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ABSTRACT
Present work aims to investigate the deformation behaviour of continuously welded rail (CWR) tracks of
both meter and normal gauge railways in tight curves, exposed to thermal loading. The high axial forces
in the rail due to restricted thermal expansion lead to lateral displacements of the track panel. This socalled curve breathing is officially tolerated for meter-gauge railways, but not for normal-gauge
infrastructure. However, the empirical knowledge about the real behaviour of curve breathing is low.
The crucial condition for the tolerance of curve breathing is that the deformation and the process itself
must be uniform. Track alignment defects have a negative impact on comfort, durability, and maintenance
of both rolling stock and infrastructure. In a worst case scenario, this could even have a negative influence
on safety, when several wave-shaped track alignment defects lead to a dynamic stimulation of the vehicle
resonance frequency.
Rod-sleeper tracks show non-uniform deformations, with sleepers moving 20 mm in close distance to
sleepers which don’t move, behaving like fixed points. On the contrary, the curve breathing of a track
panel with Y-shaped sleepers is much more uniform. No local fixed points can be identified. This leads to
the conclusion that depending on the track stiffness, the lateral displacement behaviour is different. The
track stiffness can be influenced by the sleeper type (Y-shaped steel sleepers, frame sleepers).
In this paper, analytical (force method) and numerical (FEM) simulations are used to reproduce the
differing behaviour of track panels with diverging stiffness. As input parameters, empirically measured
values for the lateral ballast resistance are used. The obtained results are cross-compared with the
measured displacements, and are in agreement. The model is used to perform parametric studies and to
investigate possible solutions to the problem.
It is concluded that the maximum value of the lateral displacement depends on the lateral displacement
resistance. Nevertheless, the shape of the deformation is influenced mainly by the track stiffness. A high
track panel stiffness equalizes the variation of the lateral displacement resistance. In summary, it can be
said that, for a high track alignment quality it needs a high lateral ballast resistance or a high track
stiffness, depending on the radius of the curve. Their individual effects and their interactions are
investigated in this paper.
INTRODUCTION
The development of advanced welding techniques made it possible to continuously weld railway tracks.
First introduced in 1950, the use of CWR has become standard approach nowadays, replacing the jointed
track systematically with huge benefits on durability, maintenance costs, track geometry, and travelling
comfort (Fastenrath 1977). The restricted thermal expansion leads to significant accumulation of axial
forces which could lead to track instability and ultimately, track buckling. The forces that arise can be
controlled with appropriate design in straight sections and in large radius curves. In tight curves, the
radial resistance to the axial forces is too small, leading to radial displacement (track breathing). Common
calculation methods used for straight tracks do not yield reliable results below a certain radius, or at least
they do not match well-established practices from meter gauge railway companies in Switzerland.

A first simplified approach on track stability was developed by Meier (1937), using the principle of
virtual work, which allowed for the calculation of the safe temperature increase given a track with the
presence of an initial alignment defect. His work was confirmed experimentally (Raab 1958) and
enhanced by Chatkeo (1985). In tight curves, as they are present in meter gauge railways, these methods
do not deliver reliable results. To overcome this issue, Gallati (1999) used a different approach based on
the static equation of the Euler-Bernoulli beam theory. These calculations, based on empirical functions,
are computationally costly. The results for radii below 50 to 100 m, however, differ significantly from
those obtained with Meier’s method and led to the assumption that uniform track breathing reduces axial
forces in tight curves. This seemed to allow for CWR tracks also below radii 250 m. Track breathing was
measured recently by Bopp (2014), showing a wave-like shape with amplitudes up to 20 mm depending
on the track panel layout. The uneven track breathing is not allowed, increases maintenance costs, reduces
travelling comfort, and can be relevant to safety in presence of resonance phenomena.
The aim of this work is to analyse analytically and numerically the displacement behaviour of CWR
tracks in tight curves based on experimental input data. The simulation framework is based on measured
lateral ballast resistance, track stiffness parameters, and uniform mechanical and geometrical properties
along the railway. The measured discrepancies were taken into account by random variables. The build
geometrical model is used to analyse track breathing and is used to perform parametric studies,
representing different track panel layouts.
MATERIALS AND METHODS
Track Loading
The CWR track is loaded by means of: temperature, misalignment defects, interaction rail-vehicle and
interactions with the soil. The contribution of breaking forces to the axial forces can be neglected
(Pospischil 2015). In present study, however, only the effects of temperature and misalignment defects
are considered. For a longitudinal and lateral restraint rail, the axial forces 𝑁𝑁 due to temperature raise Δ𝑇𝑇
according to its longitudinal stiffness 𝐸𝐸𝐸𝐸 can be described as:
𝑁𝑁 = 𝐸𝐸𝐸𝐸 ⋅ 𝛼𝛼𝑇𝑇 ⋅ Δ𝑇𝑇
With a coefficient of thermal expansion of steel 𝛼𝛼𝑇𝑇 = 1.15 ⋅ 10−5 °𝐾𝐾 −1. It should be mentioned that the
rail temperature can significantly increase over the air temperature, due to direct solar radiation. At low
temperatures, however, there is usually no difference between air and rail temperature. This yields
extreme rail temperature difference values for Switzerland being up to 70 °𝐾𝐾 and accordingly high tensile
and compressive forces. A second major impact to the rail is the deviation from the theoretical track
geometry (misalignment defects). This leads to concentrated radial forces in combination with the
temperature induced longitudinal forces, not only in tangent tracks but also curved tracks. Fixed points in
the track geometry, such as bridges and road crossings, may also have a negative impact on the track
geometry continuity.
Horizontal Track Stability
The horizontal track stability is composed of the lateral ballast resistance and the stiffness of the track
panel itself. The calculation is based on a monorail model that is equivalent to a railway track, in which it
is assumed that in horizontal direction: (i) The sleeper-ballast interaction is modelled with nonlinear
elastic springs connected to the ground and (ii) axial and bending stiffness of the two rails in the lateral
plane are assigned to a monorail with the same inertial properties.
Lateral Ballast Resistance
The lateral ballast resistance describes the interaction forces between the sleepers and the ballast bed. The
typical lateral resistance tests include measurements of the forces used to displace part of the track panel
or a single sleeper. The force displacement behaviour is nonlinear, as shown in Figure 2, and the
characteristic value 𝑤𝑤𝑄𝑄,2 𝑚𝑚𝑚𝑚 of the lateral ballast resistance is defined as the force measured at 2 mm
displacement. In this work, we use the nonlinear force displacement behaviour instead, to get more
realistic results. There is no European Standard defining lateral ballast resistance measurement
procedures. Even though existing measurement methods are quite similar, their results differ significantly.

In Switzerland, the testing method is defined by the Swiss federal railway company (SBB) (Meier 2015)
where a single sleeper is unfastened from the rails and the rail pads are replaced by greased steel plates of
the same thickness. Thus, the track acts as vertical load on the sleeper which is not allowed to move
vertically during horizontal translation. The German Railway company (DB) (Wächter 2013) and the
Technical University Munich (TUM) (Freudenstein and Iliev 2015) performed measurements on the same
track (Rynächt, Switzerland) but without replacing the rail pads. The resulting measured lateral ballast
resistance was significantly lower compared to the ones in (Meier 2015) and were not further increasing
after a maximum displacement of 4 mm. In this work, the curve shapes obtained with the DB and TUM
measurement method are used since there is growing evidence that those become UIC standard.
The measured force displacement behaviour (Figure 2) can be approximated with an exponential function
of the following form:
𝑤𝑤𝑄𝑄 = 𝑎𝑎 ⋅ 𝑥𝑥 𝑏𝑏 + 𝑐𝑐.
Where 𝑤𝑤𝑄𝑄 describes the lateral ballast resistance, 𝑥𝑥 the lateral displacement and a, b and c respectively
the fitted parameters. The parameter 𝑐𝑐 describes the force which is needed for the initial
displacement 𝑤𝑤𝑄𝑄,0𝑚𝑚𝑚𝑚 . In order to preserve the characteristic value, the parameter 𝑎𝑎 is defined as follows:
𝑤𝑤𝑄𝑄,2 𝑚𝑚𝑚𝑚 − 𝑐𝑐
.
𝑎𝑎 =
2𝑏𝑏
The parameter set obtained for different measurements and track panel layouts is evaluated in Figure 1
and summarized in Table 1.

Figure 1. Lateral ballast resistance of a single sleeper for different sleeper types.
Table 1. Lateral ballast resistance for a single sleeper. Characteristic values and fit-parameters obtained
from data of: (1) Freudenstein et al. (2013), (2) Pospischil (2015) and (3) Wächter (2013).
Sleeper type
a
b
c
R2 Source
𝒘𝒘𝑸𝑸,𝟐𝟐𝟐𝟐𝟐𝟐 [𝒌𝒌𝒌𝒌]
Concrete 1, unconsolidated
7.27
5.75 0.22 0.57 0.99
(2)
Concrete 2, consolidated
10.9
8.98 0.03 1.7 0.98
(1)
Concrete 3, USP, consolidated
13.6
11.2 0.05
2
0.96
Wood 1, unconsolidated
5.89
4.54 0.35 0.1 0.99
Wood 2, consolidated
8.32
6.53 0.33 0.08 0.86
(2)
Wood 3, with safety cap, consolidated
12.99
10.59 0.27 0.19 0.88
Y-shaped steel
4.2
3.44 0.29
0
1.00
(3)

It can be seen in Table 1 that consolidated ballast beds yield much higher 𝑤𝑤𝑄𝑄,2 𝑚𝑚𝑚𝑚 -values. To get lateral
ballast resistance per meter, the obtained values have to be divided by the sleeper distance (𝑑𝑑 = 0.6 𝑚𝑚).
The values for Y-shaped steel sleepers were also transformed to a fictive sleeper distance of 0.6 𝑚𝑚 for
better comparison. The coefficient of determination 𝑅𝑅 2 shows the good agreement between the measured
data and the fitted curves.

Track Panel Stiffness
The track panel stiffness is controlled by the: Bending stiffness of the rails and sleepers respectively,
torsional stiffness of the fastening systems, sleeper distance, and track gauge. The two rail are connected
through nonlinear elastic fastening systems leading to a complex global behaviour with characteristics of
frame-like structures. Therefore the monorail approach using a bending beam does not fully reflect the
reality. The use of different sleeper types (Y-shaped sleeper, frame sleeper etc.) can significantly increase
lateral bending stiffness.
Due to the nature of the problem (combination of shear and bending deformation) the track panel stiffness
can only be estimated correctly with a four-point bending test. Three-point bending tests do not lead to
adequate results, since the separate estimation of bending and shear stiffness are not possible with only
one span. The shear deformation, in contrast to the Bernoulli beam theory, was found to account up to 80
% of the overall displacement of the track panel, depending on its configuration and span, which
obviously leads to wrong results if shear deformations are neglected. The four-point bending test, on the
other hand, allows separate calculation of shear and bending deformation since shear forces are not
present between the concentrated forces and the bending moment is constant. To overcome, this lack of
information and to take into account the described drawbacks, an experimental campaign will take place
at IVT until autumn 2017. In this work, the fact was accounted with the use of different equivalent track
panel stiffness.
Simulation Framework
The track panel was modelled as equivalent curved beams, supported by discrete nonlinear elastic springs
as shown in Figure 2. The coordinate system origin (𝑥𝑥 = 0; 𝑦𝑦 = 0) is located at the beginning of the curve
(𝛼𝛼 = 0). The x-, y-direction show in vertical respectively horizontal direction. Each sleeper is
demonstrated as a spring in radial direction. At the beginning and the end of the circle the stiffness of the
attached track panel can be defined by means of a tangential and torsional spring. The CWR behaviour
can be adjusted with the spring stiffness at the two ends of the circle. The sample length is calculated
based on the aperture angle and corrected to create a symmetric object in terms of sleepers. The sleeper
positions and sleeper distances were chosen according to Swiss standards to be 60 cm. The track is
idealised as monorail beam with an equivalent stiffness. The lateral ballast resistance is modelled as
nonlinear spring elements. The variation of the measured ballast resistance values is addressed with
normally distributed random numbers for each sleeper with standard deviations according to the
measurement between 0.1 and 0.3.

Figure 2. Simulation Framework.
Further input parameters are track geometry, material properties, cross section dimensions, and thermal
loading, which are assumed to be constant along the track. The track displacement was calculated
iteratively with the following steps:
1) Compute reaction Forces and cutting forces of statically determined system
2) Solve force method equations
3) Compute reactions and cutting forces of real system
4) Compute displacements
5) Update spring stiffness according to calculated displacement
This procedure was chosen to deal with the nonlinear behaviour of the radial springs representing the
lateral ballast resistance. The secant method was used to update the spring stiffness after each iteration
consisting of steps 1) to 5). The abort criteria was reached when the maximum difference of the computed
reaction forces and the spring forces where smaller than the defined limit 𝜖𝜖 = 1 𝑁𝑁.

The obtained results where cross-compared with the results of the Finite Element (FE) simulation
performed with ABAQUS (Dassault Systèmes Simulia 2014), and were in good agreement. The FEsimulation could also be used to account for misalignment defects and to investigate the different
behaviour of a real track consisting of two rails, fasteners and sleepers. The fasteners were modelled with
elastic torsional spring connector elements. In addition, the effect of a singular local misalignment effect
was studied to see if there was some kind of wave propagation.
RESULTS AND DISCUSSION
The Results are organized in three sections. The first one pertains to the validation of the chosen model to
adequately describe track breathing. Therefore, the results of the simulation are compared with the ones

found in the literature. The second and the third parts are addressed to sensitivity analysis with respect to
lateral ballast resistance and track panel stiffness respectively.
Model Validation
To validate the model the obtained results were compared to the measurement data found in the literature.
For this reason the computed results are compared to measurements performed at IVT (Bopp 2014;
Braess 2016). The measured tracks used for comparison comprise a concrete rod-sleeper track (low panel
stiffness) and the other a Y-shaped sleeper track (high panel stiffness). The first measured object is a
meter gauge curve with a radius of 119 m situated in Taeuffelen/Krümmeli Switzerland. It is composed of
UIC 54 rail profiles with a cross-section area of 6856 𝑚𝑚𝑚𝑚2 and concrete sleepers with a tensions clamp
fastening system of the type Ws SKL 14K. The temperature difference is up to 40°𝐾𝐾 and zero
displacement corresponds to the track geometry at neural temperature. The equivalent track panel’s
stiffness for the simulation was chosen to be 𝐼𝐼𝐸𝐸𝐸𝐸 = 1434 𝑐𝑐𝑚𝑚4 and for the ballast resistance the
parameters for consolidated concrete sleepers (concrete 2) according to Table 1 were chosen.

Figure 3. Measured displacements (a) (Bopp 2014) compared to the results of the simulation (b) for
concrete sleepers.
The measured displacements are in a good agreement with the results of the simulation as shown in
Figure 3. The simulated maximum displacement of 11 𝑚𝑚𝑚𝑚 corresponds well to the measured
displacements of 10.8 𝑚𝑚𝑚𝑚. Furthermore, it is worth to noticing that in reality as well as in the
simulations, fixed points can be found in places where the ballast resistance is high.
The second measurement was performed within a curved track with radius 174 𝑚𝑚 and Y-shaped sleepers.
This curve is situated close to Einsiedeln Switzerland and pertains to the network of SOB. UIC 46 rail
profiles were applied in this section. The sleepers have a distance of 1.245 𝑚𝑚 and the maximum
temperature difference value measured within 24 ℎ was 40°𝐾𝐾. The higher track panel stiffness was taken
into account for the simulation with an equivalent bending stiffness of 𝐼𝐼𝐸𝐸𝐸𝐸 = 8000 𝑐𝑐𝑚𝑚4 . The ballast
resistance for a Y-shaped steel sleeper was taken into account according to Table 1. The maximum
displacement of the measurement data of 6.5 𝑚𝑚𝑚𝑚 suits well to the simulated displacement of 4.0 𝑚𝑚𝑚𝑚 as
shown in Figure 4. Here again, it is worth noting, that the fix points are not present anymore, neither in
reality nor in the simulation.

Figure 4. Measured displacements (a) (Braess 2016) compared to the results of the simulation (b) for Yshaped steel sleepers.
Sensitivity Analysis: Lateral Ballast Resistance
The lateral ballast resistance is the most important parameter on lateral track stability. The huge influence
is presented in Figure 5 and Figure 6. The scaling effect of the ballast resistance magnitude is shown in
Figure 5. Increase of the ballast resistance yields significantly lower displacements amplitudes without
interfering with the wavelength. Already, small changes in the magnitude of the ballast resistance have a
big impact on the resulting displacement, as shown in Figure 5. By increasing the characteristic ballast
resistance from 7.5 𝑘𝑘𝑘𝑘 to 10 𝑘𝑘𝑘𝑘, the displacement amplitude lowers from 9.4 𝑚𝑚𝑚𝑚 to 4.4 𝑚𝑚𝑚𝑚 which
corresponds to halving.

Figure 5. Influence of characteristic lateral ballast resistance (a) to lateral track displacement (b).
Additionally, the scattering of the measurements strongly influences the displacement behaviour of the
track, as shown in Figure 6. This was analysed using the same characteristic values while changing the
standard deviation of the ballast resistance from 0.1 to 0.3, leading to a stretching of the displacement
magnitude. The higher amplitudes have a highly negative influence on the track geometry, since the
waves relative peak prominence increases significantly. Moreover, it could be shown that the scattering
has no effect on the shape of the curve and the position of the so called fix points.

Figure 6. Influence of lateral ballast resistance scattering (a) to lateral track displacement (b).
Sensitivity Analysis: Track Panel Stiffness
The second very important factor influencing lateral track stability is the track panel stiffness.
Measurements showed that a high panel stiffness is beneficial for homogenous track breathing. The
smoothening effect could be verified in the simulation, as reported in Figure 7. The used stiffness values
correspond to a low stiffness track panel (e.g. concrete or wood sleepers), an intermediate value (e.g.
frame sleepers), and high stiffness tracks (e.g. Y-sleeper). The smoothing is significant and can be seen
very clearly in the beginning (position 0 − 50 𝑚𝑚) of the simulated track. In the section between 100 𝑚𝑚
and 150 𝑚𝑚 , single waves get completely smoothed out.

Figure 7. Influence of track panel stiffness (a) to lateral track displacement (b).
CONCLUSION
In this work, an analytical, stochastic model was presented based on empirical input parameters to
investigate the deformation behavior of thermic loaded CWR tracks in curves. The uncertainties of the
empirical parameters were modelled with normally distributed random variables, and were in good
agreement with measured displacement data found in literature. Within this framework, parametric
studies were performed to investigate breathing behavior of CWR tracks, and possible solutions could be
evaluated. The conclusion is that the increase of track panel stiffness has a beneficial effect on
homogenous track breathing, and that accounting models for non-evenly distributed lateral ballast
resistance result in a highly promising tool to evaluate lateral track displacement behavior, such as
breathing or buckling.
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