
possibility of huge displacements of 70 to 80 mm is very
rare in reality, although the results simulate a theoretical
case what could happen if the braking force is greater than
the ballast resistance. On tracks with clean ballast of good
quality, well compacted and consolidated, the longitudi-
nal ballast resistance under the load of the trains can be
considered to be 30 N/mm [5, 6, 11] that is higher than
the braking force of 10 kN/mm per rail. A loaded ballast
resistance of less than 10 kN/mm may occur only directly
after laying newly constructed ballast or ballast screening,
however in such cases a speed restriction of 40 km/h or
appropriate restrictions are ordered. By dynamic ballast
stabilizing machines and the self-compaction of the bal-
last under traffic, the ballast resistance increases rapidly
up to higher than the braking force of 10 kN/mm. Since
the time duration of the ballast resistance of less than the
braking force is limited to short time periods directly after
construction or maintenance works, this situation does not
have too much significance on the life cycle of the track.
This could be analysed in a different research and the
results published in a separate paper.

In case of good ballast conditions, when there is only
temperature change, small longitudinal displacements
(<5 mm) occur and their magnitude decreases with



decreasing temperature. When there is only braking force,
the train pushes the track in front of it and pulls it behind
it. The sign of the forces makes this clear. After the brak-
ing, when the forces are removed, the backward rearrang-
ing takes place, but there will always be some residual
displacements or residual stresses in the rails due to the
unevenness that always exists in reality, i.e. non-ideal con-
ditions. Another software should be used to model this.

If braking is a typical event in front of the tunnel due
to some external circumstance, it will affect the wear of
the rails. It is also important to ensure that the clamping
force of the rail fastenings and the longitudinal ballast
resistance are maintained. These may require additional
maintenance. In winter, rail fracture due to increased ten-
sile forces caused by braking can be a problem. In the
summer, the compressive forces are increased by braking.
However, in case of good ballast conditions, the calculated
values are not so high that they would be a problem if the
material qualities and maintenance are adequate, so there
is no safety concern. There is no point in giving a recom-
mended value as there are so many influencing factors.
However, it is possible to require numerical verification of
the phenomenon in design cases.
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