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Abstract. Continuous welded rail is of high interest to operators of railway infrastructure facilities because of the reduced 
maintenance work and better train driving dynamics it offers. However, the application of continuous welded rail, in par-
ticular associated with its interaction with the superstructures of e.g. bridges, requires special caution with regard to the 
rail stresses in the transition area between the structure and the free field. These stresses are not only influenced by thermal 
deformations of the bridges but also by the clamp systems between the rails and e.g. the bridge. In general, these connec-
tors are represented by spring elements during modelling, which: (a) causes singularities in the stress distributions in the 
rails, and (b) cannot capture all the mechanical system changes occurring due to loading, thermal effects, etc. The target 
of this paper is to present an alternative way of modelling the connection between rails and bridge superstructure based 
on composite materials which can overcome the disadvantages of the spring model. In particular, a nonlinear model of 
the whole system was developed for ballasted and non-ballasted track. Special attention was paid to the calibration of rail–
bridge interaction and boundary conditions using measured data and code specifications. The aim of this study was to use 
the results of in-situ measurements to analyse the admissible stress in rails due to their interaction with a bridge caused by 
temperature loading. 

Keywords: continuous welded rail, rail–bridge interaction, connectors based on composite materials, temperature loading, 
admissible stress capacity, monitoring-based calibration, non-linear finite element modelling.

Introduction

Continuous welded rail (CWR) is loaded by longitudinal 
stress caused by seasonal temperature changes, the bend-
ing of the supporting structure as well as the braking or 
acceleration of traversing trains. Those types of loads are 
specified in the national codes as well as in Eurocode 1 
(EN 1991-2:2003). The coupling stiffness in the longitu-
dinal direction between track and bridge is an additional 
load case that has to be taken into account in the assess-
ment of stress in CWR. This stress results from the nonlin-
ear stiffness performance between the rail and the moving 
bridge structure beneath it, which has a different tempera-
ture to the rail. The stiffness performance increases when 
a train traverses the track, causing it to enter the “loaded” 
condition. This specific phenomenon has not been men-
tioned in the existing codes even though it is a common 
occurrence due to the specific nature of CWR. The lon-

gitudinal coupling between rail and bridge is an essential 
aspect of CWR. In the case of a ballasted track, the ballast 
plays the role of this coupling interface. In the case of slab 
track, this role is assumed by the fastening system used. 
The behaviour of the system (elastic or plastic) is charac-
terized by the deformation state of this coupling interface.

Nonlinear modelling is regarded as a suitable tool for 
modelling longitudinal stiffness and describing the influ-
ence of the structure on rail stress. However, a realistic 
load can only affect the entire bridge over a period of time. 
Currently, there is not enough information on ways of de-
termining a value for the coupling stiffness in the longi-
tudinal direction that is caused by traversing trains. It is 
therefore essential to conduct an evaluation of coupling 
stiffness based on in-situ monitoring in order to identify 
reliable values against which nonlinear models can be cali-
brated.

http://creativecommons.org/licenses/by/4.0/
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Only CWR offers suitable serviceability with respect 
to today’s increasing train speeds, as the deformation of 
joints often affects the geometry of non-CWR track, which 
results in considerable joint maintenance requirements. 
On the other hand, it is necessary, in order to guarantee 
safety and stability, to restrict the longitudinal stress oc-
curring in CWR. Several research works which specifical-
ly investigate stability issues are presented in Kerr (1978, 
1980) and Lim et  al. (2003). When various bridge types 
are loaded, changes in the coupling stiffness increase the 
stress within the rail–bridge interface. This increase clearly 
needs to be considered. A significant increase in the stress 
affecting the elastic components along the track–bridge 
coupling interface, accompanied by a decrease in stress in 
the rails, is caused by multiple cycles of traversing trains 
that occur after a seasonal decrease in temperature.  

The investigation of longitudinal loads and their influ-
ence on the forces in CWR on bridge decks has been dis-
cussed intensively in the last 20 years. This was triggered 
by recommendation 774-3R of Union Internationale des 
Chemins de fer (UIC 2001), as well as by the Eurocode 1 
(EN 1991-2:2003) standard published by the European 
Committee for Standardization, which provides informa-
tion on loads on bridges, design methods and approaches. 
In order to keep the computational effort at a reasonable 
level, EC-1 (2003), DIN-Fb 101 (2003) and UIC Code 774-
3R (2001) provide the nonlinear stiffness law as a relation-
ship between resistance and displacement for ballasted as 
well as non-ballasted track. It is described by bilinear func-
tions. These functions may vary depending on the track 
type and the loading situation (see Figure 1).

DIN-Fb 101 (2003) recommends a track resistance 
value of k3 = 20 kN/m for ballasted track and a value of  
k2 = 30 kN/m for a non-ballasted track, in both cases for the 
unloaded condition. As a result, a value of k1 = 60 kN/m 
emerges for the loaded condition caused by moving trains, 
both for a ballasted track as well as for a non-ballasted 
track. Therefore, the equilibrium of forces changes from 
the unloaded to the loaded situation as the train traverses 
the track, i.e. from 30 kN/m to 60 kN/m. In other words, it 
increases by a factor of two for a non-ballasted track. The 
ballasted track amplifies the restoring force from 20 kN/m 
to 60 kN/m, i.e. by a factor of three. Additional forces will 
arise, as this transition occurs over a short time period. 
Only a few authors have addressed this subject, e.g. Kupfer 
(2002) and Ruge et al. (2004).

Frýba (1996) and Esveld (2001) present detailed treat-
ments of longitudinal stress in their books. In addition, 
the subject is addressed in several journal papers (Ruge 
et al. 2004, 2005a, 2005b) and papers published in confer-
ence proceedings (Ruge et  al. 2007; Simões et  al. 2007). 
These papers show that load cases involving temperature 
changes and bending phenomena as well as braking and 
acceleration manoeuvres can lead to considerable longi-
tudinal stress. However, the often-used superposition ap-
proach for different load cases works against the nonlinear 
properties of the system. A nonlinear treatment of several 
load cases is introduced in Ruge et al. (2005b). Here, each 
loading episode is treated one after the other, forming a 
sequence. A memory system is established which utilises 
the history of deformations caused by previous loads as an 
input for the assessment of the current state of the load-
ing system.  Nevertheless, a nonlinear combination of the 
resulting stress can be used to bring the system’s nature 
closer to that of a realistic situation.

The lateral buckling behaviour of CWR due to com-
pression forces caused by temperature changes was already 
being discussed in the early 80’s by Klaaßen and Schmäl-
zlin (1980), Gerlich and Pahnke (1981, 1982) and Prom-
mersberger and Rojek (1981, 1985). In 1983, the Office 
for Research and Experiments (ORE, now the European 
Rail Research Institute, ERRI) of the International Union 
of Railways (UIC) published a work on the theoretical and 
practical issues concerned with the behaviour of CWR laid 
over bridge structures subjected to temperature changes in 
rail and bridge (Colnat, Brems 1983). In addition, more 
detailed examinations exist with respect to the influence 
of the bending of supporting structures on the longitudi-
nal stress in rails reported by Pahnke (1998) and regarding 
track–bridge interaction in UIC 774-3R (2001). In Ruge 
et al. (2009a, 2009b), the focus is placed on stresses addi-
tional to those arising from seasonal temperature changes 
due to the sudden change in the coupling stiffness between 
track and bridge during the traversing of trains. The his-
tory of CWR and the development of the investigation of 
track–bridge interaction effects as well as the background 
to the procedure for evaluating additional rail stresses 
are also presented in Wenner et al. (2016a, 2016b). A de-
tailed study of wheel–rail interaction was performed by  
Cazzani et al. (2016). Longitudinal deformation, which is 
often neglected by other authors, lies at the centre of their  

 Figure 1. a) Spring models of non-ballasted and ballasted track; b) track–bridge interaction model
a) b)
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research. Practical design aspects concerning track–bridge 
interaction can be found in Chaudhary and Sinha (n.d.) 
and Monnickendam (2006). Some of these aspects are im-
plemented in Eurocode 1 (EN 1991-2:2003). One example 
is the fact that movements within the bridge cause track 
displacements which will result in rail stress.

As was mentioned previously, the interaction be-
tween bridge and rail is an important parameter in rail-
way bridge design. Therefore, a measurement campaign 
was performed together with nonlinear model calibration 
to investigate the interaction process and predict the lon-
gitudinal stress in rails and in concrete slab track. The in-
tention was to develop a model with the ability to reflect 
the results gained by monitoring systems installed on real-
world bridges. This will subsequently enable the use of the 
verified model with bridge systems in general.

Stress in rails is caused by temperature changes within 
them, the bending of the bridge deck, the braking and ac-
celeration of trains, and also by temperature changes in the 
bridge transferred via rail–bridge interaction. This stress 
particularly needs to be limited in CWR. An essential pa-
rameter for quantifying the effects of the interaction be-
tween rail and substructure is the free expansion length 
of the bridge, defined as the distance between the thermal 
reference point and the flexible end point of the support-
ing structure.

In general, additional stress in CWR on a bridge should 
not exceed the admissible stress capacity defined in DIN-
Fb 101 (2003) as follows:

 – Tension stress threshold  σtension = 112 MPa if bend-
ing is considered as a load case;

 – Tension stress threshold  σtension = 92 MPa if bending 
is neglected;

 – Compression threshold for a buckling ballasted track 
σcompression = 72 MPa;

 – Compression threshold for a slab (non-ballasted) 
track σcompression = 92 MPa.

The admissible stresses above are based on the total 
available rail stress σsafe = 470 MPa, which has to be re-
duced by:

 – Residual stress from rail production σE = 80 MPa;
 – Bending tensile stress due to wheel load 
σQ = 158 MPa;

 – Stress resulting from temperature change within the 
rail σT = Eα∆T = 120 MPa considering the modu-
lus of elasticity E  =  2.1×105  MPa, the temperature 
difference ∆T  =  50  °C, and the thermal coefficient 
α = 1.15×10–5.

Reducing the safe rail stress σsafe yields an admissible 
margin for an increase in rail stress due to track–bridge in-
teraction σtension = 470 – 80 – 158 – 120 = 112 MPa.

Note that the aim of the paper was to study rail–struc-
ture interaction and transfer of temperature effects from 
the bridge to the rail, not the complex modelling of passing 
train. Therefore, instead of analysing the stresses caused 
by traversing train, the code-defined maximum stress 
158 MPa has been used.

In accordance with Eurocode 1 (EN 1991-2:2003) as 
well as DIN-Fb 101 (2003) and UIC 774-3R (2001), addi-
tional stress resulting from track–bridge interaction which 
is larger than the permissible values should lead to the use 
of expansion devices being considered. DIN-Fb 101 (2003) 
uses the classical safety concept where the safety Ssafe is de-
termined by a global safety factor v as:

safe
RS
v

= , (1)

where: R – resistance; v – safety factor.
The main target of this paper is to present an alterna-

tive way of modelling the connection between rails and 
bridge superstructure based on composite materials which 
can overcome the disadvantages of the spring model. In 
particular, a nonlinear model of the whole system was 
developed for ballasted and non-ballasted track. Special  

Figure 2. Static scheme of the L110 Bridge and a depiction of the monitoring system (north view)
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attention was paid to the calibration of rail–bridge inter-
action and boundary conditions using measured data and 
code specifications. The aim of this study was to use the 
results of in-situ measurements to analyse the admissible 
stress in rails due to their interaction with a bridge caused 
by temperature loading.

1. Case study: the L110 Bridge

1.1. Description of the bridge and monitoring 
system

The L110 Bridge is a part of a new Austrian railway line 
connecting St.  Pölten to Vienna. The bridge has a rein-
forced concrete structure with three spans; two of them 
with a span length of 19 m extending from the piers to the 
abutments and one central span with a length of 22 m (see 
Figure 2). The eastern pier of the bridge serves as a longi-
tudinally fixed bearing. Both the piers and the abutments 
are founded on bored piles with diameter d = 120 cm.

The bridge is constructed from prestressed reinforced 
concrete and has a rectangular shape. Pluvial water drain-
age is provided by the cambered bridge deck cross-section 
(with 2.5% slopes running from the centre of the bridge 
to its extremities). The track rests on System ÖBB-PORR 
elastically supported slabs (PORR AG 2016), see Figure 3a. 
Each rail is supported by 8 rail seats on each slab plate. 
The rails are fastened by Vossloh clamps across the entire 
bridge (see Figure 3b).

Extensive monitoring systems were designed for the 
bridge structure. In addition to monitoring the rail stress-
es, they were programmed to record: (a) the shear pressure 
resistance, (b) the lateral displacement resistance, (c)  the 
rail temperature, (d) the temperature of the supporting 
structure and (e) the relative movements of the track and 
bridge. This information was used as input data and to 
support the verification of the developed nonlinear mod-
el of track–structure interaction. Selected sensors and its 
placement on the bridge are depicted in Figure 4. 

At the transitions between the bridge and the abut-
ments attention has been paid to the longitudinal dis-
placements of the bridge. As the eastern pier fixedly  
supports the bridge in the longitudinal direction, the effect 
of a 19 m span could be observed on the eastern abutment, 
while on the western abutment one could observe the ef-
fect of 41 m of combined longitudinal spans (see Figure 2). 
The metrological instrumentation is focused on Track 7 as 
obvious from Figure 2 (since Track 9 was built at a later 
time) at the joint between the bridge and the western abut-
ment. The CWR profiles span this transition region; the 
rail fastenings have a defined reduced yielding resistance 
and the rails are free to slide along them when the relative 
movement of the bridge requires it. The rail profiles are 
welded in sections positioned on the abutments and are 
elastically supported through the track supporting layer 
by the non-ballasted track. Thus, the rails, through their  
fastening system, connect the bridge to the abutment 

Figure 3. a) Elastically supported slab – System ÖBB-PORR; b) Vossloh rail fastening system with rail UIC60/ 60E1

 a) b)

Figure 4. Examples of selected sensors: a longitudinal displacement sensor placed next to the 
bearing (left), electrical strain gage placed on the rail (middle), and an accelerometer placed 

on the bottom surface of the bridge slab (right)
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in the longitudinal direction. The force–displacement  
behaviour of this interaction was the main subject of mon-
itoring. The monitoring results served as the first step for  
calibrating the numerical model. The model was subsequent-
ly used to expand the research to bridges with different spans,  
temperature loads, and track types (ballasted and non- 
ballasted track).

1.2. Numerical model, rail clamp calibration

A nonlinear finite element method (FEM) model of the 
L110 Bridge in Austria has been developed in order to 
investigate rail–bridge interaction and predict longitudinal 
stresses occurring in rails due to temperature loading. The 
whole system of the bridge supporting structure–rail sup-
ports–rail fastenings–rails has been modelled in ATENA 
software (Červenka et al. 2012) with consideration given 
to material nonlinearity. In general, the analysed bridge 
is a three-dimensional structure. But with respect to its 
dimensions, boundary conditions, and loading, the two-
dimensional model provides sufficiently accurate results 
while maintaining reasonable time-consuming perfor-
mance. Due to such simplification, we were able to per-
form an extensive study using the nonlinear FEM model 
of the bridge. With respect to the great computational ef-
fort required for nonlinear modelling, only the rails and 
parts of the track under the rails were modelled using 2D 
plane stress simplification, see Figure 5. Each component 
of the system (i.e. supporting structure, track plate with 
sleepers and rails) was modelled according to their real 
geometry using individual element thicknesses. Solid elas-
tic material model with linear stress–strain law defined 
by the modulus of elasticity was used. The rail fastening 
system (referred to as a “clamp” in the following text) was 
modelled using simplified geometry without reproduc-
ing the physical dimensions of its individual parts. Here, 
SBETA material model which includes the effects such as 
nonlinear behaviour in compression including hardening 
and softening, fracture of concrete in tension based on 
the nonlinear fracture mechanics, biaxial strength failure 

criterion, reduction of compressive strength after crack-
ing, etc. (for details see Červenka et al. 2012) was finally 
used as described below. A mesh was created for the FEM 
static analysis using quadrilateral element type.

In traditional models, spring systems are used for sim-
ulating the complex rail–structure interaction. In general, 
these linear spring systems defined in a closed form do not 
take into account the load dependence of the interaction 
properties and the fact that the contact zones are surfaces 
with changing load-dependent area sizes. The proposed 
contact zone nonlinear model considers these effects. 

The aim of a rail clamp is to transfer horizontal and 
vertical forces from the rail to the supporting structure. In 
order to achieve the realistic representation of these phe-
nomena the nonlinear FEM model needs to be calibrat-
ed with respect to experimental measurements and code 
specifications. At first, several models with different clamp 
geometries (a trapezoid shape, a double-rectangular shape 
and a simple rectangular shape, see Figure 6) and differ-
ent material models (bi-linear steel, SBETA material, the 
Drucker-Prager model, and a material model with smeared 
reinforcement in various orientations or combinations of 
materials for different clamp parts) were tested to capture 
the horizontal (shear) and vertical (compressive) stiffness 
of the track–rail system. The concept of incremental step 
by step analysis with force increments was used in order to 
achieve the target values of horizontal and vertical loading 
according to code specifications and experimental results. 
Iterative solution using standard Newton-Raphson meth-
od was used to solve the set of non-linear equations which 
represents the out-of-balance forces during a load incre-
ment (for details see Červenka et al. 2012).

Since the models with trapezoid or double-rectangular 
shapes did not ensure the correct behaviour occurred in 
either shear (horizontal loading, see Figure  7a) or com-
pression (vertical loading, see Figure 7b), the clamp was 
finally modelled simply as a single block with a thickness 
of 0.2 m made of SBETA material (Chen, Saleeb 1982) with 
smeared reinforcement by means of a linear stress–strain 
diagram defined by modulus of elasticity. 

Figure 5. Part of the model of the structure showing individual components of the bridge and rail system

Figure 6. FEM models with different clamp geometries: a) trapezoidal shape; b) double-rectangular shape;  
c) simple rectangular shape
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The smeared reinforcement was used to capture the 
different stiffness and bearing capacity of the system in 
the horizontal and vertical direction. Parametric analy-
ses of the orientation and ratio of the reinforcement were 
performed so as to determine the proper response of the 
clamp model to horizontal as well as vertical loading. Ac-
cording to the relevant code specification (Figure 1), the 
unloaded track resistance limit for horizontal loading and 
a track supported by concrete slabs (non-ballasted track) is 
20 kN/m (k2 in Figure 1b). The L110 Bridge with a distance 
between clamps of 60 cm had an unloaded track resistance 
of 12 kN/m. This is also in good agreement with the results 
of laboratory measurements, see Figure 8a. In the case of 
vertical loading, laboratory tests obtained a 1 mm vertical 
displacement for a 50 kN load (Figure 8b). The gained data 
were utilized for the calibration of clamp material models. 
A rail clamp for track supported on pre-stressed concrete 
sleepers laid on gravel ballast (ballasted track) was cali-
brated at the same time as the calibration of rail clamps for 
non-ballasted (slab) track was taking place. More details 
about the experimental results are documented in Karimi 
(2017).

The clamp for ballasted track is less stiff compared to 
that used with non-ballasted track due to the employed 
system of two springs connected in series (Figure 1a). As 
a result, the calibrated parameters of the model (especially 
modulus of elasticity E) had to be modified. Since the stiff-
ness of the track–rail system is defined using the clamp pa-
rameters, no additional extension of the model was used. 
The unloaded track resistance limit for horizontal load-

ing for the L110 Bridge is 12 kN/m (k3 and the purple line 
in Figure 1b), which is 7.2 kN/m for a distance between 
clamps of 60 cm. In both cases the models were tested for 
a loaded situation, i.e. when subjected to the simultaneous 
action of horizontal and vertical loading. Here, in order 
for the system to have sufficient stiffness (k1 in Figure 1b) 
it was necessary to increase the modulus of elasticity of the 
SBETA material. The resulting parameters for non-ballast-
ed track are as follows:

 – SBETA material: modulus of elasticity E = 36.5 MPa 
(E = 240 MPa for a loaded situation), tensile strength 
ft = 0.65 MPa, compressive strength fc = 3.5 MPa, and 
fracture energy Gf = 6 N/m;

 – Smeared reinforcement: bi-linear stress strain law 
without hardening, 2 layers with direction ±15°, 
reinforcement ratio 0.5, modulus of elasticity 
E = 342 MPa, yield stress fy = 0.65 MPa.

The parameters of the clamp material models for bal-
lasted track are as follows:

 – SBETA material: modulus of elasticity E = 11.5 MPa 
(E = 57.5 MPa for a loaded situation), tensile strength 
ft = 0.15 MPa, compressive strength fc = 3.5 MPa, and 
fracture energy Gf = 6 N/m;

 – Smeared reinforcement: bi-linear stress strain law 
without hardening, 2 layers with direction ±90°, 
reinforcement ratio 1.0, modulus of elasticity 
E = 14.5 MPa, yield stress fy = 1.3 MPa.

The calibration results for both systems subjected to 
horizontal as well as vertical loading and also to the simul-
taneous action of both are depicted in Figures 8 and 9.

Figure 7. a) Horizontal and b) vertical loading of the clamp for calibration of the system

a) b)

Figure 8. Calibration of the rail clamp for non-ballasted track: a) horizontal loading;  
b) vertical loading; c) simultaneous action of horizontal and vertical loading

a) b) c)
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1.3. Calibration of rail boundary conditions

The next step in modelling was the calibration of rail 
boundary conditions. First, different boundary condi-
tions (free rail, fixed rail or springs at the ends of the rail, 
see Figure  10) were tested. The rail and the supporting 
structure in the FEM model were loaded by temperatures 
ΔTr and ΔTs (Figure 11), which represent the difference 
between the maximum and minimum temperature value 
obtained over the course of 1 day/24 hours in the appro-
priate season via measurements taken from the rail and 
structure respectively, see Table 1. The loading was applied 
using temperature increments up to reaching the total 
temperature values. The same temperature values (ΔTr 
and ΔTs) were applied throughout the rail and structure, 
respectively; i.e. no change of temperature with distance 
was considered. At the western abutment, the rail strain 
εr and bridge horizontal displacement us caused by the 
temperature loading were analysed and compared with 
measurements taken from the real structure (Figure 2).

The results of in-situ measurements taken during one 
particular day in spring were used for the calibration while 
measurements gained during the other three seasons 

(summer, autumn and winter) were used for validation 
of the calibrated model. Detailed spring stiffness calibra-
tion was carried out based on those results. In order to find 
the best value, a parametric study of the values obtained 
for horizontal spring stiffness K from 1 to 1000 MPa was 
executed. The results in Table 1 show that relatively good 
agreement between the measurements and numerical sim-
ulations was achieved for K = 500 MPa. Furthermore, it 
was discovered that a spring rail boundary condition with 
K > 30 MPa leads to almost identical values of rail strain 
εr and horizontal displacement of the structure us, respec-
tively, as in the case of a fixed rail boundary condition, and 
that there is no merit in using a spring instead of a fixed 
rail. The fixed support also exhibits realistic behaviour: 
the rail strain as well as the horizontal displacement of the 
bridge increase with increasing temperature ΔTs and con-
stant ΔTr; see the parametric study in Figure 12. On the 
other hand, the free rail boundary or lower values of K lead 
to very unstable and unrealistic values being obtained for 
rail strain or the horizontal displacement of the structure, 
respectively, for cases of loading with higher ΔTr (see the 
spring and summer rows in Table 1).

Figure 9. Calibration of the rail clamp for ballasted track: a) horizontal loading; b) vertical loading;  
c) simultaneous action of horizontal and vertical loading

 a) b) c)

Table 1. Comparison of horizontal displacements of the structure us and rail strains εr obtained from seasonal in-situ measurements 
and nonlinear modelling

Season Seasonal measurements Modelling 
Free rail

Modelling 
K = 14 MPa

Modelling 
K = 500 MPa

Modelling 
Fixed rail

ΔTr [°C] us [mm] us [mm] εr [μm/m] us [mm] εr [μm/m] us [mm] εr [μm/m] us [mm] εr [μm/m] us [mm] εr [μm/m]
Spring 28.03 1.43 0.41 320.46 1.43 15.14 0.94 322.45 0.49 360.15 0.49 360.18
Summer 31.57 1.64 0.46 366.51 1.64 13.09 1.64 325.29 0.60 406.65 0.60 407.06
Autumn 10.71 0.41 0.20 133.42 0.41 147.90 0.41 148.01 0.40 148.14 0.40 148.15
Winter 10.80 0.36 0.31 142.11 0.36 146.71 0.36 146.84 0.36 146.97 0.36 146.98

Figure 10. Boundary conditions of the rail: free rail, springs at the ends of the rail and the fixed rail
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1.4. Temperature effects studies

A numerical study was carried out using the now-cali-
brated nonlinear FEM model of the track–bridge system 
in order to determine the effect of bridge temperature 
loading on stress induced in a rail due to track–bridge 
interaction. This stress should not exceed the previously 
described admissible stress capacity. The effect of various 
bridge free expansion lengths (free expansion length is the 
length from the fixed support to the bridge abutment, see 
Figure 10) for both non-ballasted as well as ballasted track 
was also studied. 

The temperature of the structure ΔTs was be-
tween 0 and 30 °C, and the temperature of the rail ΔTr = 0, 
28 and 50 °C (Table 2). The bridge free expansion lengths 
were L = 40, 60, 90, 120, and 150 m. An example of the 
normal stress distribution in the rail caused by the imposi-
tion of various temperature loads on a bridge with a free 
expansion length of 40 m is depicted in Figure 13. From 
these curves the maximum stress in tension and compres-
sion was extracted (see the bullets in Figure 13 – for tension 
in the field and for compression above the abutment) for dif-

ferent bridge free expansion lengths, see Figures 14 and 15. 
The results show that the admissible stress was not exceed-
ed for all studied lengths and temperatures neither in ten-
sion (92 MPa for both tracks) nor in compression (72 MPa 
for ballasted track and 92 MPa for non-ballasted track).

The non-linear numerical analyses allow the following 
fundamental insights:

 – All non-linear analyses show good agreement with 
the monitored longitudinal forces in the rails;

 – The stress thresholds caused by the structural move-
ment due to temperature effects stated in the UIC 
rail specification allow a free expansion length for 
bridges of around 150 m for an unloaded situation.

Figure 11. Part of the model of the structure loaded by temperature

 a)  b)
Figure 12. Relationship between the increasing temperature of the structure ΔTs and: a) rail strain εr and b) 

bridge horizontal displacement us for a constant ΔTr = 28.03 °C and a fixed rail boundary condition

Table 2. Studies performed for different combinations of  
rail–structure temperature loading

ΔTr [°C]
ΔTs [°C]

0 2 4 6 8 10 12 14 16 18 20 30
0 – • • • • • • • • • • •

28 • – – – – – – – – – • •
50 • – – – – – – – – – • •

Figure 13. Stress in the upper part of the rail – bridge free expansion length L = 40 m: a) non-ballasted track; b) ballasted track

a)  b)
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Conclusions

Complex nonlinear modelling of rail–bridge interaction 
provides an effective tool for the analysis and prediction 
of longitudinal stress in rail caused by the movement of 
the supporting structure. Since the properties of the rail 
clamp are different in the horizontal and vertical direction, 
an orthotropic material model was employed to transfer 
both horizontal and vertical forces corresponding to those 
obtained from experimental measurements and given in 
code specifications. Modelling included the calibration of 
rail boundary conditions with respect to seasonal in-situ 
measurements. The findings are as follows:

 – The alternative modelling of rail structure connec-
tors/interaction with the aid of composite material 
models is a new and promising method for overcom-
ing the disadvantages of spring models, which (for 
instance) do not allow the incorporation of system 
and stiffness changes due to traversing trains;

 – The modelling of the entire bridge using composite 
material models also shows significantly smoothed 
rail stress distribution caused by the temperature 
loading of rails and structures;

 – The structure of the model also shows that the stress 
gradients are mainly caused by the end of the bridge 

Figure 14. Maximum tensile stress (admissible stress σtension = 92 N/mm2 if bending is neglected) in individual 
parts of the rail for different values of free expansion length L (see the bullets in the field in Figure 13):  

a) non-ballasted track; b) ballasted track

a) b)

Figure 15. Maximum compressive stress (admissible stress σcompression = 92 N/mm2 for non-ballasted track and 
σcompression = 72 N/mm2 for ballasted track) in individual parts of the rail for different values of free expansion 

length L (see the bullets above the abutment in Figure 13): a) non-ballasted track; b) ballasted track

a) b)
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due to the deformations of the structure. The tem-
perature stresses in the rails have little effect on the 
stress gradients;

 – With the calibrated nonlinear model, a numerical 
study was carried out in order to determine the effect 
of selected bridge free expansion lengths and tem-
perature loads on the stress induced in a rail, which 
should not exceed the admissible stress capacity. In 
the case of tensile stress obtained in the field, the  
increase in structural temperature yields to an in-
crease in stress. On the other hand, there is no in-
crease in tensile stress due to the increase in the free 
expansion length of the bridge. This is probably due 
to the distribution of stress along the longer bridge 
length between supports;

 – In the case of the compressive stress obtained above 
the abutments, the results are as expected, i.e. the 
compressive stress increases in response to both an 
increase in structural temperature and an increase in 
the bridge free expansion length;

 – The results for non-ballasted as well as ballasted track 
confirmed that for all studied cases, i.e. for different 
temperatures and bridge free expansion lengths, the 
thresholds of admissible stress given in the codes for 
unloaded track were not exceeded even for a free ex-
pansion length of 150 m, thus no expansion devices 
would be needed;

 – Let us mention that similar studies performed for 
the same bridge but for loaded track resulted in a 
bridge free expansion length of up to 80 m without 
any need for expansion devices if the structural tem-
perature reached 30 °C (not presented in this paper, 
for details see Strauss et al. 2018). Nevertheless, the 
probability of the simultaneous occurrence of loaded 
track (a stationary train) and such a high increase in 
structural temperature is very low.
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