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Abstract 
As Sweden expands and modernizes its railway network, the design of durable and cost-

efficient railway bridges becomes increasingly important. A central technical challenge in this 

context is track-bridge interaction (TBI), the mechanical interplay between the rail and bridge 

structure. This interaction affects how forces from traffic loads, temperature variations and 

braking are transferred within the system. It plays a decisive role in determining rail stresses, 

substructure loads and whether rail expansion joints are needed. A deeper understanding of 

TBI is critical for ensuring structural performance, material efficiency and long-term 

functionality, particularly as design standards evolve. 

This thesis investigates track-bridge interaction (TBI) in railway systems. The study focuses 

on how bridge geometry, boundary conditions and updated design standards influence 

additional stresses in the rail and the distribution of forces between the rail and the bridge 

components. Using finite element modeling, two case studies were examined: the existing 

Bryngeå bridge and the planned Sege å bridge. For Bryngeån, a detailed sensitivity analyses 

were conducted by systematically varying parameters such as support stiffness, embankment 

length and spring behavior between rail and deck. For Sege å, a TBI analysis was performed 

without further parameter studies. 

The sensitivity analysis showed that the vertical linear stiffness model for the rail-to-deck 

connection can be used without significant loss of accuracy compared to more complex 

bilinear alternatives. They also revealed that reducing the horizontal stiffness of the supports 

decreases both rail stresses and reaction forces, which could lead to more material-efficient 

bridge designs. Additionally, embankment lengths of 300 meters were sufficient to capture 

the additional stresses in the system. The analysis of Sege å further showed that nearly half of 

the total longitudinal forces are carried by the rail and transferred into the embankments. This 

demonstrates a load-sharing behavior that may justify the use of simplified Eurocode 

methods, even for bridges exceeding 40 meters in span. Based on the calculated rail stresses, 

the bridge across Sege å is expected to meet the requirements for additional axial forces 

according to both the current, SS-EN 1991-2:2003, and upcoming, prEN 1991-2:2021, 

Eurocode. Consequently, the bridge should be able to be constructed without a rail expansion 

joint. 

A collaborative workshop with industry and academic experts provided additional insights on 

the practical application of Eurocode and the potential for model simplifications. Overall, this 

thesis contributes to the understanding of how design assumptions and evolving standards 

affect TBI assessments and offers recommendations for more efficient, yet reliable, railway 

bridge design. 
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1 Introduction 

1.1 Background 

Sweden is facing a significant expansion of its railway network, which places high demands 

on the modernization and optimization of the transportation infrastructure. To enhance the 

interoperability and efficiency of the European rail network, a unified approach to railway 

infrastructure design is recommended. Railway bridges are a crucial component of this 

network, and to align with the vision of the future railway system, both upgrading existing 

bridges and constructing new ones according to this unified approach are essential [1]. Given 

Sweden's extensive network of rivers, lakes and valleys, the need for reliable and durable 

railway bridges is especially critical to ensure seamless and efficient transportation across the 

country [2]. 

A commonly encountered challenge with railway bridges is the design for horizontal forces, 

where the longitudinal interaction between rail and bridge is critical for several aspects. A 

particularly complex issue in this context is the track-bridge interaction, which is technically 

demanding and challenging to calculate according to Eurocodes. This interaction is of great 

importance for the performance and safety of railway bridges, especially considering the 

increased traffic loads and the requirements for long service life. Furthermore, it directly 

influences design decisions, such as whether to include expansion joints in the rails and how 

horizontal loads are distributed within the system. The inclusion of expansion joints 

significantly affects the distribution of horizontal forces in the combined system [1]. 

The current Eurocode, SS-EN 1991-2:2003, allows for two distinct simplified approaches, as 

well as the option of a comprehensive track-bridge interaction analysis. The selection of 

method typically depends on the project's scale and the requirements set by the governing 

authority or client [3]. In contrast, previous design codes permitted a prescriptive reduction of 

the horizontal load, acknowledging that part of the load is shared between the bridge and the 

adjacent embankment due to the continuity of the rail. While this principle remains valid, it is 

no longer explicitly addressed in newer codes. Instead, it is expected to be accounted for 

within the more comprehensive track-bridge interaction analysis. In practice, however, this 

development has resulted in engineers often refraining from applying any load reduction, 

leading to higher overall design forces, increased material consumption and elevated 

construction costs [4]. 

In today's society, it may seem counterintuitive to follow an approach that in practice leads to 

more material and raises costs, especially when many railway bridges designed according to 

earlier codes remain fully operational. This highlights a critical discussion on balancing 

safety, sustainability and economic efficiency in modern railway bridge design [2].  
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1.2 Objectives 
The aim of this thesis is to investigate and analyze the response of railway bridges under 

various design situations and improve the design basis. More specifically, the focus is on 

investigating the overall load response resulting from the combined rail-bridge system 

response affected by multiple horizontal loads. This is a fundamental aspect for drawing 

conclusions that can be applied in the detailed design and system analysis of the bridge. A 

central part of this work is to examine and interpret the Eurocode and other standards 

regarding railway bridges in Sweden. An updated version of the Eurocode for railway bridge 

design is currently under development. While this thesis primarily focuses on the existing 

codes, differences between the current Eurocode, SS-EN 1991-2:2003, and the upcoming 

version, prEN 1991-2:2021, will be noted and, where relevant, interpreted. In cases where 

information is not provided in the existing codes but is included in the preliminary draft of the 

revised version, this updated information will be incorporated into the analysis to ensure a 

comprehensive understanding of the evolving design requirements. 

A sensitivity analysis will be performed on the existing bridge over Bryngeå, building upon 

the Track-Bridge Interaction analysis previously conducted by Nolinder [5] titled Analysis of 

Combined Response of Railway Bridge and Track. The sensitivity analysis will evaluate the 

impact of various parameters, such as embankment length and stiffness of support 

configuration. As a second case study, an analysis will be carried out for the planned bridge 

over Sege å which is scheduled for construction in 2027. The focus will be on evaluating 

track-bridge interaction and examining how additional stresses vary along the length of the 

bridge. Additionally, an assessment of the bridge design will be made considering both the 

required specifications and the geometry to ensure that the design meets the necessary 

performance criteria. Furthermore, a workshop will be held together with experts within the 

field to address questions raised during the work on this master’s thesis and provide 

guidelines for the analysis of Sege å bridge. 

To support the primary objectives of this thesis, the following questions will be addressed: 

• How do bridge geometry, boundary conditions, and other modeling decisions (such as 

embankment length) influence the stresses in the rail? 

• Can the updated version of the Eurocode enable the construction of longer railway 

bridges without rail expansion joints, based on axial stress in rail criteria? 

• How does the interaction between the rail and the bridge affect the structural response 

of the combined system, including the distribution of forces into the substructure? 

• What insights can be drawn from the analysis results based on Eurocode requirements 

and what are the implications? 
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1.3 Limitations  

To maintain a focused and manageable scope for this master’s thesis, several limitations were 

necessary. These limitations are outlined as follows:  

• The applied methodology is limited to design principles and procedures prescribed by 

the Eurocode and the UIC code. 

• The FE-model will be constructed exclusively using beam elements. 

• Only the standards and regulations adopted in Sweden will be used during 

investigation. 

• The load models applied for traffic will be based strictly on the Eurocode. 

• The selected load cases investigated are based on findings from Nolinder [5]. 

• Only Load Model LM71 will be used for vertical traffic load. 

• Only the loads specified in this thesis are considered; all others, including cyclic loads, 

accidental loads, and dynamic effects, are excluded. 

• Control of deformation requirements will not be included in this study. 

• No specific consideration is given to high-speed trains in this study. 
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2 Theory 
This chapter presents the essential background literature offering a framework for 

understanding the project's aims and its significance. It also offers the necessary context to 

support reproducibility of the analysis and results. It provides an overview of railway bridge 

design and its key components as well as relevant aspects of railway systems, such as rail 

expansion joints. Additionally, the role and responsibilities of the Swedish Transport 

Administration are outlined. To support the modeling process, the forces acting on railway 

bridges are described, along with design considerations in accordance with Eurocode, 

specified in the second upcoming version prEN 1991-2:2021 [6] and the currently active 

version SS-EN 1991-2:2003 [3]. Lastly, the concept of track-bridge interaction, TBI, which 

describes a combined rail-bridge response, is introduced. 

2.1 Trafikverket – Swedish transport administration 

Trafikverket, the Swedish Transport Administration, is responsible for the planning of 

transport systems for national roads, railways, shipping and aviation in Sweden. Trafikverket 

is also responsible for the building, service and maintenance of governmental railways and 

roads. This means that there are specific requirements and regulations provided by 

Trafikverket that must be followed when building and operating railway bridges [7].  

The purpose of the Trafikverket’s infrastructure regulations is to define the requirements for 

the operation and maintenance of infrastructure facilities. These regulations apply to new 

construction, renovation, installation, and maintenance activities, including planning, design, 

execution, and management [8]. 

One key requirement is the current bridge design code, TRVINFRA-00227 which governs 

bridge construction in Sweden as part of the Trafikverket’s infrastructure regulations. This 

document specifies mandatory guidelines for both the construction of new bridges and the 

reconstruction of existing ones. One other requirement is TRVINFRA-00228 which outlines 

requirements for the maintenance of existing bridges. This design code instructs designers to 

follow the Eurocode, SS-EN 1990 – SS-EN 1999, unless otherwise specified in TRVINFRA-

00228 for loadbearing structures. For an overview of the general requirements for bridge 

construction, the document TRVINFRA-002266 serves as a valuable reference. The 

regulations are intended for use by both the Trafikverket’s internal organization and external 

contractors and suppliers [8].  

Another requirement referenced in this master’s thesis is TRVINFRA-00018, which governs 

track components in Swedish railways. This document outlines guidelines for the 

maintenance, installation, handling, and selection of track components, all of which must be 

adhered to [9].  
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2.2 International Union of Railways, UIC 

The International Union of Railways, UIC, is a global organization for rail transport, 

established in 1922 to promote rail transportation worldwide. It serves as a platform for 

international cooperation among its members, aiming to address current and future mobility 

and sustainable development challenges. The UIC focuses on enhancing interoperability, 

developing and publishing solutions, and sharing best practices within the railway industry. 

One of the key documents referenced in this thesis is the UIC Code 774-3R, issued by the 

International Union of Railways. This document provides essential guidelines for the design, 

maintenance and safety of railway infrastructure, particularly concerning track-bridge 

interactions [10]. 

2.3 Designing a railway bridge 

Figure 1 illustrates the design-build process for a railway bridge from the contractor’s 

perspective. While some aspects of the process are determined by standards, others are 

tailored to the specific requirements of the company responsible for the process. The overall 

structure of the design process remains consistent, but the specific components of each step 

and their execution may vary. The design of railway bridges will from this point be explained 

from Skanska’s perspective based on interviews with experienced bridge engineers  [11]. 

 

Figure 1. Description of the design of railway bridges. 

The process begins with the contractor submitting a tender to Trafikverket. The authority 

announces the scope of the project to be designed, for example a railway bridge. Companies 

then prepare their tender by conducting preliminary project assessments, estimating costs and 

reviewing potential project requirements.  A common approach is to develop a bill of 

quantities, which itemizes all components of the project, for instance, the required amounts of 

concrete. This list serves as a basis for more accurate cost estimations. Cost estimates are 

made by a cost engineer, while procurement specialists are responsible for sourcing cost-

effective materials and products. Finally, the tender is compiled and submitted to Trafikverket 

for evaluation. If it meets all the required specifications, Trafikverket, as a public authority, 

typically awards the contract to the lowest bidder and assigns the design responsibility to the 

selected company. 

 

 

Tender Preliminary 
design

Detailed 
design

As-built 
drawings
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Once the contractor is awarded the contract, the process advances to the next phase, the 

preliminary design stage. This phase involves creating a project timeline, draft drawings and a 

detailed description of the construction work. Additionally, it defines project conditions and 

methods, such as the selection of materials and their required qualities. Once this work is 

completed, it is submitted to Trafikverket for review. A few days later, a meeting is convened 

where representatives from both Trafikverket and the contractor discuss the materials and any 

potential revisions. The outcome of this meeting is a finalized construction plan. 

After the preliminary design phase, the project progresses to the detailed design phase, which 

aims to define all specifications and technical solutions. This phase includes the development 

of a document list that outlines relevant drawings and other essential documents, such as a 

description of materials, maintenance and control, commonly referred to as beskrivning av 

material, underhåll och kontroll (BMUK) in Swedish. This is done in accordance with general 

description of works and materials standards, known as Allmän material- och 

arbetsbeskrivning (AMA) in Sweden. Additionally, and relevant to the work presented in this 

thesis, this phase involves performing structural calculations and developing a computational 

model. The result is a comprehensive set of construction documents, often including a digital 

representation such as BIM models, which enhance clarity and facilitate understanding. These 

documents serve as the foundation for the construction work on-site. 

After the bridge structure has been built, the preparation of as-built documentation remains, 

which consists of finalized 2D drawings detailing how the project was constructed. For 

railway bridge projects, these documents are submitted to Trafikverket’s bridge management 

system BaTMan (Bridge and Tunnel Management System). BaTMan consists of reports, 

informational resources (such as manuals and publications) and tools that assist users in 

organizing and executing tasks throughout the different phases of infrastructure management.   

2.4 Components of a ballasted railway track 

The primary railway components relevant to this master’s thesis are outlined below and 

illustrated in  

 [12]:  

• Rail 

The rail is the longitudinal steel component on which train wheels run. It provides a 

stable and smooth surface for train movement while guiding the train along the track. 

Rails are typically installed in parallel pairs and are engineered to withstand heavy 

axial and dynamic loads. 

• Weld 

A weld is a specialized joint that permanently fuses two rail segments together, 

eliminating the need for traditional fishplates or mechanical connections. The use of 

welds is critical in forming so-called Continuous Welded Rails (CWR), which offer 

smoother operations, improved ride quality, and reduced maintenance compared to 

conventional jointed tracks. 
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• Sleeper or railroad tie 

The sleeper, also known as a railroad tie, is a rectangular structural element typically 

made of wood, concrete, or composite materials. Positioned perpendicular to the rails, 

its primary function is to transfer the load from the rails to the ballast while 

maintaining the correct distance between the tracks. 

• Fastening 

Fastening systems secure the rails to the sleepers, ensuring the structural integrity and 

positional stability of the track. These systems often include components such as clips, 

bolts, and baseplates, which help maintain the track gauge and absorb dynamic forces 

from train operations. 

• Ballast 

Ballast is composed of crushed stones or coarse aggregates placed beneath and around 

the sleepers. It distributes the loads exerted by passing trains, facilitates proper 

drainage, and stabilizes the track structure by preventing lateral and vertical 

movements of the sleepers. 

 

Figure 2. Components of a railway track [13]. 

2.4.1 Continuous welded rails 

Many tracks use continuous welded rails, CWR, nowadays to ensure passenger comfort and 

minimize the operation and design cost of railroads, especially for high and very high-speed 

tracks. CWR joints are all welded and do not adjust to longitudinal movement due to thermal 

actions like jointed tracks. This leads to restraint stresses, which is the root of structural 

problems such as higher risk of buckling of the tracks and/or fracture of the rail due to high 

tensile stresses [14]. 

Buckling and fracture of railway tracks are influenced by the neutral temperature at which the 

track is laid. A higher neutral temperature increases the risk of fracture, while a lower neutral 

temperature raises the risk of buckling. Consequently, there is a balance between these two 

issues and the optimal neutral temperature depends on the specific conditions of the region 

where the track is located [14]. 
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The use of CWR on an expandable deck or bridge introduces a discontinuity, as the 

underlying structure is allowed to deform differently from the CWR track. This relative 

movement between the track and the structure results in incompatibility, generating forces in 

both the rails and the structure due to expansion and contraction. As a result, this leads to 

changes in the additional stresses experienced by the track and structure from traffic loads 

[15]. 

CWR can be several kilometers long and are often transported by trains. See Figure 3 for the 

installation of CWR. 

 

Figure 3. Installation of CWR [16]. 

2.4.2 Rail expansion joints 

Excessive forces, potentially damaging to the bridge superstructure, can arise due to 

longitudinal movements in the track [9]. This is particularly a problem between different 

substructures, for example from a railway embankment to the bridge or between different 

bridge decks. The movement is primarily caused by temperature changes and traffic forces on 

the bridge. To avoid this problem rail expansion joints are used [17].  

The expansion joint system in a railway bridge shall be able to accommodate the track’s 

longitudinal movements corresponding to the bridge’s movement due to traffic and 

temperature changes. Furthermore, the system must ensure proper continuity and alignment of 

the track while allowing for these movements, and it must be designed to safely transfer any 

resulting forces to the supporting substructure at both ends of the bridge [5]. There are 

different expansion joint systems, including those for bridges with ballasted tracks and 

unballasted so-called slab tracks. The maximum movement depends on what type of 

expansion joint system which is used. The movement ranges are categorized as 0-300 mm, 

300-600 mm and 600-1200 mm. An example of a regular expansion device for track systems 

is shown in Figure 4. 
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Trafikverket has specific regulations for rail expansion joints. They should be installed on 

straight track sections and if placement in a curve is necessary, the rail must have a minimum 

radius of 2000 meters. For railway lines with traffic speeds exceeding 200 km/h, expansion 

joints should be avoided by adjusting the bridge geometry [18]. If expansion joints are to be 

used on bridges, one should always be installed at the free end of the deck [9]. Expansion 

joints can often be avoided through a track-bridge interaction, TBI analysis, ensuring that 

their absence does not compromise the structural integrity or performance of the track and 

bridge system. Expansion joints are generally not desirable due to the cost and the 

manufacture complicity [1].  

Through a contact at the Swedish Transport Administration in Malmö, it was communicated 

that, according to their materials service and purchaser, the expansion joint itself costs 

approximately 400,000 SEK. Furthermore, he explained that additional costs arise from 

transportation, installation, project planning, traffic closures and other related factors. As a 

result, the total cost of an installed and operational expansion joint can be estimated at 

between 800,000 and 1,200,000 SEK [19]. 

To use an expansion joint in Sweden, it is necessary to coordinate with Trafikverket. Orders 

for expansion joints are handled through Trafikverket Logistik, where a specific form, TMALL 

887 Specification Expansion Joints, must be completed. The installation process should 

adhere to the manufacturer's instructions. 

Following installation, the following checks should be performed [9]: 

• The expansion joint should maintain the same ballast profile as the surrounding track. 

• The expansion joint must be free from any damage. 

• The clearance between the tongue slip and the support rail should not exceed 1 mm. 

• The track width at the expansion joint must be 1437 ± 2 mm. 

• Surfaces must be clean and free from dirt. 

• The track alignment through the expansion joint should be intact. 

Additionally, Trafikverket's document TRVINFRA-00018 outlines specific maintenance 

requirements for expansion joints [9]. 

Figure 4. Rail expansion joint [36]. 
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2.4.3 Ballasted and unballasted track 

The railway track system will influence the relationship between the displacement of the track 

and applied force. Depending on whether the track is ballasted or unballasted, the load will be 

transferred from the track to the substructure in different ways. This is mainly because they 

have different resistance against longitudinal displacements [15]. The most common types of 

track structures are ballasted and unballasted track, with the fundamental principle illustrated 

on a bridge in Figure 5. This principle remains the same whether the track is placed on the 

ground or on a bridge. 

 

Figure 5. Track-bridge structure a) Ballasted track b) Unballasted track [20]. 

2.4.3.1 Ballasted track 

Ballast mainly serves as a transportation way for axial forces as well as keeping the railroad 

ties in place. Dynamic factors such as vibration leads to movement in the ballast and long-

term loss of track geometry [3]. Ballasted tracks have a lower initial cost but require more 

maintenance during its service life [21]. 

For a ballasted track, according to UIC, the resistance to displacement depends on 

• The rail’s resistance to displacement relative to the railroad tie 

• The rail’s and/or railroad tie’s resistance to displacement relative to the bridge deck 

The first factor is influenced by rail fastenings, with the magnitude of resistance depending on 

the effectiveness of the clamping action provided by the rail fasteners. The second factor is 

determined by the ballast’s ability to resist movement of the railroad tie as well as the friction 

between the deck and the ballast [15]. 

2.4.3.2 Unballasted track 

In unballasted track systems, the rails are directly fastened to concrete slabs using specialized 

rail fasteners, commonly referred to as slab track. This direct attachment creates a rigid 

connection, allowing for even load distribution across the deck, which reduces the risk of 

local settlement. The absence of ballast also enhances the track’s resistance to displacement, 

providing greater stability against lateral, vertical and longitudinal forces. These properties 

make slab tracks particularly suitable for high-speed rail, where ballast can become unstable 

under dynamic loading from fast-moving trains, increasing the risk of misalignment and 

derailment [21]. 
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One of the key advantages of unballasted tracks is their slower degradation rate compared to 

ballasted tracks, which leads to lower long-term maintenance requirements. Additionally, slab 

tracks are highly beneficial in confined spaces where ballast would typically take up too much 

room. However, unballasted tracks come with a higher initial cost and greater construction 

complexity [21]. 

2.5 Bridge design according to Eurocode 

According to the coming second generation of Eurocode, prEN 1991-2:2021, the design 

requirements for railway bridges include performing traffic safety checks, Serviceability 

Limit State (SLS) checks and Ultimate Limit State (ULS) checks. The traffic safety check 

encompasses evaluating the risk of deck twisting, deformation and vibration as well as 

assessing the combined response of the structure and track to variable loads, including 

deformations and the vertical acceleration of the deck. The SLS check focuses on ensuring 

passenger comfort and maintaining functional performance. ULS primarily ensures structural 

safety by preventing failure, an example of an ULS check for railway bridges is verification 

of structural integrity by assessing potential uplift forces at the bearings.  A key distinction 

between the two is that ULS accounts for extreme loading scenarios that could lead to 

structural collapse, while SLS considers more frequent, everyday loading conditions that 

affect usability and durability [6].   

To design a railway bridge, the criteria and design strategies outlined in the Eurocode must be 

followed. The structure should be designed to accommodate the required number of tracks 

and their positions, in line with the specified track positions and tolerances. Moreover, shall 

the loads and forces be placed in the most unfavorable positions to obtain the most adverse 

effects. There are also guidelines on how to place the different load models which are 

mentioned earlier [3].  

Design criteria are stated in SS-EN 1990 – SS-EN 1999. Relevant criteria for the scope of this 

master’s thesis are outlined below. Resistance limits for track design, such as rail stresses, do 

not require the application of partial safety factors, as these are inherently accounted for 

within the defined resistance limits [22].  

One criterion is the maximum additional stresses in the rail, which should be limited to the 

following design values found in SS-EN 1991-2:2003 section 6.5.4.5.1 [3]: 

compression: 72 N/mm2 

tension: 92 N/mm2 

The coming second generation of Eurocode, prEN 1991-2:2021, introduces revised criteria for 

the permissible additional stresses in rails. These stresses are to be limited to 112 N/mm², 

irrespective of whether they are tensile or compressive. In specific cases involving ballasted 

tracks, the allowable stresses may be further restricted to 72 or 92 N/mm² [6]. 
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Regarding the horizontal deformation of the combined structure, two criteria are given. Due to 

traction and braking on the bridge, the deformation of the combined structure shall not exceed 

the following values found in SS-EN 1991-2:2003 section 6.5.4.5.2 [3]: 

• 5 mm for continuous welded rails without expansion device. 

• 30 mm for rail provided with expansion device at both ends. 

• Movement exceeding 30 mm shall only be permitted if ballast is provided with a 

movement gap and rail expansion device. 

For the longitudinal displacement of the bridge deck's top surface at the bridge end due to 

vertical traffic loads, the following limits shall not be exceeded: 

• 8 mm when combined behavior of structure and track is considered. 

• 10 mm when combined behavior of structure and track is not considered.  

Another criterion is given in SS-EN 1991-2:2003 but regarding the vertical displacement of 

the upper surface of the deck. Due to variable actions the displacement shall not exceed the 

following values: 

• 3 mm for a maximum line speed at the site of up to 160 km/h. 

• 2 mm for a maximum line speed at the site over 160 km/h. 

According to the coming second generation of Eurocode, prEN 1991-2:2021, the allowable 

longitudinal displacement resulting from vertical traffic loads, traction and braking in 

unballasted tracks should be consistent with the design characteristics of the rail fastening 

system to ensure their structural compatibility and functional performance. In the absence of 

such information, the limiting values specified for ballasted track are to be applied [6]. 

These deformation requirements may appear strict, but they serve a dual purpose. They are 

not solely based on permissible deformation limits but also act as an additional precaution to 

ensure the structural integrity of the track, preventing potential damage to the track such as 

buckling. Consequently, the deformation criteria address both permissible deformation and 

stress constraints [23]. 

2.6 Forces on railway bridges 

Traffic loads on railways influence the design and performance of railway infrastructure, 

particularly bridges. This chapter explores vertical and horizontal traffic loads, including load 

models used in design standards. It also describes additional forces such as nosing, 

centrifugal, earth pressure and thermal actions, providing a comprehensive overview of how 

these loads impact railway structures. 
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2.6.1 Factors 

To determine the design forces and stresses acting on a structure, the characteristic loads must 

be converted into design loads by applying various factors. These include the so-called         

α-factor and the dynamic factor, which account for local conditions. To achieve the required 

safety levels specified in the design codes, partial safety factors are also applied. These factors 

are explained in more detail below. 

2.6.1.1 α -factor 

To represent the load effects on lines carrying rail traffic, which is heavier or lighter than 

normal rail traffic, the factor α is implemented. By multiplying the characteristic load values 

with the α-factor, the classified loads are obtained. The classified loads are then used for 

further calculations. The factor α should be set according to the national annex for each 

country or for the individual project. However, the factor α = 1.33 should be adopted for all 

new European freight railway network [1].  

However, there are additional factors that complicate the use of the α-factor. When assessing 

the additional stresses in the rail caused by braking or traction, according to the code 

FprCEN/TR 17231, the prescribed limits already incorporate factors that require the α-factor 

to be set to 1. However, this does not apply to the calculation of forces and deformations, as 

these limits do not incorporate such factors [22].  

Furthermore, in a TBI analysis, the value α = 1.33 should be used for new bridges or existing 

bridges with a residual life greater than 50 years. If the existing bridge has a residual life of 50 

years or less, a value of α = 1 should be applied. Any reduction from this should only occur if 

justified by the relevant authorities [1]. 

2.6.1.2 Partial load factors 

To convert the classified loads into design loads, partial safety factors are applied. The 

selection of partial factors depends on the load combination considered. One case assumes 

traffic loads as the primary load, with temperature load as a secondary variable load. The 

other case considers temperature as the primary load, with traffic load as the secondary 

variable load. These two cases result in different partial factors, which are presented in Table 

1 in accordance with SS-EN 1990-1991 and TRVINFRA-00227 v3. 

Table 1. Partial factors (including combination factors for secondary loads) for ULS which are depending on the load case. 

 Traffic Loads Temperature Load 

Case 1 – Traffic primary load 1.5 0.9 

Case 2 – Temperature primary load 1.2 1.5 

As highlighted earlier, the track design resistance limits for rail stresses already account for 

the necessary safety considerations, so additional partial factors are not required. However, 

when assessing the forces and deformations, partial factors must be applied [22]. 
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The partial safety formats, as outlined in Eurocode, have been calibrated based on simple load 

situations such as beams subjected to basic loading. When applied to nonlinear analyses, such 

as track-bridge interaction (TBI), these formats may result in overly conservative outcomes. 

This is primarily because the calibration does not account for the increased complexity and 

modeling uncertainties inherent in nonlinear systems, potentially leading to deviations from 

the intended reliability levels [24]. 

2.6.1.3 Dynamic factor Φ 

The dynamic factor, Φ, accounts for the amplification of loads on the structure due to 

dynamic effects from moving loads, but it does not capture resonance phenomena. While the 

dynamic factor, Φ, and DAF share some conceptual similarities, the dynamic factor, Φ, is a 

simplified standardized design tool intended to approximate dynamic amplification. The 

dynamic factor is applied to static results to account for the increased effects of moving traffic 

[3]. 

Depending on the maintenance level of the track, the dynamic factor can be calculated in two 

ways, Φ2 represents carefully maintained track while Φ3 represents track with standard 

maintenance [3]. 
Equation 1. Equation for  the dynamic factor  of a carefully maintained track [3] . 

𝜙2 =
1.44

√𝐿Φ − 0.2
+ 0.82 Equation 1 

𝜙3 =
2.16

√𝐿Φ − 0.2
+ 0.73 Equation 2 

Where LΦ is the determinant length, which depends on the load-bearing element and the span 

length of the bridge, as specified in Table 6.2 of SS-EN 1991-2:2003, Section 6.4.5.3. 

In general, the dynamic factor is applied to the results of a static analysis to account for the 

amplification of stresses due to moving traffic. However, for nonlinear calculations such as 

track-bridge interaction the dynamic factor should be applied specifically to the vertical traffic 

load, similar to how a partial factor is applied. This approach is required because in static 

nonlinear analysis the vertical traffic load, horizontal traffic load and temperature effects are 

all integrated into the results, making it impossible to separate their individual contributions. 

Applying the dynamic factor to the entire result would overestimate the increased response, as 

it would inadvertently amplify the dynamic effects of horizontal traffic loads and temperature, 

which should not be considered in the dynamic effects (see Appendix A). 

2.6.2 Vertical traffic loads 

The primary vertical load acting on a railway bridge is the rail-traffic load, which is 

represented using various load models. The selection of an appropriate load model depends on 

the specific requirements set by the contractor, as well as the characteristics of the bridge 

being designed. According to Swedish regulations, all load models discussed in this section 

are defined in SS-EN 1991-2:2003 [3]. 
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Equivalent load models are also found in other design codes, but it is important to recognize 

that no load model represents actual traffic conditions. Instead, they serve as idealized 

representations of traffic loads. The load models are calibrated to ensure the structural 

integrity and safety of the bridge, reducing the probability of failure to an acceptable level 

based on so-called reliability targets provided in the design codes. 

2.6.2.1 Load Model 71 

The load model 71, further referenced as LM71, represents the static effect of vertical loading 

due to normal rail traffic on mainline railways. The load model consists of up to four point 

loads, spaced 1.6 meters apart, representing rail axle loads from locomotives, as well as a 

distributed load simulating the effect of rail wagons over any length. The most adverse load 

effect is obtained by changing the load placement together with the magnitude. The load 

arrangement and the characteristic load values can be seen in Figure 6 [3].  

 

Figure 6. Load Model 71 and characteristic values for vertical loads [3]. 

As mentioned, to get the classified loads the values of LM71 must be multiplied with the α-

factor. Further, the distributed load depicted in Figure 6 can be applied solely to the left or 

right of the point loads, and its length can be modified to match the assumed length of the 

train [3]. 

2.6.2.2 Load Model SW/0 and SW/2 

These load models represent the static effect of vertical loading, where SW/0 is for continuous 

bridges exposed to normal traffic while SW/2 is for heavy rail traffic [6]. The two load models 

have the same load arrangement which consist of two distributed loads which can be shown in 

Figure 7.  

 

Figure 7. Load Model SW/0 and SW/2 [3]. 
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The characteristic values for the vertical load models are stated in Table 2.  

Table 2. Characteristic values for vertical loads for Load Models SW/0 and SW/2 [3]. 

Load Model 𝐪𝐯𝐤 [kN/m] a [m] c [m] 

SW/0 133 15.0 5.3 

SW/2 150 25.0 7.0 

The load model SW/0 should in accordance with the LM71 be multiplied by the factor α. For 

load model SW/2, the lines or sections for heavy rail traffic should be determined either by 

the national annex or by the contractor for the specific project [3].  

2.6.2.3 Other vertical traffic forces 

The load model “unloaded train” is another load model which represent the effect of an 

unloaded train. It consists of a vertical uniformly distributed load with a characteristic value 

of 10.0 kN/m [6]. This load model is used for some specific verifications [3]. Another load 

model is the HSLM which is valid for high-speed passenger trains. High speed trains 

represent the loading from passenger trains at speeds exceeding 200 km/h [8].  

2.6.3 Horizontal forces 

2.6.3.1 Lateral earth pressure 

A significant horizontal force that can act on a bridge structure and influence the railway is 

earth pressure. This force becomes particularly relevant when a bridge is equipped with earth-

retaining structures and walls (i.e., at the abutments), as the surrounding soil exerts pressure 

on the structure. The magnitude of the earth pressure is influenced by several factors, 

including the type and properties of the soil, the presence of water pressure and the 

groundwater level. Variations in these parameters can lead to changes in the lateral forces 

acting on the bridge, potentially affecting both structural stability and track alignment [25]. 

When discussing lateral earth pressure, it is essential to distinguish between earth pressure at 

rest, active earth pressure and passive earth pressure, especially in relation to the direction and 

application of horizontal loads. The structural response of the abutment retaining walls varies 

depending on the direction of the applied load [25]. For example, if the horizontal load is 

directed to the right, the right retaining wall will benefit from the surrounding soil mass 

behind it, mobilizing passive earth pressure to resist the load. Conversely, the left retaining 

wall will rely primarily on its embedded length, developing either active or rest earth 

pressure, providing less resistance. 

Earth pressure at rest corresponds to the pressure exerted by the soil when the structure 

remains stationary. In this state, there is no movement and only rest pressure is present. 

However, in most cases, structures experience some movement, which activates either active 

or passive earth pressure [26]. 
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Passive earth pressure develops when the structure is pushed into the soil, causing the soil to 

resist further movement. This pressure increases as the soil compacts around the structure, 

providing greater resistance to failure. In contrast, active earth pressure occurs when the 

structure moves away from the soil, leading to a reduction in soil resistance. As the soil 

loosens, the pressure decreases, offering less support and making the structure more 

vulnerable to failure. The distinction between these pressures is important for understanding 

how horizontal loads interact with the structure and soil [26]. 

2.6.3.2 Horizontal traffic loads 

The tracks are subjected to various horizontal traffic loads, which can be either perpendicular 

or parallel to the track. These forces are important considerations in the design of railway 

bridges, as they influence the bridge’s overall structural response.  In Figure 8 acting forces 

and other symbols specific for horizontal loads can be seen. 

 

Figure 8. Symbols specific for railway and railway traffic [3]. 

2.6.3.2.1 Traction and braking forces 

Traction, commonly known as acceleration, and braking forces arise due to the change in 

movement of the train. These forces act longitudinally at the top of the rails and are denoted 

as Qlak for traction and Qlbk for braking as illustrated in Figure 8. For structural analysis, they 

shall be considered as uniformly distributed over the influence length which corresponds to 

the axial length of the load-bearing structural element affected by these forces. The direction 

of the forces should account for the permitted travel direction(s) of each track [3]. The 

characteristic values for traction and braking forces apply for all kinds of tracks and are stated 

in Table 3. 

Table 3. Characteristic values for traction and braking forces for load models LM71, SW/0 and SW/2 [3]. 

Horizontal force Distributed load [kN/m] Maximum load 

[kN] 

Traction, Qlak (LM71, SW/0, SW/2) 33 1000 

Braking, Qlbk, (LM71, SW/0) 20 6000 

Braking, Qlbk, (SW/2) 35 - 
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For load models SW/0 and SW/2, traction and braking forces should only be applied at the 

same locations as the vertical loads, as these models represent concentrated, realistic train 

configurations where vertical and longitudinal forces are assumed to originate from the same 

vehicle. In contrast, for Load Model 71, the vertical and horizontal loads do not need to be 

applied at the same location. This allows for an envelope of effects by placing each load 

component where it causes the most unfavorable structural response, resulting in a 

conservative design approach. In the case of an unloaded train, traction and braking forces can 

be neglected. Additionally, for load models LM71 and SW/0, the characteristic values should 

be multiplied by the α-factor. Additional requirements apply to tracks loaded over a length of 

300 meters, as specified in SS-EN 1991-2:2003 [3]. 

2.6.3.2.2 Nosing force 

The nosing force, denoted as Qs in Figure 8, arises due to imperfections in both the track and 

the railway vehicles. Although the primary motion of the train follows the longitudinal axis of 

the track, track irregularities cause additional lateral movements, which in turn generate 

lateral forces known as nosing forces [27]. The use of nosing force is the standard way to 

account for this movement during designing.  

This force is applied as a concentrated horizontal load at the top of the rails, perpendicular to 

the direction of travel. It applies to both straight and curved bridges and must always be 

considered in combination with vertical traffic loads. The nosing force’s characteristic value 

should be considered as Qsk=100 kN, it should also be applied with the α-factor for cases 

when α ≥ 1 [3]. 

2.6.3.2.3 Centrifugal force 

For curved bridges an additional force due to the curved rail geometry should be evaluated. 

The centrifugal force, denoted as Qt in Figure 8, acts horizontally and is directed outward 

from the curve. Its vertical point of action, ht, which essentially corresponds to the center of 

gravity of the wagon or locomotive on the track, varies depending on the rail traffic, see 

Figure 8. For standard railway traffic a value of 1.8 m is used. The centrifugal force should 

not be multiplied with dynamic factors and should always be combined with the vertical 

traffic load [3]. 

2.6.4 Thermal actions 

Thermal actions refer to the mechanical forces or deformations that arise due to temperature 

changes. If thermal expansion or contraction is allowed to occur freely, no internal stresses 

develop. However, when such movements are restrained, either partially or fully, mechanical 

forces and stresses can be induced in the structure [28].  
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Temperature-induced effects in structures can be broadly divided into two categories: uniform 

temperature changes and temperature gradients. 

• Uniform temperature changes 

• Temperature gradients 

Uniform temperature changes occur when the entire structure is subjected to a consistent 

temperature shift, such as during seasonal variations or daily fluctuations. These changes tend 

to cause global expansion or contraction, and when restrained, they lead to axial forces and 

displacements [28]. 

Temperature gradients refer to the variation in temperature within a material or structure, 

often resulting from environmental conditions such as direct sunlight. These gradients can 

lead to non-uniform thermal expansion, which may cause internal stresses if parts of the 

structure are restrained. [28]. 

Thermal actions are important when conducting a TBI analysis since they can affect the 

structural configuration of the structure as well as the interaction between the bridge and the 

rail. The reference temperature is a key factor, referring to the temperature of the deck at the 

time the rail is installed [15]. Standards such as UIC and Eurocode provide requirements 

regarding the value of this term. 

2.6.4.1 Thermal actions on bridge 

When a bridge is subjected to temperature variations, thermal actions develop within the 

structure. The thermal actions depend on the minimum and maximum temperature in the 

bridge and will result in expansion or contraction. If the element is not free to expand or 

contract, restraint forces will develop within the element [28]. The temperature of the bridge 

deck is set to be maximum ±35ºC relative the reference temperature [15]. The strain caused 

by thermal actions can be calculated by knowing the expansion coefficient of the material and 

the temperature change, Equation 3 outlines the basis for temperature calculations [29]. 

ε∆T = αT ∙ ∆T Equation 3 

The restraint force due to the axial compression or tension that will affect the element, if 

restrained and in case of uniform expansion or contraction, can then be calculated by the 

formula below [28]. Equation 2. Res traint force caused by uniform temperature changes  [29]. 

F∆T = ε∆T ∙ Ec ∙ Ac Equation 4 

The parameter Ec and Ac are the Young’s modulus and the area of the element respectively. 

Since thermal action is considered a short-term effect, this consideration is relevant in cases 

where materials with time-dependent behavior are included (e.g., for steel-concrete composite 

bridges where the short-term modular ratio is used) [29].  
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2.6.4.2 Thermal actions on rail 

The thermal behavior of train rails is a critical consideration in the design, maintenance and 

operation of railway systems. Rail expansion and contraction due to temperature fluctuations 

can lead to issues like track misalignment, buckling and increased wear, particularly during 

extreme weather conditions. Proper rail design, pre-stressing, expansion joints and 

temperature monitoring systems help mitigate these effects and ensure the safe and efficient 

operation of rail networks [30]. The temperature difference is typically set to no more than 

±20ºC between railway track and bridge [15].  

In the case of continuous welded rails, variations in track temperature do not result in track 

displacement, thereby eliminating any interaction effects caused by changes in temperature 

[15]. However, despite the absence of track displacement due to the continuous and restrained 

nature of the track, internal stresses will develop, which affects the overall performance of the 

railway bridge [14]. 

2.7 Track-Bridge Interaction, TBI 

Track-Bridge Interaction, TBI, analysis is performed during the design phase of railway 

bridges to ensure compatibility between the track and combined structural behavior under 

various loading conditions. It becomes particularly critical when continuous welded rails 

(CWR) are used, as thermal expansion, braking forces and train-induced loads can induce 

significant additional longitudinal stresses in both the track and bridge structure. A key benefit 

of TBI analysis is that it helps determine whether a rail expansion joint is necessary by 

evaluating the cumulative effects of longitudinal forces and deformations on the rail-bridge 

system. According to Eurocode, SS-EN 1991-2:2003, TBI assessments are required when the 

interaction between the track and the bridge may influence the performance or safety of the 

infrastructure, particularly in cases involving long-span bridges, rigid supports, or high-speed 

rail applications [3]. 

Historically, rail expansion joints were commonly installed near bridge expansion joints to 

accommodate differential movements between the track and the structure. However, these 

joints are expensive to install and maintain and they generate increased noise levels when 

trains pass over them [22].  

Modern railway infrastructure increasingly adopts CWR, which enhances passenger comfort 

and reduces maintenance requirements. However, CWR cannot expand or contract freely 

under temperature variations, resulting in significant thermal stresses. Simultaneously, railway 

bridges experience movements due to thermal fluctuations and train-induced loads, with 

magnitude and characteristics depending on their structural design and materials. [22]. 
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Because the rail is continuously attached to the bridge, whether through ballasted or 

unballasted track systems, differential movements induce additional stresses in the rail. This 

interdependence is the essence of track-bridge interaction, any force or displacement affecting 

one component will influence the other. As a result, analyzing the track and bridge separately 

would overlook critical internal force distributions and potential performance issues.  

TBI analysis captures these interactions and helps quantify forces shared between the track 

and the bridge [15]. For example, under continuous rail conditions, part of the force is 

transmitted to the embankments through the track, while the remainder is absorbed by the 

bridge and transferred to the foundation. The magnitude of the absorbed force by the bridge 

must be evaluated through a combined analysis [3]. 

Furthermore, the interaction phenomena only involve aspects related to the behaviors that are 

interlinked. Therefore, the only displacements and/or rotations that need to be checked are 

those of the bridge to ensure that the track is not damaged, or its behavior altered. While it 

plays a vital role in structural safety and rail performance, TBI analysis does not encompass 

broader design aspects such as passenger comfort, overall structural dynamics or long-term 

fatigue. These aspects, although crucial for comprehensive railway bridge design, are 

addressed through other complementary analyses [15]. Nonetheless, the outcomes of TBI 

should be considered when designing the fixed bearings, the bridge’s superstructure and 

substructure, and the evaluation of load effects on the rail system [3]. 

According to SS-EN 1991-2:2003, the following actions should be considered during a TBI 

analysis: 

• Traction and braking forces 

• Effects of thermal actions in the combined system 

• Classified vertical traffic loads, including SW/0 and SW/2 if necessary 

According to SS- EN 1991-2:2003 section 6.5.4.3 dynamic effects from vertical traffic loads 

may be disregarded if deemed acceptable by the relevant authority. Additionally, the 

combined effects from unloaded trains and load model HSLM should be disregarded. 

Phenomena such as creep, shrinkage, and temperature gradients should only be considered 

when determining the rotation and associated longitudinal displacement at the ends of the 

bridge deck [3]. 

2.7.1 Parameters used in the combined analysis 

The track/bridge interaction is influenced by several parameters, the main parameters have 

been listed in the UIC Code 774-3R [15] as well as in the Eurocode SS-EN 1991-2:2003 [3] 

and can be divided into bridge and track parameters. Out of the possible bridge and track 

configuration parameters, only those deemed relevant to the scope of this thesis are presented 

below. 
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The bridge configuration and parameters are listed as follows. 

• Configuration of the bridge superstructure, including deck type, number of decks, and 

span arrangement 

• Placement of fixed bearings 

• Deck's vertical stiffness 

• Vertical distance from the deck's neutral axis to its upper surface 

• Vertical distance from the deck's neutral axis to the bearing's axis of rotation 

• Overall support configuration of the bridge 

• Longitudinal stiffness of the structure, defined as the total stiffness of the bearings, 

substructure, and foundations 

The tracks configuration and parameters are listed below. 

• Ballasted or unballasted 

• Vertical distance from the deck's upper surface to the neutral axis of the rails 

• Location of possible rail expansion joints 

• Rail’s axial stiffness 

• Longitudinal resistance of the track system, accounting for interaction with both 

ballast, rail fastenings and the supports. 

2.7.1.1 Bridge behavior in the combined analysis 

To investigate the bridge's behavior concerning track-bridge interaction, the following aspects 

should be considered: the bridge's static configuration, bearings, support systems with their 

stiffness, and the deck's bending characteristics [1].  

The static configuration includes factors such as the number of spans, support positions, span 

length, expansion length and the placement of any rail expansion devices. Further, bearings 

significantly influence the deck's resistance to displacement, with the stiffness of moving 

bearings often neglected. The friction coefficient between the bearings and the bridge is 

typically assumed to be between 0% and 5% [15].  

Support stiffness depends on both the type of support and the foundation properties, which are 

influenced by the geotechnical characteristics of the site. Deck bending caused by vertical 

traffic loads leads to large track and bridge interaction forces due to the flexural displacement 

of the bridge. The extent of bending is determined by the deck's flexibility, neutral axis 

position, support stiffness, and height [15].  

All these factors are together determining the bridge behavior in a track-bridge interaction.  

2.7.1.2 Track behavior in the combined analysis 

For a combined analysis regarding track-bridge interaction, the following factors affect the 

relationship between the track displacement and the force applied: track structure, 

maintenance practice, imperfections, the magnitude of vertical forces, and the frequency of 

applied loads [3]. 
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SS-EN 1991-2:2003 [3] has provided a generic model for determining the load effects in a 

combined system, the model can be seen in Figure 9. 

  

Figure 9. Eurocode’s generic model for determining the load effects in a combined system [3] 

The generic model incorporates two types of springs: one representing the connection 

between track and bridge and the other representing the bridge supporting elements. The track 

springs describe the load and displacement behavior of the track in the longitudinal direction, 

while the support spring characterizes the stiffness of the support, considering the stiffness of 

the foundation as well [3].  

2.7.1.3 Bilinear track resistance for TBI analysis 

The behavior of track components is highly complex, making the bilinear representation a 

simplified yet useful approximation. In the system, the single longitudinal shear resistance of 

the track is represented by springs that connect the rails to the bridge deck or the 

embankment. This function is used to define the stiffness of these springs, capturing the 

mechanical interaction between the track and the bridge deck/embankment [3]. It consists of 

two linear segments with different slopes, representing a system that behaves differently 

before and after a certain threshold. Key factors influencing this behavior include ballast, 

under-sleeper or under-ballast mats and rail fastening systems [22]. 

The track’s resistance, k, increases quickly for minor displacements but becomes constant 

once the critical displacement, u0, is reached, which complicates calculations. The critical 

displacement, u0,  signifies the threshold at which the longitudinal resistance between the 

track and the bridge transitions from elastic to plastic behavior. This parameter is essential in 

modeling track-bridge interaction accurately, as it marks the point beyond which additional 

displacement does not result in increased resistance [22]. 
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To simplify this, a bilinear equation can be used to approximate the behavior by dividing it 

into an elastic phase and a plastic phase.  The elastic phase describes the rapid increase in 

resistance with displacement, while the plastic phase represents the permanent deformation 

between track and bridge that occurs after the critical displacement is exceeded [22].  Figure 

10 illustrates the principle of the bilinear equation using resistance-displacement curves. 

 

Figure 10. Track resistance, k, as a function of longitudinal displacements, u, depending on the spring stiffness [15]. 

In the context of track-bridge interaction, TBI, several models can be used to describe the 

bilinear k-function. These commonly include [22]: 

• Elastic-plastic model 

• Fully plastic model 

• Gap model 

The different models can be seen in Figure 11. 

 

 

 

 

 

The elastic-plastic model is commonly employed and is recommended by both the UIC and 

EN 1991-2:2003. However, to gain a more comprehensive understanding of TBI, alternative 

models can be considered, including the fully plastic model and the gap model. These models 

offer a more detailed representation of the structure while still simplifying the bilinear k-

function [22].  

Figure 11. Different implementation models for the bilinear k-function [22]. 

Elastic-Plastic model Fully plastic model Gap model 
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2.7.1.3.1 Elastic-Plastic model 

The elastic-plastic model for the bilinear k-function contains as the name suggests both the 

elastic and plastic phase. The elastic phase is represented by a linear curve, with the shear 

resistance denoted as kel, while the plastic phase is characterized by a constant line with a 

shear resistance denoted as kpl. The bilinear equation for various cases using the elastic-plastic 

model can be seen in Figure 12 [3]. 

Figure 12. The longitudinal shear force as a function of the displacement of the rails [3]. 

The bilinear curves seen in Figure 12 describes the relationship between the longitudinal shear 

and displacement for various track-configurations and environmental aspects. It is evident that 

while all the curves exhibit similar behavior, they differ primarily in their magnitudes [15]. 

Loaded tracks exhibit higher resistance to longitudinal displacements compared to unloaded 

tracks due to the increased contact forces between the track and the underlying structure. The 

higher vertical load from the train generates greater forces and pressure, which in turn 

enhances the resistance to longitudinal movement [31]. 

According to the preliminary version of the second generation of Eurocode, prEN 1991-

2:2021 [6], the values to be used for ballasted tracks using the elastic-plastic model are 

presented in Table 4. 

Table 4. Values for critical displacement and corresponding plastic shear for ballasted tracks [22]. 

Load condition Displacement, u0 [mm] Plastic shear resistance, k [kN/m] 

Not 

frozen 

Loaded 2,0 60 

Unloaded 2,0 20 

Frozen Loaded 0,5 60 

Unloaded 0,5 30 
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The bilinear equation, presented in Figure 12, is also applicable to unballasted track. In this 

case, there is no distinction between frozen and unfrozen track. However, the values provided 

in Table 5 should be used in this context: 

Table 5. Values for critical displacement and corresponding plastic shear for unballasted tracks [22]. 

Load condition Displacement, u0 [mm] Plastic shear resistance, k [kN/m] 

Loaded 0,5 60 

Unloaded 0,5 40 

 

2.7.1.3.2 Fully plastic model 

The fully plastic model is particularly suitable for long, multi-span bridges with low critical 

displacement values, u0. This model assumes that all displacements, u, exceed the critical 

displacement, u0, resulting in a purely plastic phase. This additional simplification allows for 

the derivation of algebraic expressions, providing valuable insights into the system's behavior. 

However, these expressions are intended solely for approximate parameter evaluations rather 

than direct application in design [22]. 

2.7.1.3.3 Gap model 

Another approach to implementing the bilinear k-function is the gap model, which simplifies 

calculations with minimal loss of accuracy. This model assumes that half of the critical 

displacement occurs without resistance, creating a gap in the model. When half of the critical 

displacement, u0, has been reached the full plastic resistance becomes active and the elastic 

phase is disregarded [22].  

 

2.7.2 Application of bilinear springs 

Bilinear springs are commonly used to model components within railway bridge systems that 

exhibit variable stiffness characteristics, such as the connection between the track and the 

bridge deck or the behavior of structural supports like retaining walls. Unlike traditional 

springs, which maintain a constant stiffness, bilinear springs follow a two-phase stiffness 

response depending on the level of deformation, typically defined by a bilinear equation.  

One key advantage of bilinear springs is their ability to provide adaptive stiffness, which more 

accurately represents the real-world behavior of railway systems. Additionally, they capture 

the nonlinear behavior of structural elements more effectively, leading to more precise 

structural response predictions. Improving these models helps in understanding potential 

failure modes, contributing to safer designs [32]. 
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2.7.3 Simplified method 

A simple approach can be used instead of a TBI model to estimate the combined response due 

to variable loads on railway bridge. According to SS-EN 1991-2:2003 section 6.5.4.6.1 this 

method can be applied when the length of the railway bridge is maximum 40 meters [3]. The 

simplified method is suitable for preliminary design or when dealing with low-speed trains or 

simpler bridge configurations.  

The characteristic horizontal loads are presented in Table 3 above and are consistent with 

those used in a combined analysis. These characteristic values form the initial horizontal load, 

which is then modified by additional forces resulting from temperature variations and 

roadway deformation. The maximum allowable temperature variation in the rail is 50 Celsius. 

Additionally, the simplified method permits the application of a reduction factor, which is 

used to adjust both the traction and braking forces. For continuous rails, this reduction factor 

is set at 0.6. The additional characteristic force resulting from temperature variations can be 

determined as follows [3].  

FTk = ±0.6kLT Equation 5 

In Equation 5, k represents the plastic shear resistance in the longitudinal direction of the rail 

per unit length, while LT denotes the expansion length. In the simplified method, the plastic 

shear resistance is specified within a range of 20 to 40 kN per meter of rail for unballasted 

tracks and is defined as 60 kN per meter for ballasted tracks [3].  

The additional characteristic forces in the longitudinal direction, FQk, per track on the fixed 

bearings, resulting from roadway deformation, shall be determined using Equation 6. 

FQk = ±20L Equation 6 

In Equation 6, is L defined as the length of the first span adjacent to the fixed bearing. FQk is 

then applied as a concentrated longitudinal force at the location of the fixed bearing, 

representing the combined effects of restrained thermal expansion and structural deformation 

of the track-bridge system [3]. 

Additionally, the α-factor is specified as 1 for load model LM71, SW/0, and SW/2. More 

detailed information can be found in SS-EN 1991-2:2003, Chapter 6.5.4.6.1 [3].   
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3 Method 
In this chapter, the principles behind the software used and the methodology will be 

explained, followed by a brief overview of FEM modeling. The representative bridge types 

will then be introduced, along with sketches and structural characteristics. Finally, the 

sensitivity analyses to be conducted will be outlined, along with the rationale behind them. 

3.1 Software and coding 

The FE-software used in this master’s thesis is BRIGADE/Plus v. 2024-4 by TECHNIA, 

which is based on Abaqus/Standard and Abaqus/CAE both developed by Dassault Systèmes 

[33]. Abaqus/Standard serves as a general finite element solver, while Abaqus/CAE functions 

as a pre- and post-processer for model setup and results visualization [34]. A python script is 

used to define the FE-model, taking advantage of BRIGADE/Plus’s built-in Python 

interpreter. This integration enables simulations to be run directly through Python script 

within the software environment. 

When creating a model using the software, a file with the .JNL extension is generated. This 

file contains specific code segments unique to BRIGADE/Plus, which are essential for 

creating the model via scripting. Additionally, BRIGADE/Plus offers the ability to record 

macros, where the user’s actions are captured and corresponding code is automatically 

generated [33]. These aspects offer insight into the program’s scripting syntax and structure, 

and by combining them with custom Python code, more complex and automated models can 

be developed. 

The program also uses a coordinate system that allows for precise definition of points, lines 

and elements. These can be integrated into the script to build the model, providing an efficient 

and flexible way to describe the system [33]. 

3.1.1 FEM modelling 

The application of FE-modeling software in TBI analyses and relevant recommendations can 

be found in the leaflet UIC 774-3R [15]. For a finite element method, FEM, the analyses can 

be conducted separately for individual cases or as a comprehensive simulation that considers 

all actions sequentially. A model is considered valid if the results obtained, when compared 

with other calculations, such as other calculation programs or hand calculations, have an error 

of less than 10%. An error of up to 20% may be accepted if it is conservative (i.e., on the safe 

side) [15]. In this study, the results for the bridge over Bryngeå will be compared with 

previous work by Nolinder [5], while the results for the bridge over Sege å obtained using 

BRIGADE/Plus will be validated through an independent analysis using an alternative FEM 

software, Frame Analysis 6.5, which is employed by a senior colleague at Skanska. 
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Accurate positioning of key components, such as the center lines of the bridge and track, as 

well as the placement of bearings, is crucial for reliable modelling. To maintain sufficient 

resolution, individual elements should not exceed 2 meters in length. Additionally, according 

to UIC, embankments should extend at least 100 meters to ensure a realistic representation 

[15].  

For standard bridges, the horizontal flexibility of substructure elements such as piers and 

abutments can be evaluated separately. The results can then be incorporated into the 

assessment of the constraint stiffness between the substructure and the deck. This concerns the 

support conditions of the bridge structure itself and not the interaction between the track and 

the deck. In contrast, special bridge types such as arch, cable-stayed or truss bridges require a 

detailed substructure model to accurately capture their complex structural behavior [15]. 

Different components within the bridge system require distinct modeling approaches. The 

rail-deck interaction must account for the nonlinear response of the ballast-rail fastening 

system, particularly the variation between loaded and unloaded rail sections. Rigid elements 

can be used to represent structural connections, such as fixed bearings. However, in the case 

of sliding bearings additional considerations are required. In such cases, implementing an 

element with longitudinal resistance dependent on vertical load is recommended to properly 

account for friction effects [15].  

When analyzing vertical deflections, the load should either be applied exclusively to the 

bridge or to the bridge in combination with a single embankment. This method reflects the 

fact that interaction effects reach full development as the second embankment’s stiffness 

increases due to the passing train [15]. The vertical deflections must be analyzed to determine 

whether the requirements specified in the Eurocode, as referenced in Section 2.5, are satisfied. 

The sequence of load application should begin with temperature effects, followed by the 

simultaneous application of vertical and horizontal forces. The loading sequence is applied in 

this specific order to accurately reflect the behavior of a real train crossing a bridge. The 

structure must be considered either in a warm or cold state at the time of the train's passage. A 

warm bridge case refers to the bridge being warmer than the track, whereas in the cold case, 

the track is colder than the bridge. The presence of a vertical traffic load is essential in order 

to generate a corresponding horizontal force, arising from either acceleration or braking of the 

train [15]. It is important to note that this procedure follows the same methodology as 

presented in Nolinder’s study [5].  

In the absence of rail expansion devices, temperature variations within the rail itself do not 

contribute to additional stresses in continuously welded rail (CWR) and can therefore be 

disregarded. However, the temperature difference between the rail and the deck must still be 

considered [15]. 
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Finally, identifying the most critical load position is essential. Since the most adverse case 

varies depending on the type of load effect, multiple analyses are necessary to capture all 

possible conditions. To determine the most unfavorable loading conditions in multi span 

bridges, whether with a simply supported or continuous deck, the analysis must account for 

various possible train positions [15]. 

3.1.2 The Python script 

The script used in this study was adapted from an existing version, originally developed by 

Nolinder [5] and has been modified to accommodate different bridge geometries. It operates 

manually, as the script does not have a graphical interface or automated input system, so all 

parameter changes must be made manually by editing the code before it is run. Once 

configured, the script runs without requiring further user input, ensuring that all necessary 

changes are already integrated. Only the relevant input data needs to be updated for each run. 

To improve manageability and efficiency, the overall workflow is divided into three separate 

scripts: 

• one for model generation and simulation 

• one for extracting results 

• one for plotting 

The finite element analysis is carried out in the first script, while the others handle post-

processing tasks. This modular structure allows for clear separation of functions and 

simplifies reruns when only specific parts of the process need to be updated. 

Although the scripts are interdependent, they do not need to be executed together for every 

run. The model generation and results scripts only need to be rerun if changes are made to the 

input data or desired output. Once the job and result files are generated, the plot script can be 

run independently, allowing flexibility in visualizing results without repeating the full 

workflow. 

It is important to note that the script may generate characteristic, classified or design values 

depending on the input data. Therefore, it is crucial to ensure the correct input is used to 

obtain the desired results. For forces and deformations, partial factors must be applied 

manually to the input loads to obtain classified or design values. However, stress results do 

not require modification when compared to the limit values specified for a TBI [22]. 

3.1.2.1 Analysis steps 

Steps are used to define the sequence in which calculations and load applications are 

performed during the analysis. Each step represents a distinct phase in the simulation, where 

different loads, boundary conditions or other parameters can be applied in a controlled and 

organized manner. The purpose of these steps is to ensure that the computational process 

follows a predefined order, allowing for a clear representation of how loads interact with the 

structure. 
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The script follows a structured sequence to simulate railway bridge interactions, a more 

detailed description can be found in Nolinder’s study [5]. In general, the script consists of 

several steps and jobs. 

The following steps are included: 

• Initial 

Applies boundary conditions without loads.  

• LoadVerticalSolo 

Analyzes vertical train loads with shear resistance according to SS-EN 1991-2:2003 

[3].  

• Deactivate1 

Removes all loads, resetting the bridge to its initial state while maintaining shear 

resistance.  

• LoadHorizontalSolo 

Applies horizontal forces (braking/traction) independently, with unchanged connector 

stiffness, which may cause discrepancies.  

• Temperature 

Changes connector stiffness to unloaded values (initial stage) and applies a 

temperature field affecting the bridge deck.  

• LoadVertical 

Reintroduces vertical loads after temperature effects, capturing the combined impact 

of temperature and vertical load.  

• LoadHorizontal 

Applies horizontal forces to the bridge after temperature and vertical load effects, 

capturing the combined effects of all loads (vertical, horizontal, and temperature). 

While the following jobs are executed: 

• Job-SoloLoad 

Runs the first simulation, resetting all prior steps and providing results for individual 

load cases.  

• Job-Temperature 

Evaluates the effects of temperature changes, updates shear resistance and restarts the 

analysis with new stiffnesses.  

• Job-Result 

Compiles the final results, incorporating the influences from the steps temperature, 

LoadVertical and LoadHorizontal. 
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3.2 Interaction 

As discussed in section 2.7.1.3, the configuration of track’s longitudinal shear resistance 

represented by springs, can be modelled in three distinct ways. For the purpose of this 

master’s thesis, the elastic-plastic model has been selected to comprehensively address the 

different factors involved. A connector element is utilized in the model to capture both vertical 

and bilinear horizontal stiffness. 

The vertical stiffness of the connection between the track and bridge deck or ground is 

modelled using springs with a constant value across all configurations. This stiffness reflects 

the connection's ability to resist uplifting forces, which depends on the type of track 

construction, such as whether it is ballasted or slab track. This force value remains unchanged 

throughout all analyses, except during the sensitivity analysis on vertical stiffness, which is 

further explained in section 3.4.1. 

The horizontal stiffness of the springs between the track and bridge follows a bilinear 

behavior, where displacement is linked to longitudinal shear resistance. This stiffness is 

defined using discrete points specified in SS-EN 1991-2 (2003) [3] , with each point 

representing a displacement value and its corresponding resistance. Section 2.7.1.2 offers 

further clarification on this topic. These values, presented in Table 4, are used in the software 

to generate a stiffness curve, of which examples are illustrated in Figure 13. 

 

Figure 13. The resistances of horizontal bilinear springs. 

One of the challenges in sequential analysis is adjusting the stiffness between an unloaded and 

a loaded track. To address this, the analysis incorporates the ability to collect force and 

relative displacement data for each connector, which is then used to modify the stiffness 

between the two states throughout the analysis. This ensures an accurate representation of the 

system’s behavior. It is crucial to mirror the stiffness curve around the origin to account for 

effects in both directions, with track stiffness and maximum resistance values specified in 

Eurocode, SS-EN 1991-2:2003. An example of how the shear resistance in a connector is 

defined is shown in Figure 14. 
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Figure 14. Example of defined shear resistance in a connector. 

In the first step, an analysis is conducted on the unloaded bridge exposed to a temperature 

difference. The connector stiffness follows a curve that initially remains horizontal before 

rising, with the same slope as the solid black line in Figure 13, representing the unloaded 

track. As illustrated in the example in Figure 13, the temperature change results in a 

corresponding resistance of 20 kN/m and a relative displacement of 5 mm. These values are 

selected solely for illustrative purposes and are taken from the previous study by Nolinder [5]. 

From this point is then a new stiffness curve defined for the subsequent analysis step, 

incorporating the train load, using the same slope as the one of the loaded tracks, depicted by 

the grey line. This new curve, shown in blue, is then used for the combined loading case that 

accounts for both temperature and train loads. 

It is important to emphasize that once the train load is applied, the connector stiffness does not 

follow the unloaded curve. This is due to a limitation in the software, which does not support 

assigning different resistances for the same displacement. In situations where a new load 

partially unloads the previous load, the connector must still follow the stiffness defined for the 

loaded condition. Failing to make this adjustment may cause the software to adhere to the 

unloaded curve during the unloading phase, leading to unrealistic and excessively large 

displacements. This issue is less pronounced when the connector is not subjected to any load. 

3.3 Case study bridges 

To evaluate the results and investigate how different bridge types influence the outcomes, two 

representative bridges have been selected for analysis. The assessment focuses on specific 

structural responses, including additional stresses in the rail and reaction forces in the 

supports. The rail stresses are compared against the limiting values defined in the Eurocode, 

while the support reactions are evaluated to understand their variation between bridge types. 
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3.3.1 Bridge across Bryngeån 

One of the representative bridges is the railway bridge across Bryngeån, located near 

Örnsköldsvik, in Sweden. Built in 2000, it is a 48-meter-long single-track steel-concrete 

composite bridge, consisting of two steel I-beams and a concrete deck. The bridge spans the 

river and is supported by two abutments, one founded on concrete piles in silty moraine and 

clay, while the other is directly anchored in bedrock. The railway track is constructed with 

600 mm of ballast and features UIC 60 rails [35]. A photograph of the bridge is provided in 

Figure 15. 

 

Figure 15. The railway bridge across Bryngeån [35]. 

The cross-section of the bridge can be seen in Figure 16, where the dotted line represents the 

actual cross-section and the solid line indicates the corresponding equivalent steel section. 

The short-term modular ratio, the ratio between stiffness of concrete to steel, was set to 0.17 

according to previous study by Nolinder [5]. 

 

Figure 16. Cross-section of the bridge across Bryngeån [5]. 
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3.3.1.1 Structural system 

The bridge is modelled as a simply supported structure, 48 meters in length. The abutment on 

silty moraine is modelled as a roller support, while the abutment on bedrock is modelled as a 

fixed support. Due to variations in the concrete deck along the bridge, the average vertical 

distance between the bearings and the deck’s neutral axis is estimated to be 2.3 meters, while 

the distance from the neutral axis to the rail centerline is approximately 1.3 meters. A 

calculation model of the bridge is shown in Figure 17 (see appendix B for a larger scale).  

The deck and rails are modelled using two-node Timoshenko beam elements, referred to as 

B21 elements in Brigade+. The selection of Timoshenko beam theory is motivated by the 

work of Nolinder [5], which supports its suitability for accurately capturing both bending and 

shear deformations in structural components. Each element has the same length as the 

distance between two sleepers and they are connected to the next element in a node. The 

nodes are then used to create connections between rail and bridge deck or embankment where 

a rail fastener is located. In Brigade+, partitions are defined to facilitate the application of 

loads at specific locations within the model. The width of the rail is doubled to represent both 

rails in the track structure. The bridge deck is created as a general cross-section were the input 

data of the bridge at Bryngeån were used.  

3.3.1.2 Boundary conditions 

The original model, depicted in Figure 17, comprises one roller support and one pinned 

support. These boundary conditions are implemented in Brigade by restricting movement in 

the specified directions. For the roller support, only vertical movement is constrained, 

whereas for the pinned support, both vertical and horizontal movements are restricted. The 

fixed supports are anchored to the bedrock, which serves as the fixed point in the structure. 

3.3.1.3 Bridge parameters 

To carry out the calculations in Brigade+, the program requires specific input data. This data, 

identical to that used in Nolinder’s study [5], is presented in Table 19 through Table 22 

located in Appendix C. In this study, only the case where the entire structural system is 

considered unfrozen has been investigated. 

  

Figure 17. Structural system of the bridge across Bryngeån. 
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3.3.1.4 Most adverse load cases - Bryngeån 

The model includes vertical loads from traffic and horizontal forces resulting from braking or 

traction from traffic. Additionally, a temperature load is applied to the bridge, simulating 

either a warmer bridge (+20°C) or a colder one (-20°C), leading to contraction or expansion 

of the structure. This master’s thesis focuses solely on investigating the worst-case scenario, 

with basis in findings from Nolinder [5].  

The critical load case varies depending on the specific structural response being analyzed. For 

instance, one load case may be selected to investigate the maximum tensile stresses, while a 

different load case may be more relevant for examining the maximum compressive stresses. 

The same follows for the reaction forces for both the supports. Table 6 shows the applicable 

cases for Bryngeån. 

Table 6. The most adverse load cases which are identified to evaluate the extreme tensile stresses, compressive stresses, 

reaction forces, and displacements. 

 Tensile stresses in rail Compressive stresses in rail Reaction forces 

from supports 

Temperature Warmer Warmer Warmer 

Vertical loads    

Axel load 

position 

Centered on bridge Centered on bridge Centered on bridge 

Distributed loads Right of bridge Left of bridge Centered on bridge 

Horizontal load    

Load type Traction Traction Braking 

Load placement Right of the bridge Left of the bridge Centered on bridge 

Direction of load To the Left To the Left To the Right 

Stresses calculated during the sensitivity analysis on the bridge across Bryngeån were 

obtained using Navier’s formula and are hereafter referred to as bending stresses. 
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3.3.2 Bridge across Sege å 

The second representative bridge is the railway bridge over Sege å river, located in Malmö, 

Sweden. Scheduled for construction in 2027, the project is currently in the preliminary design 

phase. The bridge is located near Inre Ringvägen, one of Malmö’s main ring roads and in 

proximity to Malmö Central Station. See Figure 18 for a clear indication of the location. 

 

 

The bridge is being developed for Trafikverket, which has indicated openness to potential 

changes in geometry to optimize the design. The proposed structure is a six-span bridge with 

a total length of 87.9 meters, designed to accommodate the constraints of the surrounding 

environment. Two end retaining walls will be positioned 2.25 meters from the outer supports 

on either side of the bridge. The bridge is a slab-frame design with directly fastened rails, 

resulting in an unballasted track. It is supported by abutments at both ends. The railway track 

system follows the VIPA SP configuration, compatible with a 60EI rail. The proposed design 

of the bridge can be seen in Figure 19.  

 

Figure 19. Drawing of the proposed design of the bridge across Sege å. 

 

 

 

Figure 18. Aerial image of the new bridge across Sege å in Malmö (yellow bridge). 
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The proposed cross-section of the bridge can be seen in Figure 20 where the right cross-

section represents the proposed design for the new bridge across Sege å. 

 

Figure 20. The cross-section on the left illustrates the existing bridge structure, whereas the right cross-section represents the 

proposed design for the new bridge across Segeån. 

3.3.2.1 Structural system 

The bridge is modelled as a continuous structure with a total length of 87.9 meters. Several 

modifications have been made compared to the initial design. One key change involves the 

bridge deck thickness: a 1200 mm thick bridge deck is used in spans 1 and 2, where the spans 

are significantly longer, while the remaining spans feature an 800 mm thick deck. Due to the 

variation in the cross-section along the bridge, an average vertical distance between the 

bearings and the deck’s neutral axis is estimated to be approximately 400 millimeters. Another 

adjustment involves the support conditions. Instead of having seven partially fixed supports as 

seen in Figure 19, the revised model includes four roller supports, with the three intermediate 

supports remaining partially fixed. These modifications were implemented based on 

Skanska’s expertise, with the aim of achieving a more optimized structural design. A 

calculation model of the bridge is shown in Figure 21 (see Appendix D for a larger scale). 

 

Figure 21. Structural system of the bridge across Sege å. 

3.3.2.2 Boundary conditions 

The bridge features seven supports: three partially fixed supports and four roller supports. 

Supports 3, 4, and 5 are modelled as partially fixed by introducing rotational springs, as 

illustrated in Figure 21. These springs simulate a realistic rotational stiffness at the base of 

each support. The stiffness values were determined based on measurements and material 

properties of the foundation slab for each support. 
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The retaining walls have been modelled using a bilinear spring connected to the ground, 

enabling a distinction between active and passive earth pressure directly within the model and 

simulating their restraining effect on the structure. The stiffness of the spring associated with 

earth pressure was estimated using available geotechnical data and engineering judgment, 

drawing on Skanska’s experience. 

These adjustments aim to optimize the structural design while remaining within the limits set 

by applicable standards and the requirements provided by Trafikverket. The revised boundary 

conditions were implemented in Brigade+ by restricting movement in specific directions as 

appropriate. 

3.3.2.3 Bridge parameters 

To perform the calculations in Brigade+, the program needs certain input data. The input data 

used are presented in Table 23 to Table 26 which can be found in Appendix E.  

3.3.2.4 Simplifications according to Eurocode 

To facilitate the analysis of the bridge across Sege å, certain simplifications in accordance 

with Eurocode are necessary. The following simplifications will be applied: 

• Bending stresses in the rail are neglected due to effects of bending of the bridge under 

vertical train load and temperature gradient according to prEN 1991-2:2021 section 

8.5.4 [6]. As a result, the analysis will focus solely on axial stresses in the rail. 

• According to CEN/TR 17231:2018, section 10.2, TBI calculations do not require 

modeling with axle loads. Therefore, only vertically distributed loads will be applied. 

[22]. 

• The traffic loads will be applied solely to the bridge, as Annex C of CEN/TR 

17231:2018 presents this as an acceptable load case [22]. 

• The investigation will exclusively consider the braking force, while the traction force 

will be omitted. This simplification is justified by the fact that, when the horizontal 

load is applied solely to the bridge structure, the resulting traction force is 

substantially lower than the corresponding braking force. 

• The same stiffness values have been assigned to the connectors placed on the bridge 

and those on the embankment to simplify the modelling process. 

3.3.2.5 Most adverse load cases – axial stresses 

To identify the most adverse load case for the bridge across Segeån, an investigation of the 

effects of various loading conditions was conducted. Four distinct load configurations were 

analyzed, which were applied individually to the bridge: 

• a temperature load of –20 °C  

• a temperature load of +20 °C 

• braking to the right 

• braking to the left  
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Vertical distributed loads are included in the final analysis. However, due to simplifications, 

only a single load configuration corresponding to a uniformly distributed load across the 

entire bridge, was considered for this type of load. Axial stresses resulting from each scenario 

were calculated and plotted to draw meaningful conclusions.  

3.3.2.6 Additional axial stresses in rail 

By examining the results from the individual load cases, it was possible to determine which 

combination of loads produced the most critical axial stress conditions. Specifically, those 

leading to the highest tensile axial stresses and the highest compressive axial stresses in the 

rail.  

The additional axial stress in the rail will be calculated and graphically presented as a basis 

for assessing the suitability of the preliminary bridge design. Should the results exceed the 

thresholds outlined in Section 2.5, adjustments to the bridge geometry may be necessary.  

3.3.2.7 Most adverse load case – Horizontal reaction forces 

The horizontal reaction forces at supports 3, 4, and 5, as well as in the retaining walls, will be 

calculated to assess the bridge's structural response under loading. This analysis will focus on 

cases likely to generate the most significant horizontal forces at the selected supports. These 

cases will be identified based on the characteristic horizontal reactions from individual 

loadings of temperature, vertical loads, and horizontal traffic loads. These cases are crucial for 

evaluating potential shear transfer mechanisms and ensuring structural stability under the 

worst-case operational conditions. 

3.3.2.8 Horizontal reaction forces 

Based on the results gained from the analysis presented in Section 3.3.2.7, the support 

experiencing the largest reaction force were identified. This support will be subjected to 

further analysis using relevant load combinations in accordance with the ultimate limit state, 

ULS, design principles. In this context, either the temperature load or the traffic load may act 

as the primary action, depending on the load scenario under consideration. The selection of 

primary load affects the choice of partial safety factors, as outlined by the relevant design 

standards. The partial factors applied for each load case are summarized in Table 1 and the α-

factor value is determined according to Section 2.6.1.1. 

Additionally, a second support will be analyzed for comparative purposes. In this case, only a 

single load combination will be evaluated, specifically, the one that produces the maximum 

design reaction forces at the selected support. Evaluating reaction forces at a second support 

provides a broader understanding of the structural response under varying load conditions, 

helping to identify potential critical points beyond the initially identified maximum. 

Furthermore, an estimation of force transfer within the system will be conducted, based on the 

most adverse load cases for horizontal reaction forces. This includes evaluating the normal 

force within the rail at the bridge ends. 
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3.4 Sensitivity analysis for the bridge across Bryngeån 

To draw conclusions about how the bridge substructure affects the additional bending stresses 

in the rail, a series of sensitivity analyses will be conducted. Three sensitivity analyses have 

been performed to investigate different aspects of the bridge’s behavior.  

For clarity, each sensitivity analysis is assigned a letter: 

• Vertical springs between rail and bridge – A 

• Support stiffness – B 

• Model length – C  

This letter will be followed by a number to indicate the specific analysis performed. See Table 

7 for a brief description of each case examined in the sensitivity analysis.  

Table 7. Cases investigated in the sensitivity analysis. 

Sensitivity analysis 

Cases 1 2 

A - Vertical springs 

between rail and bridge 

 

Linear 

(equal stiffness in 

compression & tension) 

Bilinear 

(only stiffness in compression) 

B - Bridge support 

stiffness 

fixed bearing Spring support with horizontal 

stiffness 

C – Embankment length 300 m 500 m 

Throughout the sensitivity analysis, the additional bending stresses at the top of the rail will 

be analyzed, based on Nolinder [5]. However, this point is not of primary importance, as the 

focus is on determining whether alternative model features generate different responses, rather 

than obtaining design values. 

3.4.1 Vertical springs between rail and bridge 

In practice, railway tracks are fixed to sleepers embedded in ballast, which provides some 

resistance to uplifting forces, particularly at the bridge transition if the bridge bends 

downward. However, this resistance is limited, as it mainly comes from the ballast's weight 

and friction, which may not fully prevent uplift under large deflections. In the calculation 

model, this connection is represented by vertical springs placed between the track and either 

the ground or the bridge. This can be adjusted to better represent the expected mechanical 

behavior of the structure. However, to perform the analysis, the springs must be allowed to 

sustain a certain level of tension. This permissible tension is set at 2 kN to account for the 

weight of the sleepers and the rail.  
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To investigate this discrepancy and obtain results that better reflect the expected mechanical 

behavior of the structure, a sensitivity analysis is conducted. The focus was on the vertical 

springs positioned between the rails, the bridge and the ground. In the first analysis, named 

A1, the springs provided with the same stiffness when both compressed and extended. In the 

second analysis, A2, the springs only have a linear stiffness when compressed, while they can 

extend without significant resistance once the surpass the resistance of the ballast, providing a 

more accurate representation of the actual mechanical behavior. The difference in the spring 

behavior between the two analyses can be seen in Figure 22.  

 

The selection of load cases for investigation depends on the specific results being analyzed. In 

Table 6 which presents the critical load cases for Bryngeån, the load cases producing the 

highest compressive and tensile stresses are then used to determine the most adverse bending 

stresses in the rail. These load cases are then used to plot the bending stress on the top of the 

rail, providing a clearer understanding of how variations in vertical spring stiffness influence 

the results. To assess changes in reaction forces at the supports, the load case specified in 

column 3 of Table 6 is employed which concern specifically the critical cases for reaction 

forces in the bridge. 

3.4.2 Bridge support stiffness 

To draw conclusions about how the force distribution in the bridge is influenced by the 

horizontal stiffness of the support, a sensitivity analysis will be conducted by varying the 

stiffness of the fixed bearing. The analysis will first assess the forces when the bridge has a 

fixed bearing, which is infinitely stiff. This part of the sensitivity analysis is called B1 for 

clarity. Subsequently, the support will be re-modelled by replacing the fixed bearing with a 

horizontal spring with an assigned horizontal stiffness, this investigation is called B2. The two 

scenarios, B1 and B2 (shown in Figure 23), are then evaluated and compared with each other 

to draw important conclusions regarding the stiffness in supports.  

Figure 22. The spring behavior in analysis A1 and A2. 
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Figure 23. Fixed support in analysis B1 and roller support with horizontal spring stiffness in analysis B2. 

The load cases used to determine the most adverse bending stresses and reaction forces are 

based on the critical load cases provided in Table 6. To obtain the maximum bending stresses, 

the load case that results in the highest compressive stress is utilized. The selection of this 

load case is based on the conclusions of Nolinder [5] that forms the foundation of this study. 

For determining the maximum reaction force, the load case presented in column 3 of Table 6 

is employed. 

This approach aims to provide insights into how the forces are distributed, as they tend to 

concentrate on structural elements with higher stiffness. By comparing these two scenarios, 

the fixed bearing with infinite stiffness and the horizontal spring, valuable conclusions can be 

drawn. The stiffness of the horizontal spring, set to 236 MN/m, is derived from a local model, 

based on engineering expertise and practical experience from a Skanska colleague. 

3.4.3 Embankment length 

The larger the model, the more computationally intensive the analysis becomes. Therefore, 

there is a balance between the precision of the results and the time required for the 

calculation. The purpose of this sensitivity analysis is to determine an appropriate model 

length in relation to the load length. 

In the original model, the embankment is modelled with a length of 300 m since the braking 

load can, according to the code, be applied continuously along a length of maximum 300m, 

see Table 3. As the load spans the bridge, there is a short distance between the end of the 

embankment and the starting point of the load, which may influence the model and its results. 

This investigation is summarized as C1.  
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In the model incorporating a longer embankment, a length of 500 meters is selected. This 

segment of the analysis is referred to as C2. In the 500-meter embankment model, additional 

connectors are introduced to facilitate force absorption and modify the force distribution. See 

Figure 24 for the differences.   

The results of these two models, C1 and C2, are then compared to draw valuable conclusions. 

Four different load cases are utilized in the analysis, as illustrated in Figure 25. In all load 

cases, the bridge is assumed to be in a warm state, and the horizontal load is always due to 

braking, as it represents the longest and most significant force. 

 

 

  

Figure 24. The difference between analysis C1 and C2. 

Figure 25. Load cases investigated in Analysis C: Green horizontal load = braking, Black vertical load = point 

traffic load and Grey vertical load = distributed traffic load. 
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4 Results 
This chapter presents the main findings of the sensitivity analysis conducted on the bridge at 

Bryngeån and the TBI analysis of bridge across Sege å.  

4.1 Bryngeån 

The results for the bridge across Bryngeån focus solely on sensitivity analyses, as a 

comprehensive TBI analyses was already conducted in prior master’s thesis by Nolinder [5].  

4.1.1 Vertical springs between rail and bridge 

This chapter presents the results from the first sensitivity analysis, which compares two 

models with different vertical spring behaviors. The bending stress at the top of the rail from 

the first sensitivity analysis are presented Figure 26. 

 

Figure 26. Results from first sensitivity analysis – Bending stresses on top of rail when all loads are applied, spring’s ability 

of tensioning. 
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The graphs, presented in Figure 26, illustrate the bending stresses on top of the rail for the 

most critical load cases, one inducing the highest tensile stresses and the other inducing the 

highest compressive stresses. The results indicate that the overall bending stress distribution is 

largely similar for both stiffness models, with only minor deviations between the A1 and A2 

curves. In the case of maximum tensile bending stresses (upper plot), the most notable 

differences occur around the peak near the roller support (left support), where the A1 model 

exhibits slightly larger bending stresses compared to A2. In the compressive case (lower plot), 

the stress distribution patterns for A1 and A2 are nearly identical, with a noticeable difference 

appearing to the right of the rightmost bending stress peak. However, the magnitude of the 

peaks, which are of primary interest, remains unaffected by the spring behavior in both 

compressive and tensile loading. 

The change in reaction force for the fixed support can be seen in Table 8. 

Table 8. Results from first sensitivity analysis - reaction forces. 

 Horizontal force at pinned support [kN] 

Applied load A1 – linear stiffness [kN] A2 – negligible tension stiffness [kN] 

Temperature -548 -548 

Vertical load -1781 -1781 

Horizontal load -1644 -1644 

All loads applied -2847 -2847 

Table 8 shows that the horizontal support reactions are identical for both stiffness 

assumptions. This indicates that, for the studied bridge, the choice of spring stiffness model 

does not significantly affect the global horizontal force distribution, even at the support level 

where differences might otherwise be expected. 
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4.1.2 Support stiffness 

The results of the second sensitivity analysis, which investigates the horizontal stiffness of the 

fixed support, are presented in Figure 27. The bending stresses at the top of the rail were 

plotted with all loads applied to the model. Figure 27 compares the bending stresses for two 

cases: a pinned support and a horizontally spring-supported bearing. 

 

A reduction in the additional bending stresses in the rail can be observed in Figure 27, with 

the largest differences occurring near the support, particularly at the rightmost support. This 

consistent trend indicates that the use of a horizontal spring support enables a more flexible 

response to applied forces, leading to a reduction in bending stresses within the rail. 

  

Figure 27. Results from second sensitivity analysis - Bending stresses on top of rail when all loads are applied, bridge is modelled 

with pinned support (red curve) and then a spring support (blue curve). The dotted grey lines are the bridge supports. 
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Additionally, the horizontal reaction force at the support is presented in Table 9. 

Table 9. Horizontal force at support from second sensitivity analysis. 

Horizontal force at support [kN] 

 B1 - Pinned support [kN] B2 - Horizontal spring [kN] Deviation 

[%] 

Temperature Load  548 378 69 

Vertical Load  1781 991 56 

Horizontal Load  1644 879 53 

All Loads applied  2847 2232 78 

 

Table 9 demonstrate a reduction in horizontal force at the support when using a horizontal 

spring in place of a pinned support, observed across all load types. This reduction in reaction 

forces is particularly evident under vertical and horizontal load conditions. These results 

indicate that the spring support affects how loads are distributed, leading to lower reaction 

forces compared to the more rigid pinned condition. 
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4.1.3 Model length 

The results from the third sensitivity analysis, where two different lengths of embankment 

have been investigated can be seen in Figure 28. 

  

Figure 28 presents the bending stresses on top of the rail for four different load cases, 

comparing two embankment lengths: 300 m (C1) and 500 m (C2). Each subplot represents 

one load case, where the solid red line corresponds to the C1 configuration and the dashed 

blue line to C2. Across all four load cases, the bending stress distributions are nearly identical 

for both embankment lengths. The curves overlap almost perfectly, with only negligible 

deviations, primarily around local peaks near the support zones. However, even in these areas, 

the differences are minimal and do not indicate any significant structural or mechanical effect 

from the increased embankment length.  

No separate analysis was conducted specifically for the worst-case scenario regarding reaction 

forces. Instead, the reaction forces were assessed within the performed bending stress cases, 

and no differences were observed between the two alternatives within each load case. 

Figure 28. Results from third sensitivity analysis – Bending stresses on top of rail when all loads are applied, and the length 

of the embankment is changed. 
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4.2 Sege å  

The results for the bridge over Sege å include an assessment of the most adverse load cases 

with respect to additional axial stresses in the rail, as well as a partial assessment of the largest 

horizontal reaction forces. The results derived from these assessments are presented.  

4.2.1 Most adverse load cases – Axial stresses in the rail 

Figure 29 illustrates the axial stresses in the rail for five different isolated loads. 

 

Figure 29. Results from investigation regarding most adverse load cases for bridge across Segeå - axial stresses in rail. 
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An overview of which load cases that may generate the most adverse axial stresses in the rail 

are presented in Table 10.  

Table 10.The load cases which gave the most adverse axial stresses in the rail on the bridge across Sege å.  

Axial stresses in rail Loads to combine 

Highest tensile stresses on the right side of rail Cold temperature load &  

braking to the left 

Highest compressive stresses on the right side of rail Warm temperature load &  

braking to the right 

Highest tensile stresses on the left side of rail Cold temperature load &  

braking to the right 

Highest compressive stresses on the left side of rail Warm temperature load &  

braking to the left 

4.2.2 Additional axial stresses in rail 

The two most critical load cases for axial stresses in the rail, in both tension and compression, 

are presented below. The remaining two load cases are provided in Appendix F. 

The axial stresses in rail for compression on the right side of the bridge can be seen in Figure 

30. 

 

Figure 30. Axial stresses in rail for compression on the right side of the bridge. 

The highest compressive axial stress in the rail was found to be 62.7 N/mm². The same load 

case also resulted in a tensile axial stress of 45 N/mm².  
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The axial stresses in rail for tension on the right side of the bridge can be seen in Figure 31. 

 

Figure 31. Axial stresses in rail for tension on the right side of the bridge. 

The highest tensile axial stress in the rail was found to be 73.3 N/mm². The same load case 

also resulted in a compressive axial stress of 47.4 N/mm².  

For all load cases, the individual plots indicate that the temperature-induced load is the 

dominant factor in determining the highest axial stresses for Sege å. In contrast, the vertical 

load has a relatively smaller impact. 

4.2.3 Most adverse load cases – horizontal reaction forces 

Table 11 presents the horizontal reaction forces at each partially fixed support as well as the 

retaining walls for each isolated load using characteristic values. 

Table 11. Characteristic reaction forces for different load cases. 

Characteristic reaction forces [kN] 

Loads Left 

retaining 

wall 

Support 3 Support 4 Support 5 Right 

retaining 

wall 

Warm temperature load 2090 157 -56 -200 -1955 

Cold temperature load 0 -249 36 217 0 

Braking to the right 0 -251 -133 -110 -350 

Braking to the left 378 236 131 113 0 

Vertical load 89 -66 0.3 6 -34 
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By evaluating the values presented in Table 11, the two cases presented in Table 12 were 

identified as the most interesting for further analysis of horizontal reactions forces. 

Table 12. Supports and loads which are used for further analysis. 

Most adverse load case for support 3 Load case for comparison support 5 

Cold temperature load Cold temperature load 

Braking to the right Braking to the left 

Vertical load Vertical load 

4.2.4 Horizontal reactions forces 

The load cases specified in Table 12 were combined with the partial safety factors provided in 

Table 1 and Section 2.6.1.1 before calculating the design reaction forces through a TBI 

analysis. The calculated design reaction forces are presented in the following tables, where 

Table 13 and Table 14 show the worst load case for support 3 while Table 15 shows the worst 

load case for support 5.  

Table 13. Design reaction forces when traffic is the primary load – worst load case for support 3. 

Traffic as primary load [kN] 

Loads Left 

retaining 

wall 

Support 3 Support 4 Support 5 Right 

retaining 

wall 

Cold temperature load 0 -224 32 195 0 

Braking to the right 0 -655 -349 -286 -911 

Vertical load 178 -131 0.5 13 -68 

All loads applied 0 -1304 -476 -229 0 

Table 14. Design reaction forces when temperature is the primary load – worst load case for support 3. 

Temperature as primary load [kN] 

Loads Left 

retaining 

wall 

Support 3 Support 4 Support 5 Right 

retaining 

wall 

Cold temperature load 0 -381 57 327 0 

Braking to the right 0 -471 -251 -206 -654 

Vertical load 142 -105 0.5 10 -55 

All loads applied 0 -1230 -339 -5 0 
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Table 15. Design reaction forces when traffic is the primary load – worst load case for support 5. 

Temperature as primary load [kN] 

Loads Left 

retaining 

wall 

Support 3 Support 4 Support 5 Right 

retaining 

wall 

Cold temperature load 0 -381 57 327 0 

Braking to the left 705 440 244 211 0 

Vertical load 142 -105 0.5 10 -55 

All loads applied 0 307 482 703 0 

Tables 13 – 15 show that the horizontal reaction forces are distributed unevenly across the 

system. When looking at support 3, the majority of the horizontal load is often carried by one 

support, while others contribute less. It is also noteworthy that the retaining walls do not 

consistently participate in the load transfer, indicating that its role in the horizontal force 

distribution is limited under certain load cases. 

4.2.5 Normal force in rail 

Based on the load cases presented in Table 12, combined with the relevant partial factors and 

α-factor according to section 2.6.1, the resulting normal forces within the rail at the ends of 

the bridge are presented. Tables 16 – 18 shows both the normal forces and the percentage. The 

percentage refers to the proportion of the applied load that is carried by the rail itself and 

transferred to the embankment, while the remaining portion is transferred to the substructure 

of the railway bridge. This provides a comprehensive analysis of the load distribution, where 

a negative sign indicates a force directed to the left in the global coordinate system. 

Table 16. Design normal forces when traffic is the primary load – worst load case for support 3. 

Traffic as primary load 

Loads N, rail leftside [kN] N, rail rightside [kN] Precentage [%] 

Cold temperature load -662 659 72 

Braking to the right -662 -648 37 

Vertical load -40 48 18 

All loads applied -1021 -480 43 
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Table 17. Design normal forces when temperature is the primary load – worst load case for support 3. 

Temperature as primary load  

Loads N, rail leftside [kN] N, rail rightside [kN] Precentage [%] 

Cold temperature load -713 709 65 

Braking to the right -621 -606 44 

Vertical load -32 39 19 

All loads applied -1099 -135 44 

 

Table 18. Design normal forces when traffic is the primary load – worst load case for support 5. 

Temperature as primary load  

Loads N, rail leftside [kN] N, rail rightside [kN] Precentage [%] 

Cold temperature load -713 709 65 

Braking to the right 598 610 43 

Vertical load -32 39 19 

All loads applied 193 1124 47 

As shown in the Tables 16 – 18, the various load cases exhibited similar patterns in how the 

forces are distributed. For the individual load cases, it is evident that temperature-induced 

loads are predominantly carried by the rails, with an average of approximately 70% of the 

total force being transferred through the track. In contrast, vertical traffic loads result in an 

average of only 19% of the force being transferred via the rail, indicating a greater reliance on 

the substructure. Horizontal loads demonstrate a more balanced distribution, with the rails 

carrying an average of around 41% of the total load. When all loads are simultaneously 

applied, the load distribution aligns closely with the trend observed for horizontal loading, 

with an average of approximately 45% of the total force being carried by the rail. 

4.2.6 Horizontal system equilibrium  

Additionally, horizontal equilibrium in the system was verified by summing the 

corresponding rows from the relevant tables, where each row represents the horizontal forces 

at different positions along the bridge. Specifically, the values in each row of Table 13 were 

added to the corresponding row in Table 16 to obtain the total horizontal force at that location. 

The same procedure was applied to Table 14 and Table 17, as well as Table 15 and Table 18. 

When verifying equilibrium, applied loads such as braking have also been included in the 

relevant load cases. Namely, the case with all loads applied and the case involving horizontal 

traffic loads. This approach ensures that the total applied load is balanced by the resulting 

reaction forces, confirming consistency in the force distribution across the system.  
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5 Discussion 
This chapter presents a discussion of each specific bridge and the corresponding results. It 

also includes a discussion of the workshop conducted, with a full written summary available 

in Appendix A. 

5.1 Bryngeån 

This section interprets and evaluates the results of the investigation of the bridge across 

Bryngeån, as presented in the previous chapter. The investigation has been carried out by 

performing a sensitivity analysis to assess the influence of three key factors: spring stiffness 

between rail and base, embankment length, and loading conditions. The focus lies on 

understanding the underlying mechanisms, comparing the effects of different modeling 

assumptions, and assessing their practical implications. 

Although axial stresses in the rail are typically the primary consideration for TBI analysis 

according to CEN/TR 17231:2018, section 10.2, bending stresses at critical points (such as 

the top or bottom of the rail) may be more sensitive to changes in the system. Since bending 

stresses are most pronounced at the outer edges of the rail, small variations in stiffness or load 

distribution could have a disproportionate effect on the overall stress response. Therefore, 

while axial stresses are essential for designing, bending stresses offer valuable insight into 

how changes in the system might influence the rail’s behavior under different load conditions. 

5.1.1 Vertical springs between rail and bridge 

The interaction between the rail and the bridge is modelled using connectors with defined 

stiffness properties in both the longitudinal and vertical directions. The longitudinal stiffness 

is specified in the Eurocode and is described using a bilinear model, as explained in Section 

2.7.1.3. In contrast, the vertical stiffness depends on the structural surroundings of the track 

and bridge, intended to represent the vertical behavior of the ballast or other structural parts in 

cases where ballast is absent. As this property varies depending on the track configuration, no 

specific value is prescribed by current standards. 

To investigate the influence of the vertical interaction behavior, the analysis was limited to a 

comparison between linear and bilinear vertical stiffness models referred to as sensitivity 

analysis A. For the bilinear stiffness model for Bryngeån, the gravitational forces of the 

ballast had to be determined, as these forces define the transition point in the bilinear 

response. Two different configurations of spring stiffness were considered: A1 representing 

linear stiffness for both the tensile and compressive zone and A2 assuming negligible tension 

stiffness. The aim of this sensitivity analysis was to investigate if the bending stress peaks 

around the supports would change in magnitude if the stiffness behavior of the connectors 

changed.  
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The results indicate that the use of a bilinear stiffness model did not lead to any significant 

differences. This suggests that a linear stiffness model is sufficient to capture the behavior of 

the combined system. This raises interesting questions about the sensitivity of the system to 

variations in stiffness assumptions and highlights the robustness of the horizontal force 

distribution despite changes in the spring stiffness model. 

One important factor that could influence the results is the location on the rail where 

measurements or analyses are focused. In this study, a point on the top of the rail was chosen 

for investigation, which led to the analysis of bending stresses. This is significant because the 

top of the rail typically experiences compressive forces, while the bottom experiences tensile 

forces tensile forces. These differing stress conditions can have a substantial impact on the 

behavior of the rail under load. As a result, focusing only on the top of the rail may not fully 

capture the range of stresses and deformations occurring throughout the rail. If a different 

point, such as the bottom or side, had been chosen, the results could have looked quite 

different, potentially showing higher tension or different failure modes. The choice of 

observation point could be particularly important in bridges with different structural 

configurations. This makes it essential to consider multiple locations in the cross-section of 

the rail to capture critical behaviors. 

In this sensitivity analysis, the negligible tension stiffness of the springs was demonstrated by 

assigning a tension stiffness value of 2 kN corresponding to the weight of the ballast and rail. 

For the specific bridge examined in this study, this assumption did not result in any noticeable 

changes in either the bending stresses at the top of the rail or in the reaction forces. However, 

for other bridge configurations, particularly those in which the connectors are more 

significantly subjected to tensile forces, this parameter adjustment could potentially influence 

the stress distribution and reaction forces. 

5.1.2 Support stiffness 

The second sensitivity analysis, B, focused on the impact of varying the horizontal stiffness of 

the fixed support, aiming to understand how this modification would affect overall system 

performance, particularly the reaction forces and additional stress distribution within the rail. 

Given that boundary condition is a critical parameter in load-bearing systems, this analysis 

provides insights into the potential benefits of using a more flexible support configuration. 

The comparison between the two support configurations, the pinned support (B1) and the 

horizontal spring support (B2), highlights the significant influence of support stiffness in both 

the horizontal forces at the support and the distribution of bending stresses in the rail. This 

effect can be attributed to the system becoming more uniform in terms of boundary 

conditions, resulting in a more even distribution of forces throughout the structure. A more 

balanced force distribution reduces the likelihood of excessive localized bending stresses 
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However, it is important to note that the choice of support type must align with real-world 

conditions for the results to be applicable in a design context. While this sensitivity analysis 

suggests that a less stiff support may be beneficial for overall performance, the stiffness 

values used for the horizontal spring in this analysis may be somewhat low to fully reflect 

real-life scenarios.  

5.1.3 Model length 

The length of the embankment is an interesting parameter, both due to its mechanical 

influence on the system response and its impact on the computational time required for each 

test run. Naturally, a larger model leads to longer simulation times. To evaluate how the 

embankment length affects the structural response, an analysis was performed in which the 

embankment was extended, referred to as sensitivity analysis C. Since neither the Eurocode 

nor Trafikverket’s national regulations specify an upper limit for embankment length, and 

only a lower limit of 100 m is recommended by UIC, it was considered more relevant to 

investigate the effects of a longer embankment. In theory, a longer embankment could enable 

more connectors to contribute to stress distribution in the rail. 

In this sensitivity analysis, both vertical and horizontal traffic loads were applied across the 

entire bridge and the loads were maximized either towards the left or right end of the model. 

Due to the differing boundary conditions at each end, the analysis aimed to assess whether 

these, in combination with the embankment length, influenced the results.  

The results indicate that extending the embankment beyond 300 m does not significantly 

influence the bending stress response in the rail. From an engineering perspective, increasing 

the embankment length to 500 m does not contribute to a meaningful reduction or alteration in 

stress levels under the applied load cases. The stiffness effect introduced by the additional 

embankment appears sufficiently small to be disregarded in bending stress evaluations. 

Supporting this, it is worth noting that the analysis time nearly doubled when using the 500 m 

model compared to the 300 m case. Given the minimal difference in results, this increase in 

computational effort is not justified and may be considered impractical for routine or large-

scale analyses. 

Furthermore, when examining the plots in detail, one can observe that the bending stresses 

approach zero around a distance of 70 m from the center of the model. This suggests that the 

structural influence of the embankment becomes negligible beyond this point. Based on this, 

it can be argued that an embankment length of approximately 70 m may be sufficient to 

accurately capture the stress behavior in the rail, potentially reducing model size and 

computation time even further. This is closely aligned with the FEM modeling 

recommendations provided by UIC, which state that an embankment should be at least 100 m 

long to achieve a realistic representation of additional bending stresses. 
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5.2 Workshop 

A workshop was conducted to support the interpretation and application of Eurocode in 

relation to TBI. The aim was to promote a shared understanding of relevant standards, clarify 

modelling assumptions and explore practical simplifications. Participants from universities, 

industry and authorities took part in the workshop. Following an initial presentation, they 

engaged in discussions that helped identify key challenges and outline potential directions for 

future work. 

An aspect that was noted during the workshop was the presence of large horizontal reaction 

forces resulting from vertical train loading for the bridge across Bryngeån. This phenomenon 

appeared consistently across all sensitivity analyses, as well as in the TBI simulations 

performed in the previous study by Nolinder [5]. During the workshop with experts in the 

field, this observation raised several concerns. One of the participants, an academic and 

railway bridge specialist from KTH in Stockholm, conducted a quick validation of the 

phenomenon and obtained similar results. 

The phenomenon is primarily attributed to the eccentricity between the rail and the bridge’s 

neutral axis. When vertical train loads are applied, the main girder bends, causing its upper 

flange to shorten in horizontal direction. This phenomenon can be seen in Figure 32. 

 

Figure 32. Comparison between an unloaded bridge and a bridge subjected to a combination of loads: a warm temperature 

load, a centered traffic load, and braking forces acting to the right. 

Since the girder is fixed at one end, and there is a vertical offset between the support and the 

system line, the curvature causes the neutral axis to shift laterally toward the movable bearing. 

This results in relative displacements between the top of the bridge girder and the rail, 

generating horizontal forces in the rail and a corresponding horizontal reaction force at the 

fixed support.  

While an underlying mechanism has been proposed, the actual magnitude of the forces 

involved continues to raise concerns. In cases where TBI is not applied, such forces are 

typically not accounted for, which may contribute to unfavorable outcomes if they do occur. 

However, it remains uncertain whether the phenomenon arises from real physical behavior or 

is merely a modeling artifact. The current explanation relies on the assumption of full 

composite action between the track and the deck, which may not accurately reflect actual 

conditions. In practice, some degree of local slip may take place, allowing relative movement 

and thereby limiting the development of significant restraint forces. 
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The presented results showed a maximum horizontal reaction force directed toward the 

embankment, suggesting that the earth could help resist this force. However, a concern was 

raised regarding the scenario where this horizontal force is directed toward the river, as the 

resistance would likely be much lower. This would make it of greater importance to consider 

the design of the bridge.  

When using models in engineering, it is essential to acknowledge that they are simplified 

representations of reality. Without validation against actual measurements such as field data, 

the model can’t be assumed to be a perfect representation of the real world. Without this, 

there’s a risk of relying too heavily on the model’s predictions. In some cases, models are 

adjusted to better match real-world data through a process known as system identification. It’s 

also important to note that nonlinear models, which are used to represent more complex 

systems, tend to be very sensitive to small changes. This sensitivity can lead to large 

differences in results, which raises concerns about their reliability in a design context. 

5.3 Sege å 
This section presents an interpretation and evaluation of the analytical results obtained from 

the structural investigation of the bridge over Sege å, as outlined in the preceding chapter. The 

investigation was conducted through the development of a computational model of the bridge, 

incorporating calculations of axial stresses and horizontal reaction forces under various load 

cases. The primary objective is to gain a deeper understanding of the structural behavior, 

assess the effectiveness of the proposed design solution and determine its compliance with the 

relevant Eurocode requirements.  

An important aspect to consider when assessing the results for Sege å is the assumed stiffness 

of the springs between the rail and the bridge or embankment. For the sake of simplification, 

the stiffness value for unballasted track was also applied to the adjacent embankments. While 

this may not accurately reflect real conditions, the assumption was made that the impact on 

the results would be similar, thus motivating the simplification. 

5.3.1 Most adverse load cases – Axial stresses in the rail 

The analysis of axial stresses in the rail of the bridge across Segeå under various load 

scenarios revealed that the most critical axial stress cases occur when temperature effects are 

combined with directional braking forces. Cold temperature loads produced tensile axial 

stresses at the ends of the rail, while warm temperatures caused compressive axial stresses in 

the same regions, reflecting expected thermal contraction and expansion behaviors. Braking to 

the left or right introduced asymmetric axial stress peaks at the respective ends of the bridge. 

These effects became particularly pronounced when combined with temperature loads, 

resulting in the most adverse axial stress conditions presented below:  

• cold temperature with braking to the left gave the highest tensile stress on the right 

side of the rail 

• warm temperature with braking to the right produced the highest compressive stress on 

that side 

Similar patterns were observed on the left side under reversed load combinations. 
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Interestingly, the vertically distributed traffic load had a small impact on axial stresses, as seen 

by its low amplitude in Figure 29. This confirms that axial stresses are governed primarily by 

longitudinal effects rather than vertical forces for Sege å. Given that the vertical distributed 

traffic load demonstrated a minimal effect on the resulting axial stresses, it can be concluded 

that the structural response is not particularly sensitive to the simplifications made in 

modeling this load. This suggests that, in the context of the current analysis, simplifying the 

vertical traffic load distribution does not significantly affect the axial stress results. 

One possible explanation for the limited influence of vertical loads lies in the bridge's 

geometry. In the unballasted Sege å bridge, with directly fastened rails, the vertical distance 

from both the bearings and the rail centerline to the neutral axis is minimized. This leads to a 

short lever arm for vertical loads, thereby reducing the generated axial stresses These 

geometric characteristics highlight a fundamental difference in load behavior between 

unballasted and ballasted track systems and may explain why vertical loads play such a 

subordinate role in this case, a relationship briefly examined by Nolinder [5]. 

An important simplification made in this study concerns the application of loads exclusively 

on the bridge itself. In reality, train loads may be situated either before or after the bridge. 

Such positioning influences the global behavior of the structural system, including both the 

bridge and the connected rail infrastructure. Similarly, braking forces applied just before 

entering or immediately after leaving the bridge can also introduce additional effects on the 

structural response.  

Although Eurocode permits this simplification for certain design scenarios, it remains 

uncertain whether the load cases examined in this study truly represent the most critical 

conditions. To strengthen the basis for design and ensure a conservative assessment of the 

bridge over Sege å, it would be advisable to explore additional load configurations, 

particularly those that extend beyond the bridge span and include the adjacent track 

infrastructure. 

Another important consideration in the calculation of axial stresses is the application of the 

dynamic factor, as outlined in Section 2.6.1.3. Based on insights from the workshop (see 

Appendix A), it was established that the dynamic factor should be applied only to the vertical 

traffic load. As previously demonstrated, the vertical traffic load has a minimal influence on 

the resulting axial stresses in the structure. Consequently, it can be suggested that the 

application of the dynamic factor would have an equally limited impact on the final results. 

In the specific case of the Sege å bridge, the dynamic factor was calculated to be 1, effectively 

having no amplifying effect. However, this observation also holds significance for similar 

structures. If an investigation reveals that vertical traffic loads contribute minimally to axial 

stresses, then the dynamic factor, being applied solely to those loads, will likewise have a 

negligible effect on the axial stress distribution.  
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5.3.2 Additional axial stresses in rail 

Based on the calculated maximum axial stresses in the rail, it can be concluded that the 

highest compressive and tensile stresses occur on the right side of the bridge. The analysis 

revealed a maximum compressive axial stress of 62.7 N/mm² and a maximum tensile axial 

stress of 73.3 N/mm². As referenced in Section 2.5, the Eurocode standard SS-EN 1991-

2:2003 specifies allowable limits of 72 N/mm² in compression and 92 N/mm² in tension for 

ballasted tracks. The calculated axial stresses therefore remain within the permissible limits 

defined by this standard. 

However, considering that this bridge is planned for future construction, it is relevant to assess 

compliance with the more recent draft of the Eurocode, prEN 1991-2:2021. This version 

proposes a unified stress limit of 112 N/mm² for unballasted track structures, regardless of 

whether the axial stress is tensile or compressive. The calculated axial stresses in this analysis 

also satisfy this updated requirement, indicating that the bridge design remains valid under 

both the current and anticipated future standards. Moreover, this provides a significant safety 

margin to ensure the bridge's structural integrity is maintained under varying conditions, even 

if the worst-case scenarios are not fully accounted for in the current analysis.  

As a result, the inclusion of a rail expansion joint is not necessary for this bridge design under 

the current load conditions. This simplifies both the structural detailing and long-term 

maintenance requirements of the rail-bridge interface. The need for such a device is 

determined by whether the additional axial stresses in the rail exceed prescribed limits. If the 

additional axial stresses remain within acceptable thresholds, expansion devices are not 

required. 

5.3.3 Most adverse load cases – Horizontal reaction forces 

By calculating the characteristic reaction forces at the bridge supports, including the three 

supports with rotational springs and the two abutment retaining walls, it was possible to 

determine which load combinations should be considered in the subsequent design 

calculations. These further calculations involve deriving the design reaction forces using 

relevant partial safety factors in accordance with Eurocode provisions. 

The results show that the most significant reaction forces result from a combination of cold 

temperature loading, braking forces directed to the right, and vertical traffic loads. The highest 

reaction force was observed at Support 3, the pinned support located to the left of the bridge’s 

midpoint. This aligns with theoretical expectations, as Support 3 is the shortest and therefore 

the most rigid, given that the cross-sectional area is the same for all column supports. 
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To enhance the reliability of the structural assessment, an additional support, Support 5, was 

selected for further investigation. This support is situated toward the opposite side of the 

bridge. The rationale for selecting Support 5 lies in the potential for a more symmetrical 

structural configuration in future designs. If the bridge were to be designed more 

symmetrically, it is likely that the resulting design reaction forces would fall somewhere 

between those currently calculated at Supports 3 and 5. This comparative analysis supports a 

more comprehensive understanding of the force distribution and provides useful insight for 

optimizing the layout of supports in future bridge designs. 

5.3.4 Horizontal reaction forces 

As presented in the tables in Section 4.2.4, the highest design reaction force continues to 

occur at Support 3. The load case in which all relevant loads, temperature, braking, and 

vertical traffic, are simultaneously applied to the bridge and rail system results in a maximum 

design reaction force of -1304 kN, indicating a direction to the left with a magnitude of 

1304 kN. This pronounced concentration of force at Support 3 reflects the influence of the 

current asymmetrical structural configuration. As previously noted, adjusting the geometry of 

the bridge to achieve a more symmetrical layout could help distribute loads more uniformly 

across the supports, thereby reducing the magnitude of the reaction force at this critical 

location. 

In addition to improving geometric symmetry, several other design strategies could be 

considered to further reduce the reaction force at Support 3: 

• Redistributing stiffness along the bridge span, for instance by modifying the cross-

sectional properties of the deck or introducing variable stiffness elements, can 

influence how loads are transferred between supports. 

• Optimizing the placement and stiffness of supports can also mitigate the transfer of 

longitudinal loads to the supports. 

• Refining the boundary conditions, for instance by adjusting the stiffness of the existing 

rotational springs at the pinned supports or introducing longitudinal flexibility, can 

further influence the distribution of forces and reduce the concentration of axial loads 

at specific supports. 

Implementing one or a combination of these strategies could lead to a more balanced 

structural response, enhancing both safety and durability while potentially lowering 

construction and maintenance demands. 
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5.3.5 Force distribution within the system 

To assess how forces are distributed within the structural system, the total normal force has 

been used as an indicator of the portion of the load carried by the rail and subsequently 

transferred to the embankments. The remaining share is instead carried by the substructure 

and transmitted to the ground. This division offers valuable insight into the interaction 

between the track and the supporting structure. 

When all loads are combined an average of approximately 45% of the total force is being 

carried by the rail. This finding is particularly notable in relation to Eurocode provisions, 

which permit a 40% reduction in longitudinal restraint for bridges shorter than 40 meters. 

Despite the analyzed bridge having a total length of approximately 90 meters, the observed 

distribution of forces between the superstructure and substructure is comparable to that of 

much shorter bridges. This suggests that the simplified method prescribed for shorter bridges 

may, under certain conditions, also be applicable to longer structures. 

It is also noteworthy that in the TBI analysis performed for the case of all loads applied, the 

abutment retaining walls do not contribute to the force distribution in some load 

combinations. This may be attributed to the modeling approach but can also be interpreted 

because of the rail absorbing such a significant portion of the load that the abutment retaining 

walls experience negligible deformations and therefore contribute little to force transfer. 
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6 Concluding remarks 
Some general conclusions regarding TBI are difficult to establish, as only two different bridge 

types have been analyzed and with differing scopes. However, certain findings have proven to 

be particularly noteworthy and are worth further discussion. This chapter summarizes and 

reflects on these key insights and addresses the objectives of this thesis. 

6.1 Bridge geometry 

The analyses revealed a clear difference in dominant load effects between the two bridges 

studied. For the Bryngeån bridge, vertical traffic loads contributed most significantly to the 

stress state, whereas for the Sege å bridge, temperature-induced loads were dominant. 

Interestingly, braking and traction forces were not dominant in either case. This variation can 

be attributed to differences in bridge geometry. Notably, the influence of vertical loads was 

nearly negligible for Sege å, despite being dominant in the Bryngeån case. 

Although axle loads were only included in the Bryngeån model, their influence on stresses 

appears to be limited, suggesting that structural geometry plays a more decisive role. In the 

unballasted Sege å bridge, the minimized vertical distance between both the bearings and the 

rail to the neutral axis reduces the lever arm for vertical loads, thereby reducing their impact. 

This highlights a structural advantage of unballasted systems. 

The minimal contribution of vertical traffic loads also confirms that the applied 

simplifications in load modeling had a limited influence on the results. Consequently, vertical 

load and its dynamic effects may be of minor importance in bridges where axial and 

horizontal actions dominate.  

Overall, the results suggest that unballasted railway bridges, due to their geometry, are less 

affected by vertical loads and primarily governed by temperature and longitudinal forces. 

While this trend is notable, its general applicability to all unballasted bridges requires further 

validation. 

6.2 Updated design codes on expansion device requirements 

The results presented in this thesis do not allow for a definitive conclusion regarding the 

maximum permissible length of a railway bridge with continuously welded rails that can be 

constructed without the inclusion of an expansion device. However, a relevant consideration 

is the Eurocode, as a second-generation version, prEN 1991-2:2021, is currently under 

development. During the transition period between the two standards, railway bridge projects 

planned for the near future may be designed according to the new version rather than the 

current one, SS-EN 1991-2:2003. The upcoming standard allows for higher permissible stress 

levels, 112/112 N/mm2 (compression/tension) for unballasted tracks compared to 72/92 

N/mm2. This implies that, under otherwise unchanged conditions, longer bridges without 

expansion devices may be permissible according to the forthcoming standard. 
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6.3 Force distribution to substructure 

Overall, the results highlight the significant role of the rail in distributing longitudinal forces 

within the bridge system, particularly in systems where temperature-induced and horizontal 

loads dominate. While vertical loads are largely managed by the substructure, a substantial 

portion of other load types is carried directly through the track to the embankments. When all 

loads are combined, nearly half of the total force is transferred by the rail, indicating a load-

sharing behavior comparable to that observed in shorter bridges. This suggests that the 

simplified design method, such as those permitted by Eurocode for spans under 40 meters, 

may under certain conditions also be applicable to longer railway bridges. Furthermore, the 

negligible contribution of the abutment retaining walls indicates that the rail alone can absorb 

large force magnitudes without requiring additional support from these components. 

6.4 Interaction between rail and bridge deck 

The sensitivity analysis conducted on the Bryngeån bridge showed that the choice between 

linear and bilinear vertical stiffness models for a TBI has minimal impact on the resulting 

additional bending stresses in the rail. While slight variations were observed in regions with 

high tensile stress, particularly near support locations, these differences were small enough to 

be considered negligible. The assumption of no tension stiffness in the springs did not 

significantly affect the bending stress distribution, regardless of whether the load was tensile 

or compressive. This conclusion is further supported by the identical horizontal support 

reactions observed under both stiffness assumptions. 

Based on these findings, it can be concluded that using a linear stiffness model, as opposed to 

one assuming negligible tension stiffness, does not compromise the accuracy of the analysis. 

Therefore, linear stiffness assumptions can be safely applied in the modelling of TBI without 

significantly affecting the overall results. 

However, it remains uncertain whether these findings are specific to the Bryngeån bridge or 

bridges with similar geometries, or if they indicate a broader trend. Therefore, further studies 

involving a variety of bridge geometries and configurations are recommended to confirm the 

general applicability of this conclusion. Additionally, investigations into the impact of the 

horizontal stiffness assumptions could help verify whether the observed trend holds under 

refined modelling conditions. 

6.5 Influence of boundary conditions 

The boundary conditions applied in the modelling process are crucial for obtaining reliable 

results. Although the sensitivity analysis was conducted on a single bridge, the findings 

highlight the potential significance of horizontal support stiffness in TBI analysis. If this 

aspect proves consistently relevant, as suggested by the current findings. Accurately 

estimating horizontal stiffness could lead to a reduction in additional rail bending stresses, 

potentially eliminating the need for rail expansion devices. This, in turn, could result in both 

construction and maintenance cost savings over the bridge’s service life. 



67 

 

 

The analysis also shows that lower horizontal support stiffness significantly reduces both the 

reaction forces at the support and the bending stresses in the rail. Consequently, it can be 

concluded that lower stiffness in the support is beneficial for mitigating reaction forces and 

rail bending stresses. However, this investigation highlights the need for further studies on 

this topic, suggesting that horizontal stiffness should be carefully considered when designing 

railway bridges. 

6.6 Influence of embankment length 

The results of sensitivity analysis C, which focused on the embankment length, showed no 

significant difference in rail bending stresses between models with 300 m and 500 m total 

embankment length. This suggests that a length of at least 50 m of unloaded embankment 

beyond the loaded area is sufficient to capture the additional bending stresses in the rail. 

However, if the unloaded portion begins directly at the bridge end, an embankment length of 

at least 100 m is recommended, in accordance with UIC guidelines presented in the UIC Code 

774-3R [15].  

It is important to note that sensitivity analysis C was conducted on a single bridge, and while 

the results align with theoretical expectations, further studies are necessary before 

generalizing this conclusion. 

6.7 Insights from deviations from Eurocode 

All analysis results remained within the permissible stress limits of both the current Eurocode, 

SS-EN 1991-2:2003, and the upcoming second-generation version, prEN 1991-2:2021. 

Therefore, insights regarding deviations from Eurocode requirements can’t be assessed. 

However, an interesting consideration presented itself during the analysis. For future projects 

occurring during the transition period between two versions of the same code, the choice of 

standard can affect the design outcome since the requirements may have changed.  

This case illustrates how the selection of a design standard during a transitional phase can 

alter the assessment process. For planned infrastructure, aligning with the latest standards is 

crucial, not only to reflect up-to-date technical knowledge but also to realize potential 

economic and technical benefits. Moreover, this situation highlights how the Eurocode's 

conservative approach to stress limits ensures safety under a broad range of conditions, 

though it may limit the adoption of innovative or cost-effective solutions. As the building 

industry evolves, it will be essential to periodically reassess regulatory limits to maintain a 

balance between safety, sustainability and efficiency while embracing new technologies and 

materials. 
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7 Suggestions for future research 
Although this report has provided valuable insight into TBI, the complexity of the subject 

leaves room for further exploration. Several aspects have been identified where additional 

studies could contribute to a deeper understanding of TBI. Continued research in these areas 

could support more refined design methods and improve the long-term performance and 

safety of railway infrastructure. 

7.1 Refining modelling approaches 

Simplifications are necessary in numerical modelling, but the choice of element type 

significantly influences the accuracy of the results. While this study was limited to beam 

elements, future work could explore the use of plate elements or a combination of both to 

better capture critical aspects of TBI. Additionally, adopting a probabilistic approach that 

accounts for uncertainties could provide further insights. Together, these strategies could help 

identify models that strike a better balance between accuracy and practical applicability. 

7.2 Expanded sensitivity analysis and alternative modelling features 

Future studies could build upon the sensitivity analyses conducted for the bridge across 

Bryngeån in this thesis. By applying similar methods to bridges with varying structural 

geometries, researchers could draw broader and more generalizable conclusions. Additionally, 

alternative modelling approaches, such as introducing a friction spring at the opposite support 

to simulate a resisting force, could be explored to evaluate their impact on TBI. Collectively, 

these efforts would help identify the most influential parameters and enhance the reliability of 

TBI assessments across a wider range of bridge configurations. 

7.3 Influence of geometry on TBI 

As highlighted throughout the report, geometry played a significant role in determining the 

dominant loads and how the bridge responded. By further investigating the influence of 

geometric parameters such as symmetry, it may be possible to identify simplifications for 

certain configurations and generalize these findings for broader application. 

7.4 Optimizing embankment length 

A study on the minimum required length of embankments in numerical models could help 

streamline the modeling process by reducing computation time. This would not only increase 

efficiency but also allow for the investigation of a greater number of cases within the same 

timeframe, potentially offering more comprehensive insights into TBI and enabling better 

informed decisions in bridge design and maintenance. 
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7.5 Partial factors in non-linear analysis 

Partial factors provided by the Eurocode are based on simple load configurations and are not 

specifically intended for use in non-linear analyses. Previous studies have shown that 

applying these factors in non-linear contexts, such as TBI, may lead to overly conservative 

results and unnecessarily over-dimensioned structures. Further research could help adapt or 

refine partial factors for non-linear analysis, benefiting not only TBI studies but also 

improving efficiency in structural design more broadly. 

7.6 TBI for multi-track railway bridges 

Modern railway bridges often carry two or more tracks, which increases the complexity of 

TBI. Although Eurocode provides some guidance, further studies could explore the interaction 

effects in more detail and evaluate whether simplified or generalized calculation methods can 

be developed. Such research could offer valuable support for the design and assessment of 

multi-track bridges, complementing current standards. 

7.7 TBI under high-speed trains 

High-speed trains are central to the expansion of modern railway networks, but they introduce 

larger dynamic effects. Further investigation could deepen the understanding of how high-

speed traffic impacts structural behavior, helping to ensure safe and efficient bridge design 

tailored to the demands of future high-speed rail systems. 

7.8 Influence of load application sequence in TBI analysis 

TBI involves the combined effects of temperature, vertical and horizontal loads. Since these 

loads cannot be applied simultaneously in numerical models, the sequence of their application 

must be defined. Further research could explore how different load application orders 

influence the structural response and whether certain sequences produce more critical or 

representative outcomes. Identifying preferred sequences could enhance the accuracy and 

consistency of TBI analyses. 

7.9 Horizontal reaction forces induced by vertical traffic loads 

During the workshop, notable horizontal reaction forces resulting from vertical traffic loads 

raised questions about whether this phenomenon reflects real structural behavior or is an 

artifact of the modelling approach. Further investigation is needed to clarify the origin of 

these forces and assess their impact on TBI. A better understanding could improve modelling 

strategies and ensure that design considerations accurately reflect the actual behavior of 

loaded railway bridges.  
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Appendix A – Workshop 

Objectives and structure 

The workshop was held on April 1, 2025, and conducted digitally via the Microsoft Teams 

platform. Initially, a structured presentation was given, introducing the background, 

objectives, and key questions related to Track-Bridge Interaction (TBI) and the application of 

Eurocode. The presentation aimed to establish a common starting point for further discussion. 

During the workshop, participants were given the opportunity to ask questions, share 

experiences, and discuss various interpretations and practical applications of standards. In 

conclusion, the workshop was summarized, and preliminary conclusions, along with possible 

ways forward, were identified. 

Purpose 

The purpose of the workshop was to gather expertise from the universities, industry and 

authorities – represented by Lund University (LTH), the Royal Institute of Technology 

(KTH), Skanska and the Trafikverket (Swedish Transport Administration) – to collectively 

interpret relevant standards, particularly Eurocode, in relation to TBI analyses. 

The purpose can be broken down into the following points: 

• Deepen the shared understanding of how Eurocode and associated regulations should 

be interpreted and applied in TBI analyses. 

• Explore and propose possible simplifications that can be applied in practice without 

compromising safety and reliability. 

• Clarify which assumptions and simplifications are appropriate to apply in system 

calculations related to TBI. 

• Promote consensus and knowledge exchange among stakeholders to strengthen both 

the theoretical understanding and practical application of relevant standards. 

The workshop served as an important platform for building common understanding and 

establishing guidelines for future work in the field. 

  



74 

 

Participants 

Moa Magnusson, LTH Master’s thesis student 

Rakel Nilsson, LTH Master’s thesis student 

Ivar Björnsson, LTH 

Karl Lundstedt, Skanska 

Pontus Nyberg, Skanska 

Fredrik Carlsson, Trafikverket 

Kurt Palmqvist, Trafikverket 

Andréas Andersson, KTH/Trafikverket 

Results 

Which forces should be transferred from TBI into the bridge's system 
calculation? 

TBI is a non-linear calculation method that includes partial factors, which makes it 

inconsistent to directly transfer the results to a linear system calculation. The discussion did 

not lead to a concrete conclusion, but it was emphasized that certain results from TBI, such as 

horizontal reaction forces, should be considered as they are not negligible. However, the 

question of how these forces should be implemented in the system calculation remained 

unanswered. Additionally, it was noted that the distribution of forces between the supports and 

the embankment is not clear, further complicating the calculation process. 

How are the stresses in the bridge calculated – axial stresses or bending 
stresses? 

The local bending of the rail occurs when the bridge deforms, which leads to stress peaks in 

the plotted results from the bending stress analysis. However, it is important to distinguish 

between the upper and lower surfaces of the rail, as different phenomena occur at these 

locations. At the rail foot, the risk of fatigue is greatest, while contact forces and stresses are 

of greater relevance at the rail head.  

The axial stress does not exhibit the same stress peaks that appear in the calculations for the 

rail’s upper surface but otherwise shows relatively similar behavior. Andréas Andersson is 

expected to provide an account of his method concerning axial stress in comparison to 

bending stress. Moa Nolinder has primarily utilized stresses derived from normal forces but 

has also noted that bending stresses may be of interest. 
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What simplifications can be made and when? 

A method for drawing conclusions about simplifications for each bridge is to use influence 

lines. For instance, attention can be directed toward a single support to determine the point at 

which analyzing the reaction force is no longer relevant. However, influence lines cannot be 

directly applied to TBI, as they require superposition and are not suitable for nonlinear 

analysis. Despite this, they can still offer insights into general behaviors. However, this 

approach is quite time-consuming and may not provide sufficient information for accurate 

conclusions. 

The discussion further addressed the relevant load length for TBI. Based on the presented 

figures, Ivar Björnsson estimated that a length of approximately 70–80 meters beyond the 

bridge supports would be reasonable for this bridge, as the graphs tend to flatten out at this 

length. According to EC, only the maximum load length is specified, but this does not mean 

that this value must be used. A question arose regarding when the most unfavorable case 

occurs, this could potentially happen at 50 meters instead of 300 meters. 

It was considered realistic to include horizontal load over a longer distance. A more relevant 

aspect to examine is the length of the model. It was noted that extending the model does not 

affect the results, which justifies an investigation into how much the model can be shortened. 

Loads that are farthest from the bridge should primarily be transferred to the embankments, 

thus having a negligible impact on the bridge results. Shortening the model could therefore 

simplify the calculations without affecting the reliability of the analysis. Investigating this is a 

suggestion for future work. 

Another point of discussion was whether the maximum braking load over 300 meters is more 

relevant for accident scenarios. However, EC does not classify this as an accident load, 

meaning that simplifications cannot be made from this perspective. According to Fredrik 

Carlsson, a train driver only brakes for three reasons: fire, unauthorized people on the tracks, 

or a signal. This raises the question of whether heavy braking over 300 meters should be 

included in the standard dimensioning or whether it should be considered an exceptional 

event. 

When should the dynamic factor be applied? 

During the workshop, the application of the dynamic factor in relation to traffic loads was 

also discussed. It was concluded that the dynamic factor should only be applied to the vertical 

component of the traffic load, in accordance with the current interpretation of the Eurocode. 

According to Andréas Andersson the dynamic factor, regardless of its magnitude, is not likely 

to have a significant impact on the overall TBI analysis results, as longitudinal forces are 

typically the most influential in these analyses.  
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Karl Lundstedt summarized the discussion by stating that, in cases where the dynamic factor 

deviates significantly from 1, it should be applied directly to the vertical traffic load, similarly 

to partial safety factors, to transparently account for the effect of dynamics in the calculation 

model. It is worth noting that applying the dynamic factor to the loads contradicts the 

Eurocode’s guidelines, which specify that it should be applied to the results. However, since 

TBI is a nonlinear calculation where the results inherently reflect all applied loads, applying 

the dynamic factor to the results would lead to an overestimation. 

 

Should simplified analysis be applied – and if so, how? 

In the part of the workshop addressing simplified analysis methods, Karl Lundstedt presented 

an analysis related to a previous master’s thesis conducted by Moa Nolinder. The analysis 

prompted discussion, particularly since the resulting forces from the simplified method were 

significantly greater than those obtained from a corresponding analysis without 

simplifications. Several participants responded to this discrepancy; however, no definitive 

conclusions could be drawn at this stage regarding the underlying causes or the suitability of 

the method. The issue was deemed to remain open for further investigation. 

 

Other questions raised 

A particularly noted point during the workshop concerned the results for the horizontal 

reaction forces in one of the load cases. It was observed that the vertical traffic load generated 

an unexpectedly large horizontal reaction force, which several participants expressed concern 

about. However, Andréas Andersson was able to confirm that this is an expected outcome, 

based on a quick calculation. He explained the phenomenon by stating that a continuous track, 

combined with the significant eccentricity between the track position and the bridge's center 

of gravity, leads to substantial horizontal forces as an indirect effect of the vertical load. 

Another topic discussed during the workshop was the outcome of a sensitivity analysis in 

which the fixed bearing in the model was replaced with a bearing equipped with a horizontal 

spring. The analysis, supported by diagrams, showed that bending stress levels in the system 

decreased when a spring-supported bearing was used instead of a fully fixed support. This 

result prompted some surprises among participants, as the mechanism behind the observed 

stress reduction was not immediately evident. Karl Lundstedt explained that the incorporation 

of horizontal flexibility enables the system to redistribute loads more effectively, thereby 

enhancing force absorption and reducing local bending stress concentrations within the 

structure. 
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Conclusion 

The workshop provided valuable insights into several key issues related to TBI (Track-Bridge 

Interaction) and its alignment with the Eurocode. A summary of the main conclusions drawn 

from the workshop is presented below: 

• Dynamic factor: Should be applied exclusively to the vertical component of the traffic 

load. While Eurocode states that the dynamic factor is to be applied to the results, in 

the context of TBI analysis, typically nonlinear, it is considered more appropriate to 

apply the dynamic factor directly to the load itself. 

• Effect of vertical loads: Vertical traffic loads can generate significant horizontal 

reaction forces, particularly in systems with continuous track and large eccentricities 

between the track and the bridge’s center of gravity. These effects should be accounted 

for in system-level analysis. The horizontal forces discussed were independently 

verified through calculations by Andréas Andersson. 

• Model simplification: The computational model can be shortened, as loads positioned 

far from the bridge are primarily absorbed by the embankment, reducing their 

influence on the bridge structure. 

• Simplified analysis methods: Resulted in considerable discrepancies in force outcomes 

compared to comprehensive analyses, raising questions regarding the validity of the 

simplifications employed. 

• Assessment of bending stresses in rails: Localized stress peaks appear at the transition 

between bridge and embankment due to bridge curvature. These peaks do not occur 

when assessing axial stresses. Andréas Andersson is expected to provide a detailed 

account of his methodology concerning the comparison between axial and bending 

stress. 
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Appendix B – Structural system for bridge across Bryngeån 
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Appendix C – Bridge parameters for bridge across Bryngeån 
Table 19. Bridge parameters. 

Bridge 

Parameter Value Unit 

Cross sectional area bridge deck 0.0845525 m2 

Distances bridge neutral layer to bearings 2.3 m 

Length of bridge 48 m 

Moment of inertia bending around z 0.999989 m4 

Shear modulus 77E9 Pa 

Sectorial moment 0.0 m4 

Torsional rigidity 0.999972 m4 

Young’s modulus concrete 35E9 Pa 

Dynamic factor, Φ 1  

Table 20. Rail parameters. 

Rail 

Parameter Value Unit 

Area of rails 0.0144075 m2 

Center distance sleepers 0.65 m 

Distance rail to bridge deck 1.3 m 

Distance bottom to rotational center 0.081 m 

Length of embankment 300 m 

Thickness lower flange 0.0115 m 

Thickness upper flange 0.051 m 

Thickness web 2x0.0165 m 

Total height of rail 0.172 m 

Width lower flange 2x0.15 m 

Width upper flange 2x0.072 m 
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Table 21. Stiffness in track parameters. 

Stiffness in track 

Parameter Value Unit 

Horizontal maximum stiffness, unloaded 20 kN/m 

Horizontal maximum stiffness, loaded 60 kN/m 

Horizontal plastic displacement, loaded 0.0005 m 

Horizontal plastic displacement, unloaded 0.002 m 

Vertical seat stiffness track 100E6 N 

Table 22. Steel parameters. 

Steel 

Parameter Value Unit 

Coefficient of thermal expansion 12E-6 K-1 

Poisson’s ratio bridge 0.3  

Shear modulus 77E9 Pa 

Young’s modulus 210E9 Pa 
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Appendix D – Structural system for bridge across Sege å 
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Appendix E – Bridge parameters for bridge across Sege å 
Table 23. Bridge parameters. 

Bridge 

Parameter Value Unit 

Cross sectional area bridge deck Span 1-2: 3.72 
m2 

Span 3-6: 5.12 

Distances bridge neutral layer to bearings 0.4 m 

Length of bridge 87.9 m 

Moment of inertia bending around z Span 1-2: 0.5158 m4 

Span 3-6: 0.1984 

Shear modulus 77E9 Pa 

Torsional rigidity Span 1-2: 0.5158 
m4 

Span 3-6: 0.1984 

Warping constant 0 m6 

Young’s modulus concrete 35E9 Pa 

Dynamic factor, Φ 1  

Table 24. Rail parameters. 

Rail 

Parameter Value Unit 

Area of rails 0.0144075 m2 

Center distance sleepers 0.65 m 

Distance rail to bridge deck 1.3 m 

Distance bottom to rotational center 0.081 m 

Length of embankment 300 m 

Thickness lower flange 0.0115 m 

Thickness upper flange 0.051 m 

Thickness web 2x0.0165 m 

Total height of rail 0.172 m 

Width lower flange 2x0.15 m 

Width upper flange 2x0.072 m 
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Table 25. Stiffness in track parameters. 

Stiffness in track 

Parameter Value Unit 

Horizontal maximum stiffness, unloaded 20 kN/m 

Horizontal maximum stiffness, loaded 60 kN/m 

Horizontal plastic displacement, loaded 0.0005 m 

Horizontal plastic displacement, unloaded 0.002 m 

Vertical seat stiffness track 100E6 N 

Table 26. Steel parameters. 

Steel 

Parameter Value Unit 

Coefficient of thermal expansion steel 12E-6 K-1 

Coefficient of thermal expansion concrete 10E-6 K-1 

Poisson’s ratio bridge 0.3  

Shear modulus 77E9 Pa 

Young’s modulus 210E9 Pa 
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Appendix F – The two least critical of four load cases for the Sege å bridge 

 

Compressive stress on the left side of the bridge across Sege å 

 

 

Tensile stress on the left side of the bridge across Sege å 
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