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Summary
 

A good deal of resources has been invested in building and maintaining existing infrastructure. 
Many structures are now becoming old and do not meet the requirements of an increasing 
traffic load, or are reaching the end of their lifecycle. It is not possible or sustainable to replace 
all those structures that have been judged to be obsolete or nearly obsolete. However, in many 
cases, their specified load carrying capacities are understated, so there is an urgent need to 
obtain more robust knowledge of their true status. In the design of new structures, a number 
of assumptions relating to loading and structural behaviour have to be made, a number that can 
be reduced by finding out more about the actual behaviour of the structure.  

This licentiate thesis describes the structural behaviour of existing unballasted open steel truss 
railway bridges in general and methods for assessment in particular, with the aim of keeping 
these structures in service for longer. 

An extensive program, divided into three phases of experimental studies, was carried out to 
increase the understanding of existing unballasted steel truss railway bridges.  

Phase I consisted of instrumentation and monitoring of a 60 year-old railway bridge (Åby 
Bridge) while it was still in service. A description of the object and the monitoring in this 
phase of measurements is presented in Chapter 3 with some results and analysis in Chapter 4. 
Some of the findings from Phase I are described in Paper A, from which it was concluded that 
the stringer beams were subjected to large stresses originating from torsion and out-of-plane 
bending. These effects are not normally considered yet may have significant consequences in 
relation to fatigue. 

In Phase II, the former bridge over the Åby River was replaced and put beside the railway 
tracks, where the instrumentation from Phase I was extended. The bridge was statically tested 
in 18 pre-defined load series before reaching failure. Phase II is described in Chapter 3 and 
summarized in Paper B. It was found that the bridge could withstand loading corresponding to 
four times the highest permitted axle-loading, or twice the design load for new bridges, before 
exhibiting an obvious non-linear behaviour with regard to vertical displacement in the mid-
span. The peak load was achieved at loading approximately 50% higher than the initial non-
linear behaviour, where lateral buckling of the top chord limited the structure from carrying 
more load. The failure can be concluded as being redundant without brittle failure of any of 
the connections. 

In Phase III, a different bridge was fitted with instrumentation and monitored while subjected 
to live loading: the bridge over the river Rautasjokk. The Rautasjokk Bridge was constructed 
five years later than the Åby Bridge, using the same drawings thus making it theoretically 
identical in terms of geometry and material. It is situated along the “Ore line”, meaning that it 
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is subjected to higher loads compared to the Åby Bridge which was located along the “Main 
line”. The program for measurements originated from a code-based assessment which ruled the 
bridge unsafe to use with regard to fatigue of the stringers due to the gusset plates welded to 
the top flange of the stringers. Paper C describes the measurement of local fatigue strains (hot-
spot) and comparison with nominal strains. In that paper, it was concluded that the hot-spot 
approach was only favourable for one out of three studied positions, with regard to fatigue 
lifespan. 

This thesis ends with conclusions and suggestions for further research. 

 

Keywords: Assessment of steel truss railway bridges, fatigue, full-scale testing, field monitoring, stringer 
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Sammanfattning
 

Stora resurser har satsats på att bygga och underhålla befintlig infrastruktur. Många av dessa 
konstruktioner börjar nu bli gamla och fyller inte längre kraven för ökande trafik alternativt att 
de når slutet av sin teoretiska livscykel. Det är inte längre möjligt eller genomförbart att ersätta 
de konstruktioner som bedöms vara eller är på väg att bli uttjänta. I många fall är den 
uppskattade kapaciteten hos dessa konstruktioner mycket konservativt bedömt. Det finns därför 
ett akut behov av att få mer grundläggande kunskap om dessa konstruktioners verkliga status. 
Vid utformningen av nya konstruktioner görs ett antal konservativa antaganden kopplade till 
last och beteende, dessa antaganden kan reduceras genom att ta reda på konstruktionens 
faktiska beteende. 

Denna avhandling handlar om det strukturella beteendet för befintliga oballasterade 
fackverksbroar för järnväg i allmänhet och metoder för bedömning i synnerhet med syftet att 
förlänga livslängden på dessa. 

Ett omfattande mätprogram, uppdelat i tre faser av experimentella studier har utförts för att öka 
förståelsen om det faktiska beteendet hos befintliga oballasterade fackverksbroar för järnväg. 

Fas I bestod av instrumentering och mätningar av en 60 år gammal järnvägsbro (Bro över Åby 
älv) medan den fortfarande var i drift. Objektet, instrumentering samt delar av resultaten för 
denna fas av mätningarna presenteras i kapitel 3. Paper A grundar sig på mätdata utfört i denna 
fas, där det konstaterades att de längsgående balkarna utsattes för stora påfrestningar som härrör 
från vridning och böjning ut plan. Detta är effekter som normalt inte beaktas och kan ha 
förödande konsekvenser med avseende på utmattning. 

Inför Fas II hade den före detta bron över Åby älv bytts ut och placerats vid sidan av 
järnvägsspåret där instrumenteringen av bron utökades. Bron testades i 18 fördefinierade 
lastsekvenser varav den sista lastades till brott. I kapitel 3 och Paper B sammanfattas dessa 
mätningar där det kunde konstateras att bron motstod en last motsvarande fyra gånger den 
tillåtna max-lasten för den aktuella spårsträckningen eller två gånger den dimensionerande last 
som används för nya broar på malmbanan innan ett icke-linjärt beteende med avseende på 
nedböjning av huvudfackverket i mitten på bron kunde identifierades. Max-lasten uppnåddes 
vid en lastnivå som var ungefär 50 % högre än den när ett icke-linjärt beteende identifierats 
och begränsades av knäckning av den övre ramstången i huvudfackverket. 

I Fas III utfördes mätningar på annan bro, bron över Rautasjokk, medan denna var i bruk och 
utsattes för trafiklast. Bron över Rautasjokk byggdes fem år senare än bron över Åby älv men 
baserat på samma ritningar, vilket gör den identisk med avseende på geometri och material. 
Bron över Rautasjokk ligger belägen längs med ”Malmbanan” vilket innebär att den blivit 
utsatt för högre laster än bron över Åby älv som var placerad längs ”Stambanan”. 



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

vi 
 

Mätprogrammet för den här bron var till stor del baserat på den normbaserade 
tillståndsbedömningen som tidigare gjorts, där bron dömdes ut med avseende på utmattning. 
Där knutpunkten mellan horisontalstagningen och långbalkarna identifierats som en kritisk 
punkt.  I Paper C jämförs mätta lokala utmattningstöjningar med nominella töjningar, där det 
konstateras att den lokala metoden bara var fördelaktig för en utav tre studerade positioner med 
avseende på livslängd för utmattning. 

Avhandlingen avslutas med slutsatser samt förslag till framtida forskning. 

 

Nyckelord: Tillståndsbedömning av fackverksbroar av stål för järnväg, utmattning, fullskaleförsök, fältmätningar, 
långbalk 
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Notation & Abbreviation
 

Abbreviation Description 

AASHTO American Association of State Highway and Transportation Officials 
CSA Canadian Standards Association 
DAF Dynamic Amplification Factor 
FEM Finite Element Method 
FLS Fatigue Limit State 
FORM First Order Reliability Method 
HLRC Hjalmar Lundbom Research Centre  
JCSS Joint Committee on Structural Safety 
LTU Luleå University of Technology 
LVDT Linear Voltage Displacement Transducer 
NEN Netherlands Standards Institute 
RQ Research question 
SB Sustainable Bridges 

SBUF 
Swedish Construction Industry´s Organisation for Research and 
Development 

SHM Structural Health Monitoring 
SIA Swiss Society of Engineers and Architects 
SLS Service Limit State 
SORM Second Order Reliability Method 
ULS Ultimate Limit State 

Symbol Description 

Jc fracture toughness 
Strain 

M1 Bending 
M2 Secondary Bending 
N Axial force 
T Torsion 

Reliability safety index 
E Load Effect 
R Load carrying capacity 

M Mean value for the limit state function 

M Standard deviation for the limit state function 
 



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

 

  



 
 

 

 
 
 
 
 

Part I 
  



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

 

 



Introduction 

1 

 

 

 

1. Introduction
 

 Background
The majority of bridges are built with the intention of them lasting for a long time, with road 
and railway bridges designed to last at least 100 years. They have therefore been optimized 
based on assumptions of what the future may bring. However, aspects such as traffic volume, 
weight, and environmental impacts are all difficult factors to predict.  

These aspects become more apparent when studying old structures. One hundred years ago, 
the world population was less than one third of its current level, cars were rare and the first 
trucks were just starting to appear. These combined factors led to narrow road bridges, 
designed for lightweight vehicles. Over time, such bridges became too narrow for more 
modern vehicles and were replaced before the end of their planned lifespan. About 200,000 of 
300,000 European railway bridges were more than 50 years old around the turn of the 
millennium (Bell, 2004), indicating that the same dramatic transition is not what happens to 
railway bridges.  

Even though the changes have not been of the same magnitude as for road bridges, the 
requirements for railway bridges have increased. Operators often want their trains to go faster, 
with more and heavier loads then before. Passenger traffic has increased by 75% on the 
Swedish railways over the last 25 years (Niilimaa, 2015). The Swedish traffic administration 
recently announced that 16 railway bridges are in such bad condition that maximum 
permissible traffic weight and/or speeds will have to be reduced (Jönsson & Lundström, 2016). 

When bridges are subjected to changes (e.g. load, intensity, damage or reaching the end of 
their designed lifespan), they are normally assessed for their load carrying capacity.  

It is generally agreed among researchers that design codes should only serve as an initial 
estimation for the assessment of existing structures (Kuhn et al., 2008; Lippi et al., 2014). 
Making changes to the design of existing structures is often associated with high costs. The 
benefit of existing structures is, however, that they have already been built, and uncertainties 
related to parameters such as constraints, loads, load effects and composite action can be 
reduced leading to a more accurate assessment and a possible prolonging of their lifespan. Proof 
loading is another alternative for keeping existing bridges in service for longer. It has been 
suggested that simple models often overestimate the actual stress on a structure by 10 – 40 % 
(Kuhn, 2008). When assessing FLS (Fatigue Limit State), a 25% overestimation of stresses will 
reduce the predicted lifespan of a normal component by about 50%.  
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Linear behaviour predictions from measurements of service loads are not always applicable for 
ULS (Ultimate Limit State) where, for ductile structures, failure/collapse is reached first after 
substantial non-linear redistribution of forces. In the assessment for ULS it is therefore 
important also to consider the robustness and redundancy of the structure. This thesis describes 
a project where robustness and redundancy were tested by loading a 60 year-old unballasted 
steel truss railway bridge to failure. 

 Hypothesis, aim and research questions
Hypothesis: Gaining better understanding of the in-situ structural behaviour will provide 
better assessment of the residual life span of existing steel truss bridges 

Aim: The main objective of this thesis is to investigate the structural behaviour of 33m long 
unballasted steel railway truss bridges in general and two truss bridges in particular. It is also of 
interest to assess these specific bridges’ load carrying capacities and create guidelines for future 
assessments of these types of bridges. 

Research questions: The research is adapted and formulated in order to find answers to the 
following questions: 

RQ1: Do 3D effects (Out of plane) have to be considered when assessing longitudinal 
stringers? 

RQ2: What is the structural load carrying capacity, and how do open steel truss railway 
bridges fail? 

RQ3: How should these types of bridges be modeled and assessed for their load carrying 
capacity?  

 Limitations
For this thesis, the focus has been on the superstructure. Failures in the substructure do not 
cause direct changes to the static system of a single span bridge and are not therefore 
considered. Figure 1-1 shows the type of bridge studied. 

This thesis focuses on limit state loading ULS, SLS and FLS. Corrosion and other types of 
environmental degradation have not been directly considered. 

Measurements of live loading include a dynamic contribution due to the forces exerted by the 
moving trains. Apart from the DAF (Dynamic Amplification Factor) described in the code-
based assessment, this has not been studied. 

 
Figure 1-1 3D view of the bridge type studied 
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 Scientific approach
The study presented in this thesis followed a number of steps to answer the stated research 
questions. The initial step was to carry out literature studies related to assessment methods for 
existing bridges, monitoring techniques and fatigue. A code-based assessment followed where 
the Rautasjokk Bridge was studied (Häggström, 2014). Based on the outcome of this work, it 
was discovered that there was a need for further research into assessment methods. Educational 
courses were taken providing greater understanding in the field of steel structures, reliability of 
structures and scientific work. From the foundation created by identifying a need and a greater 
understanding, work was carried out to find what research had already been carried out. 

Field monitoring could then be carried out on the Rautasjokk Bridge, using local fatigue 
assessment methods found in literature and by communicating with other researchers. The 
method was applied to the previously identified critical details where fatigue was likely to start, 
that place being the gusset plate welded to the top flange of the stringer. This was identified by 
Häggström (2014). 

Conclusions were then drawn by evaluating measurements, together with model updating and 
analysis of results. Findings have been presented in papers, reports and in this thesis. 

 

 Outline
Chapter 1 gives a brief background and explains the need for research in the subject. The 
objectives, research questions as well as the limitations and scientific approach are all presented.  

Chapter 2 gives an overview of existing approaches and research within the field of assessing 
bridges. Both ULS and FLS are considered with the focus on steel railway bridges. In this 
chapter, some recent developments of assessment codes in different countries are also 
described. 

Chapter 3 describes the case study of the bridges over the Åby and Rautasjokk rivers, and also 
the methodology and measurement program, 

Chapter 4 briefly summarizes the findings from evaluation of the measurements 

Chapter 5 concludes Part 1 by describing findings related to the formulated objectives and 
provides suggestions for future research.  

 

 Summary and appended papers
Paper A 

“Stringer behaviour in unballasted steel truss railway bridges with wooden crossties” by Jens 
Häggström, Thomas Blanksvärd and Peter Colin.  

This paper describes the analysis of the stringer behaviour of 33 m long steel truss railway 
bridges (over the Åby and Rautasjokk rivers) when subjected to live loading. The work linked 
field measurements to theoretical models and simulations. It was concluded that the flexibility 
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of crossbeams, crossties and the rails has a major influence on the moment distribution of 
stringers and that the stringers should be regarded as a part of the main system rather than as a 
separate structure. Further, it was found that the stringer beams on the studied bridges were 
often subjected to secondary bending and torsion; a method for quantifying these components 
was presented. The paper addressed the need for methods to quantify out-of-plane actions for 
engineering purposes since these effects impact fatigue life. To be submitted. 

This paper was evaluated and written by Häggström. Field measurements were planned and carried out by 
Blanksvärd. Collin contributed with his thoughts and opinions throughout the process of writing the paper.  

Paper B 

“Full-scale testing to failure of a steel truss railway bridge” by Jens Häggström , Thomas 
Blanksvärd, Peter Collin and Yongming Tu.  

This paper summarizes some results of static testing of a 33 m long steel truss railway bridge 
(over the Åby River). The bridge underwent several load steps, finally leading to failure. It was 
concluded that the bridge could withstand a total load of about 8MN before significant 
yielding and a peak load of almost 11MN which corresponded to a load effect almost six times 
the regulated axle load. Failure was ductile where buckling of the top chord eventually 
prevented the bridge from taking more load. Accepted for publishing in Bridge Engineering 
ICE (Institution Of Civil engineering). 

This paper was evaluated and written by Häggström. Field measurements were planned and carried out by 
Blanksvärd. Collin contributed with his thoughts and opinions throughout the process of writing the paper. 
Tu contributed with Finite Element Modeling.  

Paper C 

“Fatigue assessment of stringer beams using structural health monitoring” by Jens Häggström, 
Thomas Blanksvärd and Peter Collin.  

This paper describes work focused on fatigue, where measured nominal strains were compared 
with measured local strain (hot-spot). By the use of local approaches, the geometrical stress 
raising factor can be considered as a load effect rather than requiring extra safety margins to 
meet load capacity. It was expected that the hot-spot would be more beneficial from an 
assessment perspective, but the method only proved favourable for one out of three studied 
parameters. Published in the 19th Congress of IABSE (International Association of Bridge and 
Structural Engineering). 

This paper was based on tests planned, carried out and evaluated by Häggström who was also the author. 
Blanksvärd contributed throughout the whole process and Collin throughout the process of writing the 
paper.  
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2. Assessment of bridges
 

 Introduction
The standard procedure for the design of structural members is to calculate load effects (E) 
determined by code-based loads for comparison with code-based capacity (R). As long as 
R>E, including safety factors to ensure unexpected events can be coped with, the design is 
deemed adequate; otherwise the procedure is repeated with changes in the design until the 
requirement is fulfilled. 

The same approach is only suitable for assessment of existing structures as long as R>E. 
Making changes to the design of existing bridges is not impossible, but often associated with 
high costs and carries the possibility of having to close the bridge while carrying out the work. 

For existing structures, there are other possibilities. For a given existing bridge, it is only 
necessary for it to carry the loads to which it is subjected. As testing can be carried out using 
actual loads, uncertainties in the design can be reduced with the possibility that the R>E 
requirement will be met. 

 

 Methodology for assessment of bridges
The assessment of the existing infrastructure is becoming more essential as the stock of old 
structures increases. The process of assessment can be more or less complex, cumbersome and 
accurate, depending on the asset to be evaluated and the information to be obtained. In 
general, the best final assessment approach is the cheapest method which shows that the 
structure possesses the required strength (CIRIA, 2008). In this thesis, assessment is defined as 
the estimation of the load that the structure can withstand at the SLS (Serviceability Limit 
State), FLS and ULS. 

Several frameworks for assessing bridges suggest a stepwise methodology, where the initial 
checking is carried out with simplified methods (Schneider, 1994, Brime, 2001; SB, 2007; 
Kuhn et al., 2008; Mainline, 2013) as shown in Figure 2-1. If the bridge is working properly 
and there are no changes in traffic volume or composition, there is basically no need to do 
anything about it. However, if something were to happen that cast doubt on the load carrying 
capacity of the bridge, for example cracks, settlement, accidents, severe corrosion or changes in 
load intensity or magnitude, action needs to be taken. Apart from these ad hoc assessments, 
some countries assess their bridges on a more regular basis to allocate monetary resources for 
maintenance efficiently. 
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Figure 2-1 Assessment scheme for bridges, Sustainable bridges (2007) 

With regards to changes in loading, generalized load models might sometimes be sufficient to 
verify if the load capacity is high enough, or at least serve as an initial estimation. The 
disadvantage of the performance of a design code load model is that it is possible the 
assumptions are far too unfavourable for the structure under investigation (Brime, 2001). Based 
on the initial assessment, it should be decided if more precise load assumptions and refined 
methods need to be used. If this first check proves to be inadequate, more detailed methods for 
analysis can be used, for example probability-based methods, inclusion of structural system 
redundancy and robustness, use of site-specific live loads and dynamic amplification factors, 
incorporation of field measurements and diagnostic test data, and proof load testing (Casas et 
al., 2010; Wisniewski et al., 2012). 

The effort involved in these assessments should be weighed against both the consequences of 
failure as well as cost. If the assessment shows that the structure does not have a sufficient load 
carrying capacity, suitable remedial action must be taken including strengthening, repairing, 
increasing inspections, reducing loads or even replacing the structure.”? 

The existing global bridge stock has been designed according to different codes depending on 
both country and time of construction. The trend in design loads for bridges over the last 100 
years has been for incremental increases in those loads (Lippi et al., 2014). If the load carrying 
capacity for all of these old bridges were to be assessed according to new codes, a large number 
of them would have to be replaced. 
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2.2.1 Reliability based methods
Reliability-based methods for the assessment of structures are ways of assessing the risk of 
failure. By formulating a limit state function with the load effect subtracted from the load 
carrying capacity, the reliability index can be calculated using eq.2.1, corresponding to a 
probability of failure. The reliability index is a quantification of how many standard deviations 
from failure the mean value of the function is located.  

Instead of using conventional deterministic safety coefficients for dealing with uncertainties 
such as material properties and loading, these can be regarded as stochastic variables related to 
the specific object. 

The method is incorporated in most codes, including the Swedish assessment code for railway 
bridges (Trafikverket, 2016). It is possible to define a limit state function for calculating the 
probability of failure. The reliability index is a way of expressing the safety of a structure and is 
defined as: 

 

   (eq.2.1) 

 Reliability index 

 Mean value for the limit state function 

 Standard deviation of the limit state function 

The target value for the safety index is debatable and different approaches and target values 
have been adopted by different codes, as described in section 2.4. The Dutch Code (NEN 
8700, 2011) has defined target values for new structures, repairs and when the bridge is unfit to 
use. 

Table 2-1 Target values of reliability index for ULS with a reference period of 1 year and normal consequences 
of failure (Casas 2006; Boverket, 2015; SIA269, 2011; NEN 8700, 2011; EN 1990, 2002) 

 Canada USA Eurocode JCSS Denmark ISO Sweden Swiss Dutch 

Design 3.75 3.75 4.7 4.2 4.2 4.7 4.3  4.4 

Assessment 3.25 2.5 - - 4.2 4.7 4.3 4.2 4.0 

Unfit for 
use 

- - - - - - - - 3.3 

A variety of methods exist for solving the limit state functions, divided between simulations 
and reliability-based methods. The most well known simulation-based method is the Monte 
Carlo simulation. Well known reliability-based methods include the FORM (First Order 
Reliability Method) and the SORM (Second Order Reliability Method). 

Some of the more advanced FEM (Finite Element Method) software can perform reliability-
based calculations, allowing for the possibility of assessing structures in a different way. Within 
the Mainline Work Package 1, delivery 1.2, there has been work described that is related to 



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

10 

reliability-based assessment analysis of the studied Åby Bridge (Casas, 2013). The other studied 
bridge (over the Rautasjokk river) has also been the subject of reliability-based analysis (Axhag 
et al., 2003) 

By increasing the knowledge of a given structure, it is possible to reduce the uncertainties in 
the stochastic parameters and increase the load carrying capacity without strengthening whilst 
maintaining a proven safety level. The difficulties often lie within the definition of stochastic 
variables. Studies of how to define such parameters have been carried out by the JCSS (Joint 
Committee on Structural Safety) during the development of the JCSS probabilistic model 
code, briefly described in Vrouwenvelder (1997).   

 Enevoldsen and Jensen (2000; 2001) described a proposed general 10-step procedure for 
safety-based bridge management. It stated that the probability-based approach is good for 
deterministic analysis because it can include information regarding the deterioration of the 
bridge, the use of a differentiated safety concept and the variance in safety over time. These 
features make it easier for infrastructure managers to make long-term decisions. 

Table 2-2 Safety-based bridge management plan (Enevoldsen and Jensen, 2000; 2001) 

Phase Action 

0 Fact-finding (previous inspections, analyses etc.)  

1 Formulation of problem  

2 Safety requirements for the bridge  

3 Development of deterministic models for failure  

4 Development of a probability-based safety model for critical failure 

5 Modeling of random variables  

6 Calibration of the safety of the un-deteriorated bridge  

7 Calculation of the safety when taking deterioration into account  

8 Analysis of various repair and rehabilitation actions  

9 Requirements for the visual appearance of the bridge  

10 Making a cost-effective management plan 

 

2.2.2 Robustness and redundancy
The importance of considering system behaviour, structural robustness and redundancy in the 
assessment processes is highlighted by a number of historical events that led to catastrophic 
collapse following local failures in critical members. Although the concepts are well 
understood, researchers and engineers have been struggling to find consistent non-subjective 
definitions of robustness and redundancy. Robustness is defined as the capability of the 
structure (damaged such that a local or member component is affected) to continue to carry 
loads, independent of the issues that caused the initial damage. In other words, robustness may 
be defined as the ability of a structure to withstand events such as fire, explosions, impact or 
the consequences of human error, without being damaged to an extent disproportionate to the 
original cause. Redundancy is defined as the capability of an originally-intact structure to 
continue to carry load after the failure of one element (Kanno et al., 2011; Frangopol et al., 
1987). The concepts of redundancy and robustness have often been difficult to quantify, 
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making them difficult to incorporate in codes. Anitori et al. (2013) investigated current and 
proposed methodologies for assessing robustness and redundancy as well as comparing the 
European Eurocode (EN 1991-1-7), American AASHTO (AASHTO, 2003) and the Canadian 
CSA (CSA, 2000) standards. They discussed how the targeted reliability index can be governed 
by the robustness and redundancy of a structure. 

2.2.3 Monitoring
In design, assumptions regarding loads, constraints, material properties, composite actions and 
loads are simplified and compared with actual conditions. If this is carried out correctly, the 
simplified assumptions lead to increased safety margins. In Paper A, it was shown that this is 
not always the case. The static system used for design often differs from the real structure, not 
least for service loads. Measurements can often help in explaining differences between real 
behaviour and models as well as differences between static and dynamic behaviour, therefore 
assisting in improving the model (Schlune et al., 2009). If structural or fatigue safety cannot be 
guaranteed using simplified methods for design models, measurements often provide better 
results (Zhou, 2006).  

Some of the main areas of potential improvement can be summarized as follows (Kühn et al., 
2008; Moses et al., 1987; IIW, 2008): 

 

 Verification of the real structural system and system details: type of connection, real 
bearing conditions, evaluation of constraints etc. Information received from these types 
of measurements can be used to improve models and therefore increase the load 
carrying capacity. 

 Dynamic behaviour of structures (estimation of dynamic amplification due to traffic 
and/or other effects e.g. wind). Instead of using tabulated values, measurements can be 
used to understand the dynamic amplification of load effects. 

 Changes in structural response after local damage (e.g. dents in members after a 
collision influencing the buckling strength of those members). 

 Estimation of unforeseen secondary stresses. 
 Malfunction of bearings or elements because of deterioration. 
 Identification of the effects on local stress raisers with regard to fatigue.  
 Measurement of axle loads using WIM (Weight in motion) systems 

 

In the Swedish assessment code (TDOK 2013:0267, 2016), the assessment of fatigue based on 
strain measurements is permitted. For this, it is necessary for measurements to be carried out 
over a period of at least 1 week. For some types of bridges, the behaviour might vary 
depending on the season because of, for example freezing of ballast (Kirchhofer J & Fink J, 
2013), unintentional composite action between materials or changes in bearing conditions 
which might cause changes in the structural behaviour. It is not only the bridge behaviour 
which can change between seasons, the traffic intensity and freight volume / character can also 
change. Both the time of year and the length of time over which measurements are taken 
should be chosen with care in order to obtain a representative result. Despite falling prices for 
sensors, making measurements is often associated with high costs and should be planned 
carefully both with regard to the number of sensors as well as their positioning. 
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Long-term measurements can be used for so-called Structural Health Monitoring (SHM). The 
idea is to continuously monitor the behaviour of critical parts and receive early warnings that 
can be dealt with immediately or at the next regular maintenance visit, depending on the 
severity of the problem. This is illustrated in Figure 2-2: two different degradation scenarios 
are shown where the safety limit is monitored and strengthening measures can be implemented 
when that limit is reached (Hejll, 2007). A description of the more recent state-of-the-art is 
presented in Hong-Nan Li et al. (2015).  

 
Figure 2-2 Degradation and monitoring scenarios during a service life of a two structures (Hejll, 2007) 

2.2.1 Risk acceptance
The concept of accepting a lower safety level and increased risks is one way of dealing with 
structures that do not fulfil requirements. The risk level is often defined based on the safety 
class system where safety factors are generalized for all types of structures. Based on the 
redundancy, consequences of failure and inspection level for a structure, a decision on 
accepting such risks can be made (Kühn et al., 2008; Diamantidis & Bazzurro, 2007). 

2.2.2 Proof loading
Proof tests are tests carried out to establish the safe load carrying capacity. The definition of a 
bridge proof load is the maximum load that the bridge can carry without suffering any damage 
(ISIS Canada, 2001). Proof loading is an example of static monitoring, where a well-defined 
load is applied to the bridge to produce a behaviour, most often a deflection, in order to 
capture the actual load carrying capacity (Hell, 2007). Proof loading can be used to lower the 
reliability index by verifying the capacity of weakened bridges, and keep them in service with 
an acceptable safety level (Faber et al., 2000) by reducing uncertainties in different parameters 
(Fujino, 1977). Proof loading involves a certain amount of risk of damage or failure of the 
structure, because it is subjected to loads higher than the actual service loads (Moses et al., 
1994). The risk can, however, often be managed by incrementally increasing the load while 
carrying out the measurement. Saraf et al. (1998) tested the capacity of weakened single span 
steel girder bridges, where the load steps were managed by moving M-60 military tanks 
towards the mid-span of the bridge. In these tests, all the bridges exhibited a higher load 
carrying capacity than given by analytical methods.  
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 Fatigue assessment
Together with corrosion, fatigue is the greatest cause of degradation in steel bridges. Peter 
Oehme (REF?) studied the cause of damage to different types of steel structures. Out of a total 
of 448 cases of damage reported between 1955 and 1984, 62% were reported within 30 years 
of construction. The results from the study are shown in Table 2-3. It can be seen that fatigue 
is the third main cause of damage for all types of structures and the main cause when 
considering only bridges. Corrosion (environment) and fatigue damage account for 70.2% of 
all damage. Between road bridges and railway bridges, railway bridges are often more sensitive 
due to the large number of load cycles (Lippi, 2014). 

Table 2-3 Detailed split up of main causes of damage (Oehme (1989) 

Causes of damage to buildings, bridges 
and conveyors 

Total Buildings Bridges Conveyors 
No. % No. % No. % No. % 

Static strength 161 29.7 102 33.6 19 14.8 40 36.0 

Stability (local or global) 87 16.0 62 20.4 11 8.6 14 12.6 

Fatigue 92 16.9 8 2.6 49 38.3 35 31.5 

Rigid body movement  44 8.1 25 8.2 2 1.6 17 15.3 

Elastic deformation  15 2.8 14 4.6 1 0.8 0 0 

Brittle fracture 15 2.8 9 3.0 5 3.9 1 0.9 
Environment 101 18.6 59 19.4 41 32.0 1 0.9 
Thermal loads 23 4.2 23 7.6 0 0 0 0 
Others 5 0.9 2 0.7 0 0 3 2.7 
Sum 543 100 304 100 128 100 111 100 

 

In another study, failures in bridges between 1980 and 2012 were examined (Lee et al., 2013). 
Out of a total of 1254 failures examined, 85% were located in North America. From these 
identified failures, only 2% were related to railways while 97% were on roads and 1% on 
pedestrian bridges. When studying the distribution of the failed bridges based on building 
material, it can be concluded that steel bridges are, historically, more likely to fail. Steel bridges 
represent 30% of the bridge stock in the U.S. but have been involved in 65% of the reported 
failures, making them more than six times as likely to fail compared to concrete bridges. The 
same report listed the causes of failure, showing that flood, scour and collision together are 
responsible for 62.4% of the failures. Overloading was only responsible for 12.7% of failures, 
including both static and fatigue failures. Internal causes (such as design errors, material defects 
and deficiency in the construction) were responsible for 11.1%, with design errors being found 
to be the major cause of failures for steel bridges. From an overall perspective, fatigue failures 
seem to play a minor role in the total number of bridge failures. 

In Canada, a study of the cause of 38 bridge failures which occurred between 1987 and 1996 
was carried out (Carper, 1998). Of those failures, 12 cases were related to fatigue, eight to 
overloading and 18 to deterioration due to factors other than fatigue. Only the cases where 
overloading was the principal cause resulted in collapse of the component.  

Fatigue is, in general, divided into two phases: crack initiation and crack propagation. Until 
crack initiation occurs, there is no cracking. Stress variations over time are accumulative, 
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eventually causing a crack to appear. Once this happens and the structure continues to be 
exposed to stress variations, the crack will grow – so-called crack propagation (Eriksson, 2005).  

The sensitivity to fatigue in welded details is basically a function of three components (Al-
emrani, 2014):  

 The stress concentration effects caused by detail geometry, also called geometric 
discontinuities 

 The local stress raising effects caused by the shape and dimensions of the weld and the 
surrounding region 

 Local weld defects such as undercuts, porosities, lack of fusion and so on 

Based on (Eriksson, 2005) and (Al-emrani, 2014), bridge details likely to suffer from fatigue 
damage can be summarized as those that experience high stress concentrations and are exposed 
to many stress cycles. In TDOK 2013:0267 (2016), it was stated that the number of stress 
cycles for railway bridges can either be the number of trains, bogies or axles depending on the 
influence length. Short influence lengths are exposed to more stress cycles then long ones, as 
illustrated for the Rautasjokk Bridge in Paper C. In the Sustainable Bridges project (SB, 2007), 
it was concluded, that when analysing stress histories in details of railway bridges for fatigue, 
the Rainflow counting method (Rychlik, 1987) was especially suitable, in accordance with the 
linear cumulative damage theories of Palmgren and Miner (Palmgren, 1924; Miner, 1945). 
This approach was used for the fatigue assessment of the Rautasjokk Bridge, where it was 
shown to be more favourable for most details when compared to conventional methods 
(Häggström, 2014). 

At the time of construction of the Åby and Rautasjokk bridges, welding was still a relatively 
new way to make connections between members and the understanding of the effect of 
welding on fatigue was limited, seen by the changes in fatigue classes over time, as illustrated in 
Figure 2-3. This can be seen in details where stress raising components are welded directly 
onto load carrying members which, according to current standards, are considered to be 
fatigue-sensitive details. Examples of such details are shown in Figure 2-4. 

 

Figure 2-3 Change of fatigue design code (60 to 92) (Lippi, 2014) 
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Figure 2-4 Examples of fatigue-sensitive details from the Åby bridge 1: Web stiffener which is not welded to 
the flange and may cause cracks in the web close to the notch; 2: Gusset plate welded directly to the main 
bottom flange of the bottom chord in the main truss; 3: Gusset plate welded to the top flange of the stringer 
and 4: Continuation plate on stringers in the connection to crossbeam which acts as a local stress raiser for the 
top flange. 

Kuhn et al. (2008) presented a flowchart for fatigue assessment with stepwise increasing 
complexity, similar to that shown in Figure 2-1. For ULS evaluations, the predicted or actual 
degree of utilization is generally linear to the loading, which is not the case for fatigue 
assessment, considering the slope of the Wöhler curves, generally accepted in codes. Given the 
slope m=3, a 20% decrease in the stress range will result in an increase in the lifespan of 100%. 
Kuhn et al. (2008) stated that the stress range is often 10 – 40% higher for simple calculations 
than the actual stresses. 

Besides the actions for advanced assessment described in Figure 2-1, there is for fatigue the 
approach of crack propagation in the field of fracture mechanics with concepts originating 
from Paris’ law, well suited for crack propagation. When dealing with fatigue crack initiation, 
other assessment methodologies such as the notch stress approach and the notch strain 
approach are better suited. There are recent developments that allow for both crack initiation 
and crack propagation (Lippi et al., 2014). 

There is recent research of combining probability based methods together with the fracture 
mechanic approached for fatigue assessment of welded bridge details (Leander et al., 2016). 

Paper C describes a local approach for fatigue evaluation, using hot-spots (IIW, 2008). With 
this method, uncertainties relating to the geometric stress raising effect can be reduced.   

 Codes for Assessment
It is commonly agreed that different safety factors are needed for assessment of existing bridges 
compared to when designing new bridges (Lippi et al., 2014). Even though the Eurocode 
standards are implemented across most of Europe for the design of bridges, they do not cover 
assessment.  

A recent emergent issue appears to be the lack of assessment codes for existing structures in 
most countries. Old structures are currently widely assessed by using the design codes 
applicable to new structures e.g. using their load and resistance partial safety factors. This is 
despite modern technology allowing the precise measurements of the key structural assessment 
parameters in order to reduce uncertainties about assumptions that are appropriate for new 
structures. 



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

16 

Various national codes are described in this chapter. One of the problems found with national 
assessment codes is that they are often difficult to understand for foreign engineers since 
different methodologies are used and they are often only printed in the national language. 

2.4.1 Eurocodes (EN)
In 1975, the Commission of the European Communities began to develop a new building 
code for use by EU nations, based on Article 95 of the Treaty of Rome. The objective of the 
program was the elimination of technical obstacles to trade and the harmonization of technical 
specifications by means of technical rules which, in the first stage, would serve as an alternative 
to the national rules in force in the Member States and, ultimately, would replace them. The 
technical rules for structural design were implemented in various member states by the end of 
2010 and consist of nine parts: 

EN 1990 — Eurocode: Basis of Structural Design  
EN 1991 — Eurocode 1: Actions on Structures  
EN 1992 — Eurocode 2: Design of Concrete Structures  
EN 1993 — Eurocode 3: Design of Steel Structures  
EN 1994 — Eurocode 4: Design of Composite Steel and Concrete Structures  
EN 1995 — Eurocode 5: Design of Timber Structures 
EN 1996 — Eurocode 6: Design of Masonry Structures  
EN 1997 — Eurocode 7: Geotechnical Design  
EN 1998 — Eurocode 8: Design of Structures for Earthquake Resistance  
EN 1999 — Eurocode 9: Design of Aluminium Structures 

The Eurocode allows national choice of design, by so-called national annexes. These choices 
are generally controlled by the change in numerical values of partial safety factors, which differ 
between countries depending on different conditions e.g. safety level, climate or loads.  

At present, the Eurocodes are primarily focused on the design of new structures. Additional 
operational rules for existing structures are still lacking. The international standard ISO 13822 
provides only general principles for the assessment of existing structures, and these need to be 
further developed for their effective operational use in practice. The engineering principles 
presented in the Eurocodes can, however, be used to form the basis of assessment of structures 
or structural elements. 

2.4.2 Switzerland (SIA 269)
Despite the existence of methodologies for assessing existing structures, these methods were 
not used by structural engineers because of a lack of standards to work with (Brühwiler et al., 
2012; Brühwiler, 2015). In 2005, the Swiss Society of Engineers and Architects (SIA) started to 
develop new standards for existing structures. The codes were first published in 2011 and are 
in line with the Eurocodes.  

The Swiss code (SIA269, 2011) allows for the use of semi-probabilistic and probabilistic 
verification as well as the risk-based safety approach described in the probabilistic model code 
by the JCSS (Joint Committee on Structural Safety). The requirements in terms of structural 
safety are defined through the target value of the reliability index, which is described in 0. In 
SIA 269, the accepted risk for a structure is based on the efficiency of intervention, meaning 
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that interventions/retrofitting should be proportional to the increase in safety and the 
consequences of structural failure. 

Overloading of trains is taken into account by adding 10% loading to parts with an influence 
shorter than 20m. 

2.4.3 Dutch (NEN 8700)
The Dutch code (NEN 8700, 2011) is, in many ways, similar to the Swiss code. It was released 
in 2011 and aligned with the Eurocodes. NEN 8700 is used for determining load actions that 
have to be taken into account, but refers to the Eurocode for determining the capacity of a 
structure or member. According to Scholten & Vrouwenvelder (2013), some of the 
conclusions drawn during the development of the code were that the safety philosophy of 
newly-built buildings can also be used for existing structures and that the targeted reliability 
index can be reduced for assessment of existing structures from both a financial and a lifespan 
point of view. 

The code has incorporated reliability verifications for the safety index of existing structures. 
NEN 8700 states minimum values for the reliability index defined for when a structure is new, 
needs repairs and when a structure should be taken out of service.  

2.4.4 Sweden (TDOK 2013:0267)
Assessment of existing railway bridges in Sweden are governed the code TDOK 2013:0267 
(Trafikverket, 2016). Before 2016 there used to be two separate codes where one covered road 
bridges and the other railway bridges. The TDOK relies heavily on the previous national codes 
for design of steel and concrete BSK07 (Boverket, 2007) and BBK04 (Boverket, 2004). By 
using methodologies from previous standards, the same methods can be used, as when 
designed. 

Reliability based methods are allowed to be used if specifically stated so by the client. The 
targeted safety level is based on the safety classes and presented The target value for the safety 
index is debatable and different approaches and target values have been adopted by different 
codes, as described in section 2.4. The Dutch Code (NEN 8700, 2011) has defined target 
values for new structures, repairs and when the bridge is unfit to use. 

Table 2-1. Unlike the Swiss Code (SIA 269) are the safety level entirely based on the risk of 
injuries / casualties and is the same as for newly built structures.  

Before 2016, the Swedish assessment code for existing railway bridges also considered a range 
of different love loads. Currently, there are only three different wagon geometries considered 
as shown in Table 3-1. For these three wagon types, the axle loads are not fixed, meaning that 
it is for the engineer to determine which axle loads give 100% utilization, making it easier for 
infrastructure managers to make changes and increase loading on existing bridges without 
having to carry out a new load carrying capacity assessment. 
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Table 3. 1 Train types used in Swedish assessment code TDOK. 

Train 
load 

Wagon Geometry 

TLM1 

 

TLM2 

 

TLM3 

 

 

According to the previous design code for bridges, BRO2004 (Vägverket, 2004), the partial 
coefficient for live loads when considered as the main variable load was set to 1.5 at ULS. In 
the assessment code, this coefficient is reduced to 1.3, making it possible to increase the 
loading beyond the design load for existing bridges. 

In Sweden, inspections of bridges are divided into subcategories (Trafikverket, 2014): 

General inspections: Carried out annually, with visual inspections to verify that the desired 
maintenance level is being maintained. 

Main inspection: Carried out at least every six years. Undertaken at close range over the 
entire structure to find defects which risk affecting function, safety or maintenance costs. 
Cracks that are found are measured and documented.  

Common inspection: Carried out when required, to follow up defects found during the 
main inspection. 

Special inspection: Special inspection of individual structural elements that require an in-
depth investigation or specialist intervention. 
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3. Case study – Åby & Rautasjokk Bridges
 

Two case studies involving measurements and evaluation of two identical unballasted open 
steel truss railway bridges were carried out. The two bridges, one over the Åby River and 
referred to as the Åby bridge, the other over the Rautasjokk river and referred to as the 
Rautasjokk bridge, are shown in Figure 3-1. 

 

Figure 3-1 Left: Locations of the Åby and Rautasjokk bridges. Upper right: The Åby bridge (Photo: Thomas 
Blanksvärd), Lower right: The Rautasjokk bridge (Photo taken by the author)  
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 Previous work
There have been previous publications of work relating to the Åby bridge. Part of this work 
was carried out by LTU but also within the work packages of the MAINLINE project 
(MAINtenance, renewaL and Improvement of rail transport iNfrastructure to reduce 
Economic and environmental impacts project (Mainline, 2014).     

 Measurements of the bridge over Åby River whilst in service (Blanksvärd, 2013) 
 Structural model for fatigue stress analysis – Master Thesis (Moreno, 2013) 
 Dynamic measurements (Andersson and Grip, 2013) 
 Level of constraint in stringers in the joint to crossbeams – Master thesis (Elhag, 2013) 
 Evaluation of robustness with regard to corrosion (Casas, 2014) 
 Damage identification using modal characteristics (Edrees Saaed, 2015) 

 

 Aim and scope
The primary aim of this project was to gain knowledge of the structural behaviour of the Åby 
Bridge in particular, and unballasted steel truss bridges in general. The plan was also to use the 
results from the Åby Bridge when evaluating the load carrying capacity for bridge 3500-2118-
1 Södra Rautasjokk (the Rautasjokk Bridge). In addition to evaluating the bridge over the 
Rautasjokk, this project was hoped to contribute to the field of Structural Engineering and be 
of guidance for future assessments and monitoring of steel truss bridges. 

 Methodology
Examining a bridge by measuring strains and displacements is not new, but is, rather, a 
common method of finding out more about the real behaviour of structures. However, the 
uniqueness of this project lies in the holistic measurement program where the bridges over the 
rivers Åby and Rautasjokk have been tested together in three different phases as described in 
Figure 3-2.  

 Phase I: Measurements of the bridge over the Åby river while still in service (carried 
out during autumn 2012)  

 Phase II: Full-scale measurements of the bridge over the Åby river while undergoing 
static loading (carried out during the summer/autumn 2013)  

 Phase III: Measurements of the bridge over the Rautasjokk river while in service 
(carried out during the autumn of 2015) 
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Figure 3-2 Flowchart for the measurement program for the bridges crossing Åby River and Rautasjokk, 
showing Phases I-III (Blanksvärd, 2013) 

3.3.1 Pilot study
The pilot study described by Blanksvärd (2012) involved the planning of the initial 
measurement program for the Åby Bridge. The paper also summarized the results from the 
previous code-based capacity controls for both ULS and FLS. The first FEM model of the Åby 
Bridge was created at this stage, a shell element model developed using the software Ansys, 
further briefly described in section 3.7.4 and in Blanksvärd (2012; 2013) and Häggström 
(2016). The aims of the study were to: 

 Relate the FE models to the real structural response and see how these might be 
updated in a reliable manner. 

 Study the constraints, as extra load carrying capacity for a structure is often hidden 
within conservative assumptions regarding the constraints.  

 Investigate if 3D effects influence the structural behaviour of the bridge. 
 Study methods for assessing fatigue capacity, and also clarify the real fatigue loading on 

the bridge governing the fatigue damage. 
 Investigate the partial coefficients impact on partial damage analysis using a reliability-

based analysis. 
 Carry out measurements on connections in order to capture their real behaviour. 
 Develop general methods for assessment which can be applied to similar types of bridge 

structures. 
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3.3.2 Phase I – Measurements on the Åby Bridge whilst in service
The measurements on the Åby River Bridge (Phase I) were carried out during September 
2012, and took place when the bridge was still in its original position and in service. The 
sensor locations were based on the pilot study (Blanksvärd, 2012) and more thoroughly 
described in section 3.7. There was a speed restriction on the railway line at the time of the 
measurements, limiting the speed to 20 km/h instead of the normal 70 km/h. This speed 
restriction was due to the work at the bridge site, where preparations were ongoing for 
replacing the Åby Bridge with a new ballasted steel trough bridge. Some early results from 
these measurements can be found in Blanksvärd (2013) and Moreno (2013). Paper A is based 
on Phase I. 

3.3.3 Phase II – Static full scale testing to failure of the Åby Bridge
For the second phase of testing, the old bridge had been placed close to the tracks on 
temporary concrete supports placed directly on the ground. Holes were drilled in to bedrock 
in order to attach steel wires used to pull the bridge downwards. After cleaning the bridge, 
broken sensors from Phase I were replaced and new ones added. The bridge underwent a total 
of 18 load scenarios before being loaded to failure. Paper B is based on Phase II. 

3.3.4 Phase III Measurements on the Rautasjokk Bridge during service
The tests on the Rautasjokk Bridge were carried out in order to verify results and conclusions 
from the Åby Bridge measurements. As well as verification of results, there was a focus on 
measuring strains relating to critical fatigue details and evaluating the dynamic amplification 
factor and possible composite action between the rail and the bridge. Paper C is based on 
Phase III. 

  



Case study – Åby & Rautasjokk Bridge 

23 

 History
The superstructure for the bridge over Åby river bridge (Figure 3-1) went into service in 1955. 
The bridge was located along the “main line” in the northern part of Sweden, approximately 
45km west of Piteå. The main line is the only electrified railway connecting the south of 
Sweden with the north. This made the bridge essential for both freight trains as well as 
passenger trains. It consisted of an unballasted steel truss bridge and was designed according to 
Load type F46, corresponding to 12 axles with 25 tonne axle loads at 1.6 m spacing 
representing the locomotive, and a distributed load of 85 kN/m representing the wagons 
(Trafikverket, 2010). Girders and connections in the bridge were partially riveted and partially 
welded.  

The Rautasjokk Bridge was constructed a few years later in 1962, from the same drawings as 
the Åby Bridge. As with the Åby Bridge, it is located in northern Sweden, approximately 
20km north of Kiruna. The Rautasjokk Bridge is located on the “Ore line”, used for 
transporting iron ore and is therefore exposed to greater loads compared to the main line. 

There has been work to verify the load carrying capacity of the bridges, with a code-based 
assessment carried out in 1994, indicating that the Åby Bridge was damaged because of fatigue. 
According to the report from 1994, it was the overlapping continuous plate in the stringer-to-
crossbeam connection that had insufficient capacity. There are no visible cracks in this 
location.  

In 1997, the Rautasjokk Bridge was evaluated for its load carrying capacity. In this work, a 
different conclusion was reached compared to the earlier work on the Åby Bridge.* The 
report stated that the gusset plate for the horizontal bracing, welded towards the bottom chord, 
was damaged due to fatigue. The bridge over Rautasjokk is still in service in contrast to the 
Åby Bridge, which was replaced with a new trough bridge in combination with new tracks in 
2012. 

A more recent study of the Rautasjokk Bridge (Häggström, 2014) resolved the uncertainties 
mentioned in the reports produced in 1994 and 1997, but instead identified the gusset plate 
between the stringer and the horizontal bracing as a critical detail with regard to fatigue. The 
previously identified uncertainties were resolved by using rainflow summation to produce an 
estimate of damage accumulation. It was proven that the number of high stress cycles for 
uniformly-loaded trains was much smaller than accounted for in the previous assessment, since 
the structural members were not completely unloaded between axles as assumed in previous 
assessments. 
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 Geometry
Both railway bridges consisted of a 33m long, 4.9m high and 5.5m wide unballasted open steel 
truss structure. An overview of the original drawings is shown in Figure 3-3 with the 
corresponding sections and steel grade in Figure 3-4. The rails consisted of SJ50 rail attached to 
wooden crossties resting on top of longitudinal stringers. The stringers were attached to the 
crossbeams with a semi-rigid connection with a riveted endplate and an overlapping welded 
continuous plate, as shown in Figure 3-5. The span length of the stringers was 4.125m and the 
center distance between the longitudinal stringers was 1.9m.  

Live loads acting on the rails were distributed by crossties to the stringers which carried the 
loads to the crossbeam and onto the main truss. Apart from the vertical load carrying system, 
there was horizontal bracing of both the main trusses as well as the stringer beams. A complete 
set of drawings can be found in Appendix A. 

 

 

 

 
Figure 3-3 Original drawings for the Åby bridge (Bantekniska byrån) 
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Figure 3-4 Sections used in the Åby Bridge 

  

 

Figure 3-5 Connection between stringers and crossbeams (Photo: Thomas Blanksvärd) 
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 Material
After the Åby Bridge had been taken out of service, material tests were carried out on three 
different undamaged members, with samples taken from a stringer, a crossbeam and from the 
bottom chord of the main truss. Three different tests were carried out on these samples: tensile 
tests, Charpy V-notch tests and fracture mechanical testing.  

For the tensile tests, three samples were tested for each member. The tensile testing gave 
similar results for all the samples, with yield strength well above their design values.  

The Charpy V-notch tests were carried out on five samples from each member. There was a 
large variation in the measured results. For the main truss, all five samples absorbed a fracture 
energy lower than 27J which is the regulated material requirement for bridges normally graded 
J2. For the stringer, there were four out of five samples that absorbed more than 27J. The 
results from the crossbeam showed a fairly small variation, with all the samples absorbing more 
than the required level.  

The fracture mechanical testing was carried out according to BVS583.12 (Banverket, 2005) 
with three samples from each member. For the tests on the main truss, one sample did not 
handle 40kN/m which is the requirement for S1411 steel while the other two samples had 
more ductile behaviour. With regard to the varying results, where one of the samples does not 
meet the requirement, it is advised to reduce the yield strength allowed by 30% (Eriksson, 
2014). 

The stringer beam consisted of S1311 steel where the required Jc is set to 30kN/m. All samples 
had a significantly higher capacity.  

The crossbeams had the lowest mean value of Jc among the tested members and also the 
smallest variation. One sample did not handle the requirement of 40kN/m for S1411. 
Recommendations in Eriksson (2014) suggested reducing the allowed stress by 10% in this 
case. 

The material testing is described in detail in (Häggström, 2016). 

 Measurement program
As described in section 3.3, the research project consisted of three phases of measurement, 
where the first two were carried out on the Åby Bridge. Phase I consisted of live loading and 
Phase II of static loading when the bridge had been taken out of service. Phase III saw live 
loading of the Rautasjokk bridge. 

The initial measurement program for Phase I was based on the pilot study described in 
Blanksvärd (2012). The extended measurement program for Phase II was based on the pilot 
study as well as initial evaluations of the measurements carried out in Phase I (Blanksvärd, 
2013; Moreno, 2013). 

Sensors were configured to measure: 

 Strain in the stringers to investigate the real fatigue stresses when there were passing 
trains (investigated in Papers A and C). 
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 Vertical displacement to verify numerical simulations and investigate constraints. 
 Rotation in the connections to investigate the level of continuity in the stringers. 
 Horizontal displacement of the top chord to investigate the non-linear behaviour when 

the structure approached peak loading. 

In Phase III, some of the same sensor positions from Phase I and Phase II were used in order to 
verify that the two bridges exhibited the same behaviour. The fatigue sensitive details, 
identified from the code-based assessment of the bridge (Häggström, 2014), were monitored 
by measuring both nominal and local strains, with the evaluation described in Paper C. 

3.7.1 Instrumentation
During Phase I, 55 sensors were used: 14 LVDTs (Linear Voltage Displacement Transducers) 
monitoring displacements of the main truss, eight strain gauges on the main truss, 30 strain 
gauges on the load-distributing system (stringer beams and crossbeams) and three sensors 
registering temperature. The measurements in Phase I took place between the 29th of August 
and the 13th of September 2012. The complete installation of strain gauges was not completed 
when measurement started, so there were only complete results for the strain measurements 
between 1th and 12th of September. Over the course of the measurements, 399 train sets were 
recorded passing the bridge.  

For Phase II, the monitoring was extended to 122 sensors, with 16 LVDTs on the main truss, 
29 LVDTs on the load-distributing system, 24 strain gauges on the main truss and 47 strain 
gauges on the local load-distributing system, as well as six temperature sensors registering 
temperature. All sensors above the track were added in Phase II, since these were easier to 
access when the bridge had been taken out of service. There were also additional LVDTs 
added, since the ground could be used as a fixed reference for measuring displacements. Apart 
from the sensors added in Phase II, some of the sensors from Phase I were replaced since they 
had stopped working. 

In Phase III, 71 strain gauges were used to monitor the bridge. There were 526 passing trains, 
of which 130 consisted of trains loaded with iron ore. The sensor configuration was such that 
it allowed confirmation of the earlier findings from the Åby bridge as well as measurements of 
critical details with regard to fatigue.  

During all phases of measurement, the sensors were connected by wire to an MGC (a data 
acquisition system) where the data were collected and stored on a computer.  

All the sensors used in Phase I and Phase II are listed in Figure 3-6, Figure 3-7, and Table 3-1 
to Table 3-5, along with their individual position. From the tables, one can see which phase 
the sensor was used in. The sensor numbers listed in the tables refer to the raw data files which 
were logged using hardware from HMB and the software Catman Professional, where each 
column represents one channel/sensor.  

The sensors for Phase III are described in Figure 3-8 and Table 3-6. For the measurements 
carried out on the Rautasjokk Bridge, only the two first spans of the stringer beams were 
accessible. 
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Figure 3-6 Sensor positions on the main truss 
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Table 3-1 LVDT's on the main truss 

Sensor 
ID 

Units Description In place in 
Phase I 

Sensor nr. In place in 
Phase II 

Sensor nr. 

LQ1 mm LVDT, Quarter point vertical displacement (S) Yes 24 No - 

LQ2 mm LVDT, Quarter point vertical displacement (N) Yes 26 No - 

LFSR1 mm LVDT, Rotation at fixed support (N) Yes 30,31 Yes 82,83 (138) 

LFSR2 mm LVDT, Rotation at fixed support (S) Yes 32,33 Yes 86,87 (139) 

LFS1 mm LVDT, vertical displacement at fixed support (S) Yes 50 Yes 84 

LFS2 mm LVDT, vertical displacement at fixed support (N) Yes 51 Yes 88 

LM1 mm LVDT, vertical displacement at mid-span (S) No - Yes 116 

LM2 mm LVDT, vertical displacement at mid-span (N) No - Yes 117 

LHTC1 mm LVDT, horizontal displacement Top chord support (N) No - Yes 77 

LHTC2 mm LVDT, horizontal displacement Top chord mid-span (N) No - Yes 82 

LSS1 mm LVDT, vertical displacement at sliding support (S) Yes 22 Yes 76 

LSS2 mm LVDT, vertical displacement at sliding support (N) Yes 23 Yes 80 

LSSR1 mm LVDT, Rotation at fixed support (S) Yes 18,19 Yes 74,75 (140) 

LSSR2 mm LVDT, Rotation at fixed support (N) Yes 20,21 Yes 78,79 (141) 
 

Table 3-2 Strain gauges on the main truss 

Sensor 
ID 

Units Description In place in 
Phase I 

Sensor nr. In place in 
Phase II  

Sensor nr. 

RFD1 m/m Rosette SG, first diagonal (S) No - Yes 54,55,56 

RFV1 m/m Rosette SG, first vertical (S)  No - Yes 45,46,47 

RFV2 m/m Rosette SG, first joint top chord (S) No - Yes 42,43,44 

SFVB1 m/m SG, First joint bottom chord (S) No - Yes 68 

SQB1 m/m SG, quarter point bottom chord (S) Yes 2,3 Yes 38-39 

SQB2 m/m SG, quarter point bottom chord (N) Yes 4,5 Yes 69,67 

SQV1 m/m SG, quarter point vertical(S) No - Yes 40 

SQT1 m/m SG, quarter point, top chord at (S) No - Yes 41 

SMB1 m/m SG, mid-span on the lower chord (S) Yes 34,35 Yes 48,49 

SMB2 m/m SG, mid-span on the lower chord (N) Yes 36,37 Yes 33,66 

SMV1 m/m SG, mid-span vertical (S) No - Yes 50 

SMT1 m/m SG, west of mid-span on the top chord (S) No - Yes 51 

SMT2 m/m SG, mid-span on the top chord (S) No - Yes 52 

SMT3 m/m SG, east of mid-span on the top chord (S) No - Yes 53 

 
Table 3-3 Temperature sensors for Phase I and Phase II 

Sensor ID 
Phase I 

Units Description Sensor nr. Sensor ID 
Phase II 

Units Description Sensor nr. 

T1.1 °C Measuring the temperature in the 
hut where the data were 
collected 

74 T1.2 °C Temperature of bottom 
chord at mid-span (S) 

122 

T2.1 °C Placed on the inside of the first 
vertical towards the west, on the 
northern side of the bridge at a 
height of approximately 
1200mm. 

75 T2.2 °C Temperature of bottom 
chord at mid-span (N) 

123 

T3.1 °C Placed underneath the bridge at 
the same location as T2 

76 T3.2 °C Temperature of top chord at 
mid-span (N) 

124 

 T4.2 °C Temperature of top chord at 
mid-span (S) 

125 

T5.2 °C Outside air temperature  126 

T6.2 °C Air temperature inside the 
measurement container 

129 
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Figure 3-7 Sensor positions on the load-distributing system 
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Table 3-4 Strain gauges on the local load-distributing system 

Sensor ID Units Description In place in 
Phase I 

Senor nr. In place in 
Phase II 

Sensor nr. 

SFC1 m/m SG, Crossbeam close to fixed support (S) Yes 10-13 Yes 2 – 5 

SFC2 m/m SG, Crossbeam close to fixed support (mid) Yes (2/4) 4,5 Yes 6 – 9 

SFC3 m/m SG, Crossbeam close to fixed support (N) Yes 6-9 Yes 14 – 17 

SMS1 m/m SG, Stringer close to mid-span (S) No - Yes 62,63 

SMS2 m/m SG, Stringer close to mid-span (N) No - Yes 64,65 

SMS3 m/m SG, Stringer close to mid-span (S) No - Yes 58,59 

SMS4 m/m SG, Stringer close to mid-span (N) No - Yes 60,61 

SFS1 m/m SG, Stringer end-span fixed support (S) Yes 38,39,59,58 Yes 10 – 13 

SFS2 m/m SG, Stringer end-span fixed support (S) Yes 36,37,60,61 Yes 18 – 21 

SFS3 m/m SG, Stringer end-span fixed support (S) Yes 62,63,49,48 Yes 34 – 37,26 

SFS4 m/m SG, Stringer end-span fixed support (S) Yes 16,17,44,42
43

Yes 27 – 31 

SFS5 m/m SG, Stringer end-span fixed support (S) Yes 14,15,46,47 Yes 22 – 25 

 m/m Photometric measurements using the 
ARAMIS system 

No - Yes Photometric 

 

Table 3-5 LVDT's on the local load-distributing system 

Sensor ID Units Description In place in 
Phase I 

Sensor nr. In place in 
Phase II 

Sensor nr. 

LSC1 mm LVDT, Displacement at second crossbeam (S) No - Yes 90-93 

LSC3 mm LVDT, Displacement at second crossbeam (N) No - Yes 94-97 

LCSC1 mm LVDT, COD connection second crossbeam (S) No - Yes 110-113 

LSF1 mm LVDT, Fist stringerbeam (S) No - Yes 106 

LSF2 mm LVDT, Fist stringerbeam (S) No - Yes 107 

LSF3 mm LVDT, Fist stringerbeam (S) No - Yes 108 

LSF4 mm LVDT, Fist stringerbeam (S) No - Yes 109 

LSF5 mm LVDT, Fist stringerbeam (S) No - Yes 89 

LMS1 mm LVDT, Mid-span Stringer to the west (S) No - Yes 119 

LMS2 mm LVDT, Mid-span Stringer to the East (S) No - Yes 135 

LFC1 mm LVDT, vertical Displacement  first crossbeam (S) No - Yes 98-101 

LFC3 mm LVDT, vertical Displacement  first crossbeam (N) No - Yes 102-105 

LMC1 mm LVDT, vertical displacement crossbeam mid-span No - Yes 118 

LMC2 mm LVDT, vertical displacement crossbeam east of mid-
span 

No - Yes 134 
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Figure 3-8 Sensor positions on the Rautasjokk bridge 

Table 3-6 Description of sensors for measurements in Phase III 

  

Sensor ID Units Description 

SDL1&2 m/m Strain measurements under the bottom flange of the stringer brams 

SFS3 m/m Same position as for Phase I and Phase II 

SHL m/m Strain measurements for local fatigue analysis of stringers  

SNL m/m Strain measurements for evaluation of nominal strains in stringer 

SQB m/m Same position as for Phase I and Phas II 

SUC m/m Strain gauge on bottom chord between crossbeams 

TMP1 °C Temperature on steel, bottom chord, sun 

TMP2 °C Temperature on steel, on stringer, shade 

TMP3 °C Temperature air, center of bridge 
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3.7.2 Sensors
Over the three phases of measurements on the Åby Bridge and the Rautasjokk Bridge, 
different sensors were used. In Phase I and Phase II, strain gauges were used to monitor the 
stress state, LVDTs (Linear variable differential transformer) were used to measure 
displacement, temperature sensors were used to measure temperature and accelerometers were 
used to provide acceleration data. In Phase II, a Digital Image Correlation system was also used 
for strain measurements over a surface. Measurements in Phase III were limited to those from 
strain gauges and temperature sensors. 

Displacement Measurement

For displacement measurements, LVDT sensors were used. Different stroke lengths were used 
at different locations depending on the expected displacement. The bridge consisted of one 
span, so settlement does not necessarily cause stress. In order to compensate for this, settlement 
was monitored for the second stage of measurements.  

Strain measurements

It is not possible to measure stress directly in steel members in a simple, non-destructive 
manner. With known material properties, stresses can be derived by measuring strain, at least 
for loads within the linear elastic range. When carrying out measurements on existing 
structures, strain gauges cannot generally register absolute levels of strain, but rather the 
changes in strain as the structure is loaded or unloaded. Exisiting strains, for example due to 
dead load are therefore difficult to measure. Temperature will also cause strain fluctuations. 
One method of dealing with strains arising from temperature changes is to normalize the 
sensors for a load sequence, provided the sequence is short enough for the temperature not to 
have any major influence. If there are greater changes in temperature during a loading 
sequence, the measured results should be adjusted for this. Temperature effects can be canceled 
out by using a second strain gauge, placed in close thermal contact with the structure but not 
bonded to it. 

For the strain measurements on the Åby Bridge, welded strain gauges were used. After 
grinding off the coating and cleaning the surface, the strain gauges were welded to the steel 
using a pressure-activated hand piece. The majority of the strain gauges used during Phase I 
and Phase II consisted of one-directional quarter bridge strain gauges. During Phase II, rosette 
strain gauges were also used, which measure the strain in three directions, at 45 degrees to each 
other, so that the principle strain can be derived. During Phase III, coupled strain gauges were 
used to measure geometric strain concentration for the evaluation of fatigue. This is described 
in Paper C. 

Temperature sensors

Changes in temperatures cause material to elongate or contract. These effects can typically be 
seen using strain gauges in long-term field measurement. Changes in temperature do not 
necessarily cause stress, unless the structure is prevented from moving, or due to different 
temperatures at different parts of a bridge. Temperature sensors have been used during all 
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three phases of measurements. The sensors were taped to different positions on the bridge, in 
order to capture variations in temperature.  

Digital Image Correlation

During Phase II, a photometric strain measurement system was used to measure strain over a 
surface rather than just at a single point (Figure 3-9). Measurements were carried out on a 
connection between longitudinal stringer beams and crossbeams for the same reason as with 
the sensors labelled LCSC, to determine to what degree the stringer beams act as pinned or 
continuous beams in the connection with the crossbeams. The photometric strain 
measurements are further described by Elhag (2014). 

    

  

Figure 3-9 Upper left: The surface is being prepared. Upper Right: The Aramis system. Lower Left: Position 
for measurement. Lower Right: The position for measurement after completing the final test. 

         

Accelerometers

Both uniaxial and triaxial accelerometers were used for the acceleration measurements. In 
addition to the sensors, a load exciter consisting of a rotating mass was used to induce 
vibrations for Phase II (Nuno K, 2013).  
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3.7.3 Loading
Reference train for live measurements in Phase I

For this thesis, one specific train set was chosen to be the reference train. The ID of this 
specific train was Re 1423 and its axle configuration is shown in Figure 3-10. The reference 
train was going south along the main line at the time it crossed the bridge (crossing the bridge 
from east to west).  

 

Figure 3-10 The locomotive pulling steel slabs and it's axle distribution. (Green Cargo)  

The train was identified by its unique number which was verified with the help of a video 
camera filming the passing trains. Table 3-7 gives the weight of each bogie. The skewness of 
the loading within the bogie, both in the longitudinal and transverse directions, was also 
measured. Figure 3.6 shows the axle loads plotted against their corresponding position. Based 
on the data log, the train passed Jörn at 15:19 2012-09-03 and according to the video footage 
crossed the bridge at 14.28. The train can be seen in Figure 3-10 as it crossed the Åby Bridge. 
The cargo of the train set consisted of steel slabs; these particular train sets are referred to as 
“stål-pendeln (The steel commute)” in Swedish. The numbers of slabs varied, from 2 to 4 (as 
seen in Figure 3-11), and also therefore the weight, as shown by Figure 3-12. 

The wagons for the reference train consisted of “Smmnps 13” which were used by Green 
Cargo for transporting steel slabs. The wagon is 13.9 m long with a bogie distance of 1.8 m 
and a center distance between bogies of 8.6 m as shown in Figure 3-11.  

  

Figure 3-11 Smmnps 13, used by the reference train for transporting steel slabs (Green Cargo). To the right are 
frames from the video recording indicating that the wagons were loaded with 2 - 4 slabs per wagon. 

The speed of the train was not directly measured, but knowing the length of the train, it was 
possible to estimate its speed. The crossing took 46 seconds and the length of the train set was 
estimated to be 524 meters, which gives a mean velocity of about 41 km/h. The crossing was 
the 110th out of 399 trains crossing the bridge during the time of the measurements.  
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Figure 3-12 Axle positions and load amplitude for the reference train, with locomotives data to the left. 

Table 3-7 Axle loads for the reference train at the weigh station in Jörn 

 Vehicle number Axles 
Total 
load 

skewed 
loading  

Front/Back 

skewed 
loading  

Left/Right 

 

Vehicle number Axles 
Total 
load 

skewed loading  
Front/Back 

skewed 
loading  

Left/Right 

1 RE1423 (Train)  1-4 66.2 0.988 1.293 20 837447215273  77-80 78.6 0.965 1.267 

2 RE1428 (Train)  5-8 66.9 0.991 1.32 21 837447217162  81-84 71.3 0.953 1.283 

3 837447215224  9-12 61.2 1.013 1.32 22 837447216040  85-88 74.1 0.96 1.117 

4 837447215133  13-16 78.3 1.034 1.128 23 837447215851  89-92 73.5 1.008 1.21 

5 837447216388  17-20 70.5 0.958 1.18 24 837447216982  93-96 76.8 0.99 1.215 

6 837447215067  21-24 67.8 0.926 1.217 25 837447216826  97-100 61.5 0.952 1.465 

7 837447215810  25-28 70.2 0.918 1.192 26 837447217428  101-104 66.8 0.976 1.163 

8 837447216404  29-32 70.9 0.969 1.15 27 837447217451  105-108 69.2 1.041 1.197 

9 837447216891  33-36 71.3 0.922 1.345 28 837447216693  109-112 70.5 0.997 1.17 

10 837447219149  37-40 72.3 0.992 1.425 29 83744721317  113-116 62.5 0.941 1.21 

11 837447215059  41-44 72.5 0.944 1.315 30 837447216255  117-120 80.3 0.907 1.352 

12 837447217089  45-48 59.7 1.01 1.385 31 837447217642  121-124 64.6 0.982 1.195 

13 837447215075  49-52 76.9 0.997 1.235 32 837447215125  125-128 61.7 1.029 1.21 

14 837447215687  53-56 72.3 1.014 1.207 33 837447216370  129-132 62.7 0.997 1.225 

15 837447216347  57-60 72.0 0.905 1.165 34 837447215299  133-136 74.2 0.958 1.405 

16 837447215281  61-64 73.2 0.931 1.408 35 837447216628  137-140 71.8 0.994 1.24 

17 837447215653  65-68 71.4 0.914 1.21 36 837447217154  141-144 73.1 0.997 1.153 

18 837447216644  69-72 71.2 1.017 1.13 37 837447216958  145-148 75.3 0.961 1.21 

19 837447213103  73-76 62.4 1.059 1.283 38 837447216933  149-152 77.7 0.984 1.472 

Mean: 71.9 1.0 1.3 
      

  
      

The measured response from the reference train was sampled at 50Hz, meaning that the train 
moved approximately ¼ of a meter between every reading.  

The different train sets crossing the bridge during the measurements, apart from the reference 
train, are detailed in Moreno (2013). 

During the time of a train passage, the change in temperature has a negligible effect unless 
there are built stresses which are released as a train passes, so called slips for example friction in 
a bearing which is exceeded for a train passage. This effect could be seen in data from several 
sensors for the crossing of the reference train, because their response did not return to zero 
after the passage of the train set.  
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Classification of traffic

By using a reference train with known axle loads, it was possible to analyse the structural 
response related to that specific load. In order to assess bridges, it is important to consider the 
variation in loading, both with regard to the ultimate limit state and the fatigue limit state. This 
is generally done in a deterministic way for new bridges, but when assessing existing structures 
it can be based on field measurements. 

In the Swedish assessment code for railway bridges, such assessment is defined by collective 
parameters which describe the intensity of fatigue-related train loads relative to the heaviest 
train (Trafikverket, 2016). 

The variation in structural response can be visualized based on measured values. One way of 
doing this is by plotting a histogram of the load effects. Figure 3-13 shows the strain width for 
sensor SMB1_2 (Strain Mid-span Bottom chord) for all 399 trains. The strain width was 
defined as the maximum strain minus the minimum strain for a single crossing. For the 
reference train, the strain width was 183 m/m. It can be noted that there are several crossings 
that produced a significantly higher response. 

 

Figure 3-13 Histogram of strain variations for SMB1_2 
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Static loading in Phase II

 In Phase II, the bridge was taken out of service and put beside the track on temporary 
supports. Here, the bridge was loaded using hydraulic jacks, where the load was applied 
through distribution beams simulating a train wagon. Cables were anchored in the bedrock 
and jacks were used to pull the bridge downwards. In comparison to Phase I, the load is purely 
static, manually controlled and in a fixed position as shown in Figure 3-14 and Figure 3-15. 
The applied force from the jacks was calculated as the oil pressure in the cylinder multiplied by 
the area of the cylinder. The loading position was initially planned to be symmetric around the 
center of the bridge, but the holes were drilled slightly off-center.  

  

 

  

Figure 3-14 Loading during Phase II from a 2D perspective. The western side is to the left and the eastern side 
to the right. 

   

Figure 3-15 Left: The steel cables attached to the hydraulic jack. Middle: The load distributing beams Right: 
Compressor supplying pressure to the jacks. 

The load-distributing beams were specially made for the purpose of testing the Åby bridge. 
The beams consisted of steel plates assembled to a welded girder. They were designed by Clas 
Fahleson at Fahleson & Co AB. The distribution beams were designed to be able to handle 
1000 tonnes (10MN) each. 

Testing in Phase II was carried out in two different stages with a total of 18 load scenarios. For 
the first 15 load scenarios, the tests were carried out with the track still in place; for the last 
three load scenarios, the track was removed. In the last (18th) load scenario, the bridge was 
loaded to failure. Figure 3-16 shows the load series for all these stages where the red markers 
indicate data used for the results. 

The first eight load scenarios were carried out on August 28, 2013. The sequence consisted of 
four similar scenarios which were run twice, in order to identify differences in results and allow 

Jack A Jack B 

900 900 
4620 2260 
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the initial conditions to settle. The load was applied and then kept constant for 10 minutes 
before unloading; this sequence was repeated three times for each load scenario. This 
procedure was carried out for the eight load scenarios with loads of 1000kN, 1320kN, 1600kN 
and 1800kN as shown in Figure 3-16. Load scenarios 9 – 15 were tested the following day, 
August 29 2013. The last three load scenarios were tested on the 12th of September, when the 
final test to failure ended around 13.00. 

 

Figure 3-16 Load scenarios in Phase II. The red markings indicate data presented in section 4. 

The distribution of loading between the two jacks for the final test is shown in Figure 3-17. 
The pressure was kept at the same level during the testing to failure as well as for the non-
destructive pretesting. Some differences did occur due to manual control of the hydraulic 
equipment, as evidenced by the lines not being entirely on top of each other. 

For both the pre-loading sequences and the final test to failure, the raw data were normalized 
to the mean value of the first 20 readings. This only applies to the strain gauges and LVDTs, 
meaning that the temperature and pressure sensors were not normalized. The reason for using 
the first 20 measurements was to reduce errors possibly caused by wind, vibrations or other 
phenomena. 
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Figure 3-17 Distribution of force between the two hydraulic jacks. The total load is displayed on the y-axis and 
the load from the individual jack on the x-axis.  

During the final test to failure, the stroke length of the jacks was insufficient to cause failure, 
and had to be reset several times before failure occurred. Since the load was calculated based 
on the oil pressure in the jacks, a dip appears in the measured response while the stroke was 
reset, despite the force remaining constant over this time. Therefore, these readings were 
filtered out, as shown in Figure 3-18. 

 

Figure 3-18 Left: The red markings indicate the results used.  
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3.7.4 FEM (Finite element modeling)
 

An initial estimation of the capacity for the Åby Bridge was carried out using FEM simulations. 
One model was created before the testing in Phase I and another before Phase II. Since the 
real material properties were not tested at this time, the material properties were taken from 
codes. After the material tests were completed, the second model was updated.   

The Finite Element Modeling work has been an ongoing process during the project. During 
the pilot study in Phase I, a model was developed by using the Ansys software in collaboration 
with adjunct Professor Mikael Möller. For Phase II, another model was developed using the 
Abaqus software in collaboration with Professor Yongming Tu.  

Both models estimated the failure mode in Phase II to be buckling of the top chord, as shown 
in Figure 3-19, at a total load of 9.9MN for the first model and about 9.5MN for the second.  

The FEM models are described in detail in Häggström (2016). 

 

Figure 3-19 Failure of the main truss by loading three cross beams in the center. Left: Ansys model. Right: 
Abaqus model 
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4. Results and analysis Åby Bridge
 

 Load/Deflection – Verification of FEM models
The LM sensors (LVDTs at Mid-span) were located at the center of the bridge on the main 
truss and measured vertical displacement as shown in Figure 4-1.  

   

Figure 4-1 Left: LM 1 (LVDT on main truss at mid-span) in Phase II, Middle: LM 2 in Phase II. Right: The 
position of LM1 and LM2 

In Figure 4-2 the deflection at mid span can be seen. The readings displayed have been 
adjusted for settlements at supports. From the diagram it can be seen that a linear behaviour is 
achieved up to about 7-8MN of total loading by the deflection-curve deviating. Loading still 
continues to increase up to about 10-11 MN. Results from the FEM-simulations are 
presented, using both tabulated values for material as well as measured ones. The analysis of the 
main truss is presented in Paper B and (Häggström, 2016).

 

Figure 4-2 Deflection at mid-span. Results have been adjusted for settlements of supports. The results from the 
numerical simulation are also presented, both prior and post the material was tested. 
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 Out of plane displacement of the top chord
The sensors labeled LHTC (Lvdt measuring Horizontal displacement of the Top Chord) 
consisted of two LVDTs which were attached to columns fixed in the ground as shown in 
Figure 4-3. The sensors were positioned on the first vertical strut from the eastern support on 
the northern side and at the mid-span on the northern side of the bridge at the top chord, to 
measure the transverse displacement. The measured results and the FEM simulation for these 
sensors are shown in Figure 4-4. The measured results corresponded well to the simulations.  

   

 

Figure 4-3 Upper left: LHTC1 (LVDT for horizontal displacement of the top chord) close to support during 
Phase II, Upper middle: LHTC2 at mid-span during Phase II, Upper right: Both LHTC1 and LHTC 2 can be 
seen, Below: position of the two sensors. 

 

Figure 4-4 Horizontal displacement of the top chord together with results from the numerical simulation 
carried out using Abaqus software 

It was concluded that by loading the bridge, the transverse crossbeams would be subjected to 
bending and cause the upper part of the main truss to tilt slightly inwards. Loading of one 
single crossbeam would give rise to a transversal force on the top chord pointing inwards, to 
what degree being dependent on the bending and the torsional stiffness relationship between 
structural members. This would also, to some degree, affect the buckling resistance of the top 
chord.  If, however, the bridge was subjected to a distributed load over its length, the whole 
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top chord would tilt inwards and not produce the same amount of transversal bending and 
weakening of the top chord.  

During the static tests in Phase II, the bridge was loaded at eight points close to its center 
which caused transversal bending of the top chord in addition to the normal force caused by 
global bending. From the monitored data, it can be seen that LHTC2 (located at the center) 
was moving inwards whereas LHTC1 was moving outwards. This effect is believed to be 
magnified by the bridge is only loaded close to its center. 

 Rotation in stringer to crossbeam connections
The sensors prefixed LCSC (Lvdt monitoring crack opening displacement for Connection at 
the Second Crossbeam) consisted of four sensors located in the joint where the stringer beams 
connected to the second crossbeam, as shown in Figure 4-5.  

  

   

Figure 4-5 Upper left: The back of LCSC1_1 and 2 (LVDT mounted in the connection between the second 
stringer from fixed support and crossbeam), Upper middle: Sensors LCSC1_1 and 2 during Phase II, Upper 
right: Sensors LCSC1_1 and 2 Lower left: the back of LCSC1_3 and 4, Lower middle: Sensors LCSC1_3 and 4 
during Phase II. Lower Right: Position of the sensors. 



Evaluation of the Load Carrying Capacity of a Steel Truss Railway Bridge 

46 

The LCSC sensors measured the opening in the riveted connection so that the rotation in the 
joint could be determined. The opening in the connection serves as a measurement of the 
continuity of the stringer beam. By using four sensors, it was possible to determine the rotation 
in the joint, both around its own axis as well as out-of-plane rotation. The LCSC sensors were 
only used during Phase II. 

By examining the measured data shown in Figure 4-6, it can be concluded that the crack 
opening was far greater when the rail and crossties were removed, indicating that the rail helps 
with the continuity of the stringer beams.  

 

Figure 4-6 Crack opening at second cross beam. Left:Measured response. Right:Calculated rotation 

 Stringer behaviour
Strain gauges were used to monitor the first span of stringers on both the Åby and the 
Rautasjokk bridges. The sensors prefixed SFS  (Strain gauges on First Stringer), shown in 
Figure 4-7, were located at the center of the flange edges of the stringer on five different 
sections in the first span. 

  

Figure 4-7 Position of SFS sensors. Left: Position of the sensors. Upper right: Strain gauges SFS1_4 and 
SFS2_4. Lower right: Strain gauge spot-welded to the center of the flange in SFS3_4. 
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In assessment, the stringers are generally considered as two dimensional members in bending, 
possible accounting for axial force due to the elongation of the main truss. It was expected that 
the recorded measurement would show the same amount of strain for the sensors on the top 
flange as for the ones on the bottom flange, based on the assumption of plane sections 
remaining plane in two dimensions. Studying the response in Figure 4-8 is could be concluded 
that this was not the real situation. 
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Figure 4-8 Sensors SFS 3 plotted for the reference train 

Comparisons were made of all trains crossing during the taking of the measurements for the 
Åby Bridge. By the histogram of strain levels shown in Figure 4-9, is was verified that the data 
for the reference train’s crossing was representative of the bridge’s structural response. 

Figure 4-9 Histogram for max/min strain levels measured by the SFS3 sensors during Phase I 
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A new model was developed to evaluate strains in the stringer beams, as shown in Figure 4-10. 
Rails and crossties were modeled in order to investigate the behaviour of the stringers. The 
loading was then applied to the rails instead of directly on the stringers as with the previous 
models. The static load setup from Phase II was used for comparison. The load setup is shown 
in Figure 4-10 with the deformation in Figure 4-11. 

  

Figure 4-10 Load position. Left: Model created for analysis of the stringer beams Middle: Load on rail. Right: 
Load on stringers. 

  

Figure 4-11 Deformation of stringer beams underneath point loads. Left: Load on the rail. Right: Load on the 
stringers 

From the results, it was concluded that the response was different depending if the load was 
applied to the rail or the stringers. Influence diagrams were drawn for comparison between 
simulated responses and measured responses for the reference train. Figure 4-12 shows the 
influence diagrams for the edges of the bottom flange for loads acting on the rails separately. 
The response in the two flanges located in the same cross-section was not uniform. 
(Häggström, 2016) compared the results with load applied directly to the stringers as well as 
simulated for the reference train crossing the bridge. It was not possible to simulate a fair 
agreement between results from the modeling and the actual measurements. 

 

Figure 4-12 Influence diagram for strain in bottom flange loaded on the rail 
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By the modeling it was verified that the stringer beams are not only subjected to bending (M1) 
and axial force (N), but also to secondary bending (M2) and Torsion (T). By using the four 
strain gauges positioned in the same section, it was possible to create a system of equations to 
derive the different components (Leander et al., 2010). The stringer beams consisted of double 
symmetric DIMEL55 sections, in which the section forces were assumed to have the same 
absolute influence individually on each of the sensors, as illustrated by Figure 4-13 and  

Table 4-1 Influence of section forces for the 
individual sensors 

  

Figure 4-13 Assumed actions on stringers,  
numbers indicate the sensors position on the flange edges 

By solving the system of equations, the strain for the individual components could be 
determined, as shown in Figure 4-14. Based on these results, it could be seen that the 
combined effect of secondary bending (M2) and the warping component of torsion (T) has the 
same influence as bending (M1). It could also be seen that the axial force drifts, possible due to 
release of compressive axial forces caused by temperature.

 
Figure 4-14 Crossing of the reference train, with strain in SFS3 divided in-to components. 

The bending component was found to have good agreement with the simulated response for 
the reference train. These effects are further analysed and discussed in Paper A.
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 Failure actions on the Åby bridge
The ultimate failure was, as predicted, caused by failure of the top chord as shown in Figure 
4-15. 

Since the rails and the crossties distribute the load, but were removed during the final test to 
failure, the loading on the stringer beams became concentrated. This caused local buckling to 
occur as shear buckling and patch loading, as shown in Figure 4-16.  It could be argued that 
this type of failure is not relevant for the bridge since the load would have been distributed to a 
far greater extent with real trains. It can be seen from the cracking of the paint that the joint 
tested by the ARAMIS system was subjected to great strain during the final test to failure. 

   

Figure 4-15 Global failure - buckling of the top chord 

   

  

Figure 4-16 Local failure – local buckling underneath the load
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5. Discussions and conclusions
 

 Research questions
RQ1: Do 3D effects (Out of plane) have to be considered when assessing longitudinal 
stringers? 

From both Paper A and, to some degree, Paper C, it can be concluded that the stringers are 
exposed to out-of-plane bending as well as warping as a consequence of torsion which gives 
rise to stresses higher than expected when only considering in-plane action. For SLS (Service 
Limit State) and FLS (Fatigue Limit State), these stresses are believed to have a major effect, 
especially for FLS where the stringers have been identified as a critical component. For ULS 
(Ultimate Limit State), it is believed that the effects from warping and secondary bending can 
be disregarded. The reason for this is that stresses are considered to be displacement-induced, 
meaning that yielding will cancel out the effects. Furthermore the stringers are not so much 
utilized in ULS. 

RQ2: What is the structural load carrying capacity, and how do open steel truss railway 
bridges fail?  

Failure can be defined in a number different ways, with collapse under live loading being the 
worst. In Paper B, the Åby Bridge was shown to exhibit a robust ductile behaviour while 
being loaded to failure. The total load effect applied before obvious non-linearity considering 
load/deflection of the main truss corresponds to about four times the regulated load limit for 
the railway line and, for the peak load, almost six times At this point, lateral buckling of the 
top chord had occurred, the stringers buckled by shear and patch loading, and there was 
crushing of the temporary supports. From the mentioned failure modes, it is only buckling of 
the top chord that would be relevant for the actual bridge when in service and, in this case, the 
load would be distributed differently.  

For the load case related to the failure test of the Åby Bridge, only loading the bridge at its 
mid-span caused bending of the crossbeams close to the load, which contributed to lateral 
bending of the top chord. When the crossbeams were bent, it caused the top chord to tilt 
inwards, weakening its resistance for buckling. The effect of the crossbeams weakening the top 
chord would be reduced if the load were distributed over the entire length of the bridge, as the 
whole top chord is tilted inwards and therefore does not cause any major transversal forces that 
might weaken it.  

It is also worth mentioning that the loading was deformation-controlled of a static nature, 
disregarding dynamic amplifications. 
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From the code-based assessment carried out for the Rautasjokk Bridge, the rivets in the 
stringer-to-crossbeam were found to be the limiting component in ULS, with the conservative 
assumption that these were the only component transferring shear forces. If this connection can 
be assumed to transfer shear forces through contact as it was designed to do, a significantly 
higher load carrying capacity can be accounted for. In that case, a capacity of 90 tonnes would 
be possible, based on the same axle configuration as the previously mentioned reference train, 
disregarding safety factors and the dynamic response with yielding as the criterion for failure. 

Based on this structure having redundancy in relation to overloading, and both the tests and 
code-based assessment indicated a high capacity to start with it can be concluded that ULS is 
not of major concern. A possible failure of the actual structure will likely be induced by 
fatigue, which is investigated in Paper A and Paper C. 

 

RQ3: How should these types of bridges be modeled and assessed for their load carrying 
capacity? 

From Paper B, together with Häggström (2016), it was found that the response in the main 
truss of the studied bridges corresponded well with simulated results in both 3D and 2D, 
considering strain and deflections. The agreement between models and measurements was, 
however, not so good for the load-distributing system (stringers and cross beams), specifically 
regarding the stringer beams. In Paper A, it was concluded that out-of-plane actions consisting 
of secondary bending and torsion gave rise to significant strain for service loads, something not 
completely captured by the models. By factorizing the components contributing to the strain 
level in each of the flanges, it was possible to compare the measured bending component with 
the simulated one. A fair agreement was found. It was further concluded that it is important 
that the stringers are considered as a part of the main truss rather than as an individual system 
where the flexibility of the stringers, the load-distributing effect of the rails and crossties are all 
taken into account.  

 

 Future research
Many open unballasted steel truss railway bridges that were built around the middle of the 
twentieth centuries still remain today. Based on the design of the studied bridges over the Åby 
and Rautasjokk rivers, it has been concluded that these bridges have significant capacity to 
handle high loads in ULS. However, this is subject to some doubt as there are design issues 
that can cause fatigue. It is believed that many of these bridges are safe enough to be kept in 
service, but further research is needed. A number of topics/hypothesis is therefore suggested 
for determine the residual service life of these bridges with a maintained safety level. 

In Paper C, it was found that the measured local approach (hot-spot) only gave favourable 
results considering fatigue for one out of three studied positions when compared to measured 
nominal strains. The findings in Paper A might suggest that the nominal strain was not 
captured, since measurements were carried out on the web and therefore did not consider 
effects from secondary bending or torsion. Considering the results from Papers A and C, as 
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well as Häggström (2016), it is believed that an answer to RQ3 was not entirely found with 
regard to the modeling of stringers. It is necessary to form guidelines on how to anticipate and 
consider these effects for engineering purposes, using models, measurements or both. 

The dynamic behaviour of bridges is often described by a dynamic amplification factor (DAF) 
of the static response, based on the length of the member, influence length for live loads, 
stiffness, constraints and speed of the train. For members with short influence lengths, for 
example stringers and crossbeams in unballasted steel truss railway bridges, the DAF will be 
significant, especially for ULS purposes. It has been shown in literature that the heaviest train 
sets often give rise to a less dynamic stress raising effects. It is believed that the DAF for the 
heaviest trains can be reduced through measurements of bridge response and control of the 
roundness of the wheels. According to current assessment standards, the DAF is assumed to be 
of the same magnitude regardless of whether the track is resting on timber crossties or resting 
directly on the steel members. It is believed that the timber might provide damping in these 
cases.   

From the measurements carried out during the static tests (Paper B), both with and without 
the track, it was found that the track had a major influence on the load-distributing system. 
Both strain and displacement increased when the track was removed for the same amount of 
loading. Measurements of the Rautasjokk Bridge were carried out with the purpose of 
evaluating this, as well as unintentional composite action between the rails and the stringers.   

Inspections and theoretical assessments of bridges are often regarded as two separate activities 
carried out by different operators. The annual inspections are often focused on maintenance 
while the theoretical assessment is focused on structural capacity. It believed that greater safety 
can be achieved by sharing knowledge between the two activities. Just as the theoretical 
assessment forms guidelines and intervals for inspections and structural health monitoring, the 
output from inspections could provide input to that assessment. Theoretical work has been 
conducted in the field of probabilistic fatigue assessments, the results of which might be 
possible to implement. 

In some cases it is not be possible to theoretically upgrade the bridge with regard to fatigue or 
that fatigue cracks has already occurred. Retrofitting parts of the bridge in order to improve its 
fatigue resistance or structural behaviour can in these cases be a valid alternative. Much 
research has been done in this area, and it is believed that collecting this information can help 
to form guidelines for which actions to take.  
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Stringer behavior in unballasted open steel truss Railway Bridges with
wooden crossties

Abstract
Several steel truss railway bridges have been designed with stringers and cross beams to distribute
forces from live load to the main truss. During the design of these bridges, the load distributing
system and the truss have often been considered as individual systems. This paper investigates the
behavior of stringer beams by comparing numerical simulations with measured experimental data.
The tests were carried out on two similar bridges (Åby bridge and Rautasjokk Bridge) consisting of
33m long unballasted steel truss railway bridges.  
The results indicated that stringer beams were not only exposed to bending and axial force, but also
torsion and secondary bending that for some positions were found to be of the same magnitude as
the stresses from in plane bending.
These findings are believed to have a significant influence on the fatigue life of the stringer beams
which had been identified as critical for fatigue prior to the study done in this paper.

Introduction
Bridges has been built for thousands of years. Throughout centuries, design has gone from being
based on experience and analytical closed form solutions to having more refined analytical tools
available. In the latter, engineers theoretically prove the capacity of structures rather than test its
actual capacity. As complexity of structures increases, simplifications are often needed. In order to
not reduce safety, assumptions need to provide enough conservative outcomes.

It is often proven difficult to make conservative assumptions with regard to statics, where
assumptions can be both favorable and un favorable. The stiffness relations between structural
members and components often has impact in the distribution of forces, E.g. considering a
transverse loaded member as pinned or clamped; where the pinned member will cause high bending
moment at mid span while disregarding the supporting bending moment compared to assuming the
same member as clamped where bending at mid span might be underestimated, leaving both
assumptions unsafe with regard to either support or mid span bending if the real conditions were
somewhere in between, as illustrated by Figure 1.

Figure 1 Influence of constraints in moment distribution for a single span beam.
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One way of dealing with uncertainties associated with static behavior in existing structures, is by
testing and monitoring. Monitoring can be used to get a better understanding of the actual behavior
and load effects acting on a structure which leads to more accurate assessments and possible a
prolonged lifespan and/or capabilities for higher loads.

The Bridges over Åby River and Rautasjokk shown in Figure 2 were two similar unballasted open steel
truss railway bridges located in northern Sweden, built using the same drawings. Code based
assessment of these bridges indicated severe fatigue problems, in which the fatigue life already had
been exceeded. However, in situ inspection did not indicate typical cracks associated with that
fatigue assessment. Hence an extensive monitoring program was designed to measure the real status
of the two bridges.

Figure 2 Left: Location of the two bridges Middle: bridge over Åby river Right: bridge over Rautasjokk.

The Bridges
The two bridges Åby bridge (Figure 2b) and Rautasjokk bridge (Figure 2c) consisted of 33 m long, 4.9
m high and 5.5 m wide unballasted open steel truss bridges of warren type with verticals. The rail
was supported by wooden crossties, resting directly on the longitudinal stringers. The stringer span is
4.125 m between each crossbeam, which are carried by the main truss. The stringer to crossbeam
connections are seen in Figure 3 and Figure 4. Horizontal bracing consisted of trusses between both
the main trusses and the stringer beams. The complete sets of drawings are found in the
measurement report (Häggström et al, 2016a). The superstructures were originally designed for train
type F46, corresponding to 12 axles with 25 tons axle loads at 1.6 m spacing representing the
locomotive and a distributed load of 85 kN/m representing the wagons (Trafikverket, 2010).

The Åby Bridge was taken into service in 1957 and was located along the Swedish “mainline”, until
2012 when it was replaced in favour for a new ballasted trough bridge. The Rautasjokk Bridge was
constructed in 1962 and is still in service. The major difference between the bridges it that the
Rautasjokk Bridge was situated along the “Iron ore line” which is heavier loaded due to mining
activities in the area.

A study on the Rautasjokk Bridge (Häggström, 2014), identified the gusset plate welded to the top
flange of the stringers for horizontal bracing as a critical detail (seen in Figure 3 and Figure 6) with
regard to fatigue. The assessment used the algorithm for rain flow summation (Rychlik, 1987)
together with cumulative damage (Palmgren, 1924; Miner, 1945) based on historic loads. The short
influence length of the stringers, together with a low fatigue class of the detail concluded cumulative
fatigue damage over 500%, including partial coefficients for safety from the Swedish assessment
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code (Banverket, 2005). Despite this, no cracks have been found during inspection, similar to the
Söderström Bridge in Stockholm, Sweden where the same type of detail was identified as critical
without finding cracks (Leander et al, 2009).

A local approach for fatigue assessment, using hot spots (IIW, 2008) is presented in (Häggström et al,
2016c) for the studied bridge. In that paper local strains were measured and compared to nominal
strain extrapolated from measurements on the web. Considering fatigue lifespan, the hot spot
method was only found favorable in one out of three studied locations. In (Andersson et al, 2013) a
method for reducing geometrical stress raisers by cutting notches was introduced and verified on the
Söderström bridge by using the hot spot approach.

Figure 3 Left: Stringer beams connected to cross beams Right: Gusset plate welded to the top flange of the stringer

Stringer to cross beam connections
In the assessment of stringers it is not always clear if the stringer to cross beam connection should
be regarded as pinned or clamped. These connections are generally designed for shear forces, but
receive rotational stiffness when ensuring sufficient shear capacity. The stiffness of the connection
can often be difficult to estimate, and has a major effect on the moment distribution for the
longitudinal stringers (Al Emrani, 2002). For the Åby and Rautasjokk bridge, the intermediate
stringer to cross beam connections consisted of 10 rivets, a continuality plate welded to the top of
the stringer and a fitted steel cube underneath resting on the bottom flange of the cross beam as
seen by Figure 4.

If no gaps in the stringer to floor beam connection are assumed and all rivets are active in tension,
disregarding bending of the end plate, the rotational stiffness can be calculated based on the
geometry in Figure 4. Rivets are assumed to have a diameter of 25mm, Young’s modulus of 210GPa.
For negative bending, with rotation around the bottom flange it can be concluded that the
connection has a rotational stiffness of about 8000MNm/rad where the continuality plate on top of
the top flange contributes with 75% of the stiffness. The level of continuity of the stringers can be
described based on the stiffness relationship between the connection and the stringer expressed in
eq.1.

eq.1
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Where R equal to 0 corresponds to a fully continuous member, for a pinned connection R goes
towards infinity, as illustrated in Figure 5. For the bridges over Åby and Rautasjokk were the
theoretical stiffness ratio calculated to R=0.0215, indicating an almost continuous behavior. There
has been reported a relatively large number of fatigue cases in both Sweden and abroad related to
the stringer to crossbeam connection where secondary forces are believed to have been the driving
factor (Åkesson, 1994; Al Emrani 2002) among others, this is however not covered in this paper.

Figure 4 Stringer to cross beam connection

Figure 5 Influence of stiffness ratio between stringer and stringer to cross beam connection on supporting bending
moment at support B, considering the geometry of the Åby and Rautasjokk Bridge.

Monitoring
The Åby and the Rautasjokk bridge has been tested in a total of three phases (Häggström et al,
2016a).

The measurements on the Åby River Bridge (Phase I) were performed during 2012, when the bridge
was still in its original position and in service. During the time of measurements 399 train sets were
recorded passing the bridge by a total of 55 sensors, divided between 14 LVDTs (Linear Voltage
Displacement Transducer) monitoring displacements of the main truss, 8 strain gauges on the main
truss and 30 strain gauges on the load distributing system (stringer beams and crossbeams) and 3
sensors registering temperature (Häggström et al., 2016a).

For the second Phase of testing, Phase II taking place in 2013 the Åby Bridge had been replaced and
was moved close to the tracks on to temporary supports where the monitoring was extended to a
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total of 122 sensors. The bridge was monitored while being subjected to static loading, finally leading
to failure (Häggström et al., 2016a,b).

Phase III consisted of the monitoring of the Rautasjokk Bridge which was performed to verify results
and conclusions from the Åby Bridge measurements. Besides verification of results, there was a focus
on measuring strains related to critical fatigue details and evaluating the dynamic amplification
factor. Some results and analysis for the local approach for fatigue assessment can be found in
Häggström et al. (2016c). For these measurements a total of 71 strain gauges were used to monitor
526 passing train sets out of which 130 consisted of trains loaded with iron ore.

The measurements presented in this paper are exclusively from Phase I and Phase III.

For the Åby Bridge, the first span of stringers from the western side was monitored by strain gauges
located at the flange edges, so called SFS sensors (Strain gauges on First Stringer) as illustrated in
Figure 6a. The strain gauges were positioned at the center of each flange edge and consisted of
Kyowa KCW 5 120 G10 11 G1M3S strain gauges spot welded to the steel, seen by Figure 6b. Only
SFS3 was present in Phase III for the measurements on the Rautasjokk Bridge.

Figure 6 a) Position of SFS sensors b) Strain gauge SFS3_1

Loading
The trains passing the Åby bridge was weighted on a weight station approximately 40 km south west
of the bridge. Loads for each wagon on the bridge were therefore known, together with the
distribution in the longitudinal and transversal direction. An automatically triggered video camera
was used to ensure that measured data was combined which the right train set.

One specific train passage, here referred to as the reference train, consisted of two locomotives and
36 wagons transporting steel slabs. The reference train was monitored as it entered the bridge from
the eastern side with the speed of 40 km/h. Due to the relatively low speed, dynamic effects are not
considered analytically in this paper. Figure 7 shows the locomotive together with its axle
configuration.
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Figure 7 Locomotive of the reference train, pulling steel slabs and its axle configuration

The wagons consisted of “Smmnps 13”which according to the operator (Green cargo) consist of a
four axle 13.9 m long wagon with a bogie distance of 1.8 m and a centrum distance between bogies
of 8.6 m. The measured loads from the weight station are presented in (Häggström, 2016a). The
loading on each of the rails was derived from the assembled data and further calculated as the load
on each of the stringers by eq.2, assuming the crossties as a statically determined system in the
transverse direction where P is the measured load on each of the rails, L the distance between
stringers and a the distance from the stringer to the rail, illustrated by Figure 8. The Loads applied
are presented in Figure 9.

eq.2

Figure 8 Cross section of the stringers with cross ties and rail

Figure 9 Load acting on the stringer from the reference train, with the locomotive to the left
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Theoretical model
Figure 10 shows five different increasingly complex linear elastic 2D models. The models were
developed in order to investigate the effects of different simplifications and assumptions when
analyzing the behavior of the stringer beams and to be compared with measured data. Geometry
and dimensions are based on the drawings for the two bridges, found in (Häggström, 2016a).

Figure 10 Models considered for evaluation of structural behavior

Model 1 – For this model the stringer beams are considered as an individual system with pinned
connections at each cross beam. This approach is the simplest approach for design, with every
member acting as a simply supported beam. It is a statically determined structure and does not give
rise to bending in the connection between stringers and crossbeams. Assuming the stringers as
pinned was the standard approach for design of many early truss bridges, where an upper bound
solution with regard to member forces was achieved.

Model 2 – Similar to Model 1, the stringers are regarded as an individual system with the difference
of connections between stringers and floor beams are considered clamped. Stringers act as
continuous beams, giving rise to supporting bending moment in the stringer to crossbeam
connection.

Model 3 – In Model 3 the flexibility of the cross beams is taken in to account. The effect on the
moment distribution is based on the stiffness ratio between stringers and cross beams. The effect is
considered by modelling the intermediate supports as vertical springs instead of fixed vertical
constraints. If the springs are considered as infinitive stiff, the same behaviour as for Model 2 would
be achieved with the opposite being too weak to have an effect, causing the stinger to act as a single
beam instead of just spanning between the crossbeams. If the cross beams are not sufficiently stiff,
positive bending can be achieved in the connections between stringers and crossbeams (Wang,
1990).
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The vertical flexibility of the crossbeam is dependent on its constraints to the main truss. The
connection seen in Figure 11 between crossbeams and the main truss is believed to act as fixed. For a
local load, the end rotation of the cross beam would be restrained by the main truss, but for a
distributed (e.g. a train set) the whole main truss will tilt inwards, causing the cross beam to act as
pinned with regard to section forces, despite the stiff connection to the main truss. For a closed
truss, a semi rigid connection should be considered. The vertical stiffness of the crossbeam is
expressed in eq.3 assuming both rails equally loaded where I is the stiffness of the cross beam
consisting of a DIP80 beam, E equals young modulus for the section, a distance between main truss
and location of stringer and L the length of the cross beam.

eq.3

Figure 11 Cross beam to main truss

At support, the cross beams consisted of a smaller welded cross section which was vertically
supported underneath in the connection between stringers and cross beams. These are therefore
considered vertically fixed.

The cross beams consisted of open sections, therefore the rotational is stiffness believed to have a
negligible effect on the distribution of forces.

Model 4 – Model 4 is a development of model 3 where load distribution effects of the rail and the
crossties is taken in to consideration. The rail in the studied bridges consisted of SJ50 rail (weight
50kg/m) and is modeled with its corresponding stiffness at a different level and bound to the stringer
by compatible nodes at the location of the crossties. Constraints were applied to the compatible
nodes, where springs are defined in the vertical direction corresponding to the stiffness of crossties.
There are no constraints transferring longitudinal shear forces, meaning that no composite action
between the rail and the stringers can occur. The load is compared to Model 1 3 applied to the rail
instead on the directly to the stringers. The crossties consisted of what is referred to as “bride
crossties” spaced 449mm with quadratic 250x250mm cross section bolted through the flanges of the
stringers as seen in Figure 8.

Springs representing the stiffness of the crossties is considered by two components; compression
perpendicular to the fibers as well as bending. The flexural stiffness was calculated accordingly to
eq1. Using the material properties, and geometric values for the cross tie. The material is assumed as
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Pine, with a Young’s modulus in the longitudinal direction of EL=11 000MPa and perpendicular
EP=550MPa.

The compressive force in the perpendicular direction is assumed to be applied over the width of the
rail foot (133mm) and absorbed by the width of the top flange (297mm) and linear in between.
Compression of the crosstie is thereby calculated for the area 0.5*(0.297+0.133)*250 with the height
of 250mm. The perpendicular compression is calculated by eq.4.

eq.4

Considering both springs in serial, a combined effect can be calculated according to eq.5.

eq.5

Model 5 – For this model is the truss also considered, where all connection within the main truss are
assumed rigid. The springs representing the flexibility of the floor beams are replaced with
compatible nodes corresponding to the same stiffness linked to the main truss, causing the springs to
be coupled through the main truss. By the introduction of the truss, the stringers take part in global
bending and is subjected to a tensional axial force by restrained elongation of the main truss by
transverse bending of the crossbeams, as verified by (Bakht and Jaeger, 1990) among others. For this,
the stiffness of the cross beams in the weak direction is of interest. The constraints of the cross
beams in the weak direction are assumed rigid to the main truss, with the possibility to rotate
together with the main truss. The rotational stiffness of the connection to the chord can be
estimated by eq.6.

eq.6

Further can the spring stiffness of the crossbeams in the longitudinal direction be expressed
according to eq.7.

eq.7

Where I refers to the moment of inertia for out of plane bending, E = Young’s modulus, Lbc is the
length of the chord to the next crossbeam and L is the length of the crossbeam. Notations with lower
case bc refers to the bottom chord, without the cross beams. By increasing EIbc towards infinity, it
was noted that calculated spring stiffness was only was about 10% from the behavior of a clamped
connection. The transversal bracing or the diagonals is not considered for this analysis. The
intermediate cross beams were found to be significantly stiffer for bending in the weak direction
compared to the cross beams at support, resulting in a stiffness of 2.8 MN/m for the ending cross
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beam and 28.7 MN/m for the intermediate being used. Because of the less stiff cross beams at
supports, axial forces due to elongation of the main truss were reduced in the measured span.

Results
The Influence diagram for model 1 5 was created by moving a point load in steps of 0.1 m and
presenting the results for each position, using beam elements and the conventional software Robot
Structures. The response was then simulated by multiplying the measured load with the influence
value. Figure 12 shows the influence diagrams for model 1 5 presented for mid span AB, with the
response plotted for the reference train including the train and the first 3 wagons in Figure 13.
Considering only bending at mid span, it can be seen that Model 1 caused an upper bound and
Model 2 a lower bound. The influence length for axial forces spans the entire length of the bridge,
but with insignificant values for the end span of the stringers.

Figure 12 Influence diagram for stringer mid span AB

Figure 13 Simulated strains at mid span AB, center of the bottom flange for Model 1 5.

The influence diagram for support B is presented in Figure 14, with the simulated response presented
in Figure 15. Model 1 was not considered for support B, since this setup will not cause bending at the
support. For the support, Model 2 gave the upper bound with regard to bending. The axial forces are
identical for mid span, presented in Figure 13. Results between models vary to a greater proportion
at support B compared to mid span AB. It was noted that the flexibility of the cross beams
significantly reduces the strain peaks.

0.5

0.3

0.1

0.1

0.3

0.5

0.7

0.9

1.1

0 4.125 8.25 12.375 16.5

St
ra
in
[u
m
/m

*k
N
]

Load position [m]

Model 1
Model 2
Model 3
Model 4
Model 5 (Bending)
Model 5 (Axial force)

50

25

0

25

50

75

100

125

150
39 40 41 42 43 44 45 46 47 48

St
ra

in
[u

m
/m

*k
N

]

Time [s]

Model 1 Model 2
Model 3 Model 4
Model 5 (Bending) Model 5 (Axial force)



Paper A: Stringer behaviour in unballasted open steel truss railway bridges with wooden crossties  

11

Figure 14 Influence diagram for support B

Figure 15 Simulated strain at support B, center of the top flange for Model 1 5.

The Influence diagrams for Model 5 were extracted for the position of the SFS sensors (Figure 6) and
presented in Figure 16 in order to be compared with measured data, presented for SFS3 in Figure 17.
Measured strains were normalized, meaning that the sensors start at zero for each individual train
passage. Strain levels were seen to differ substantially between the gauges, where three out of the
four sensors were compressed. It can also be noted that the registered strain did not return to zero
after the passage.

Figure 16 Influence diagrams for sensor positions SFS1 5 based on model.
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Figure 17 Measured response in SFS3 (dots representing local max/min values)

To verify that the measured response of the reference train also represented other trains on the line,
a histogram for max and min strain level per passage was made for all recorded passages over the
Åby Bridge, presented in Figure 18. The histogram verifies that the SFS3_3 sensor was by far exposed
to the highest strain in tension while SFS3_4 is exposed to the highest strains in compression.

Figure 18 Histogram for Max/Min strain in SFS3

Analysis
Based on Figure 17 it can be concluded that the simulated response from the 2D analysis did not
correspond to the measured response. For the models, the response is limited to axial force and
bending resulting in an equal response in gauges located on the same flange. Based on measured
response, it was seen that this was not the case. This is either an effect of local stress raisers and / or
effects from out of plane actions. It is believed that the out of plane actions are caused by:
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 Eccentric loading on the rail relative to the stringers (The rail is not positioned directly on top
of the stringers)

 Bending of the cross beams
 Restrained torsion of the stringers

The combined effect of these are believed to give rise to strains related to secondary bending and
torsion, where the nominal strain component consists of warping.

By assuming that the strain in each flange edge is the combined effect of axial force (N), bending
(M1), secondary bending (M2) and torsion (T) it is possible to form a system of equations to derive the
different components, based on four measured positions (Leander et al, 2010). The stringer beams
consisted of double symmetric DIMEL55 sections, in which the section forces were believed to
individually have the same absolute influence on each of the sensors, as illustrated by Figure 19 and
Table 1.

Figure 19 Assumed actions on stringers, numbers indicate the sensors position on the flange edges

Table 1 Influence of section forces for the individual sensors

Sensor N M1 M2 T
1 + +
2 + +
3 + + + +
4 + +

The equation system can be arranged and solved as the matrix system in eq.8.

eq.8

By using the formulas stated in eq.8 the measured response from the gauges was derived in to
individual components, plotted for SFS3 and the reference train in Figure 20. From the figure, strain
related to axial force is seen to incrementally increase as the train set passes the bridge and not
return to zero after the train set left the bridge. Strains based on warping and bending out of plane
appears to have a major effect on the response, where the combined effect exceeds the effect of
bending around the strong axis (M1). The warping strains were not unloaded between axles for the
SFS3 sensors. The bending component corresponds well with the simulated response for Model 5. In
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Figure 21 the components are plotted for the passage of an iron ore train on the Rautasjokk Bridge.
The train set consisted of a heavier loaded train, entering the bridge in the measured span. Bending
(M1) for this passage was a more dominant component compared to the passage of the reference
train on the Åby Bridge. The axial force component did not show any releases of temperature in
comparison to Figure 20. It should be noted that the strains related to warping and secondary
bending had an opposite behavior compared between measurements on the two bridges, indicating
that these effects are difficult to estimate.

Figure 20 Results for SFS3 sensors displayed as individual components for the passage of the reference train.

Figure 21 Results for SFS3 sensors displayed as individual components for the passage of an iron ore train on the
Rautasjokk bridge.

In Figure 22 is the strain components presented together with the simulated response for model 5
for the SFS sensors. There was a fair agreement between measured and simulated bending (M1) for
SFS1 3. The simulated strain levels for bending in SFS4 indicated the same strain width as the
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measured response, where the measured response was shifted towards negative bending. The
accuracy of the theoretical model was found more inaccurate for hogging moment, where error in
the positioning of the sensors has a greater influence. Simulations of SFS5 indicated negative
bending, which was not captured by the analytic process of measured data, despite measured results
for SFS4 indicated negative bending and SFS5 was closer to the crossbeam. For many of the
measurements, it can be seen that that the effects from warping and secondary bending (M2) are
reversed to each other, removing the effects from torsion and secondary bending for the bottom
flange.

Figure 22 Results from the SFS sensors displayed as individual components. a) SFS1. b) SFS2. c) SFS3. d) SFS4.
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Conclusions
Based on the results and analysis presented in this paper, it can be concluded that open unballasted
steel truss railway bridges with load distributing systems consisting of cross beams and stringers like
the Åby Bridge and the Rautasjokk Bridge are exposed to forces which they were not designed for. In
(Häggström, 2016c) it was concluded that using hot spot stresses for fatigue assessment was only
favorable when compared to nominal stresses in one out of three studied locations. In that paper,
the nominal stresses were extrapolated using measurements on the web – meaning that the effects
from warping and secondary bending were not captured.

Torsion and secondary bending were found to have a significant influence on measured strain, where
the combined effects exceed 50% of the total strain for some strain gauges. It is however possible
that these identified effects have been overestimated, partially due to local effects. Nevertheless it is
seen that flange edges are subjected to higher strains than what is expected through normal
methods for analysis.

These effects have drastic effects for the calculated fatigue life, where an increase of stress widths of
100% amplifies the cumulative damage at least eight times, depending on the slope of the SN curve.
Considering that the stringers were already identified as critical for fatigue, the identified effects give
rise to concern regarding the capacity of these bridges. It should however be noted that there has
not been any identified fatigue damage of the stringers in any of the studied bridges. Since the
stringers are mainly in compression where the gusset plates are attached (Figure 3). For welded
details, standards usually regard tension and compression stresses equally due to residual stresses.
However the growth of such potential crack is likely to be slower for details in compression.

For the assessment of the stringers in ULS (Ultimate Limit State) yielding of the stringers are allowed.
Since the out of plane actions identified in this paper are believed to be displacement induced it is
likely that these effects can be disregarded. ULS was not found to cause problems for the studied
bridge, but might be applicable to other bridges.

It was found that the axial force does not have any significant effect for the last span of stringers in
the studied bridges, due to the low stiffness of the ending cross beam in the transverse direction.
Measurements for the reference train however indicated a drift in measurements of axial force. This
is believed to be from temperature elongation or contraction which is restrained by friction which is
released by the passing train. These effects can be troublesome for evaluating measured data, but
are not believed to have significant effects for limit state assessment.

By the differences between the two studied bridges it can be concluded that these effects are
difficult to capture. Future research should therefore investigate methods to quantify these
components, for more reliable assessments. Further measurements together with more advanced
modeling might provide better understanding of the stringer behavior. Fatigue tests performed on
the stringers might prove the stringers to have higher capacity then what is stated in codes.

When planning for measurements of strains in stringers, it is of importance to understand that these
identified effects will not be captured by only adding sensors centrically on stringers. At least four
sensors are needed to quantify these effects where additional sensors can be used for verification.
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Abstract 
Large amounts of resources have been invested in maintaining existing infrastructure. Many of these 

structures are now becoming old and do not meet current requirements or are reaching the end of 

their lifecycle. It is not possible or sustainable to replace all of these structures that are deemed or are 

about to be deemed obsolete. However, in many cases their specified capacities are very 

conservative. So there are urgent needs to obtain more robust knowledge of their true status. 

This paper describes a unique project, in which a 33 m long steel truss railway bridge (over Åby River) 

was tested to failure. The findings can be used to identify optimal solutions for other bridges of the 

same design that are still in use, notably the bridge over Rautasjokk (a river in Sweden), which has a 

regulated axle load of 30 tons but will probably be upgraded to 32.5 tons and remain in use for the 

coming years. 

These two bridges have been tested in three stages. This paper focuses on the second stage, in 

which the Åby bridge was subjected to static full scale testing to failure, by pulling it downwards using 

hydraulic jacks anchored in bedrock. The global failure mode consisted of buckling of the top chord 

with yielding of the steel starting at a total load of 8 MN and the peak load being reached at around 11 

MN, corresponding to a load approximately 4-5 times higher than the characteristic design load. 
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Field Test and monitoring, Steel structures, Bridges, Fatigue 
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1. Introduction 
Recent increases in rail and road freight volumes, numbers of heavy vehicles, and exploitation of their 

loading capacities (Kuhn et al., 2008) have affected the safety, serviceability and durability of existing 

bridges. To avoid these problems, which are often related to fatigue for steel bridges (Oehme, 1989), 

many bridges have been replaced due to theoretically based indications that their performance no 

longer meets requirements and they have reached the end of their lifespan. However, this is no longer 

possible for ecological, economic and social reasons. Most old bridges are railway bridges, because 

their loads have increased much less in the past century than those of road bridges, and most existing 

railway bridges in Europe are now older than 50 years (Sustainable bridges, 2007). Due to their large 

numbers, replacement simply because they have exceeded their design life should be avoided if 

possible. Even if the funds were available, replacing all of these bridges would be unacceptable as 

many have cultural values and/or are located in places where it would be impossible or very expensive 

to stop traffic. The environmental burden is also an increasingly important concern in decision-making. 

For all of these reasons the actual capacity of numerous bridges will have to be assessed to identify 

the optimal repair, upgrade or replacement solutions. 

 

Existing bridges can be assessed with various levels of accuracy and effort. Generalized load-models 

might often be sufficient to verify if a bridge’s load capacity is adequate, or at least provide an initial 

estimate. However, conservative assumptions may lead to higher than necessary safety margins and 

(hence) recommendations to replace the structure sooner than necessary, while overestimating the 

capacity may have catastrophic consequences, including failure followed by major delays and human 

casualties. Several frameworks for assessing bridges recommend a stepwise approach, starting with 

initial checks using simplified conservative methods (Sustainable Bridges, 2007; Kuhn et al., 2008; 

Mainline, 2013). If these checks provide insufficiently clear results more detailed analytical methods 

can be used, for example advanced Finite Element Modelling (FEM), reliability-based methods, 

fracture mechanics analysis, monitoring, material testing and/or fatigue testing. Both consequences of 

failure and costs should be considered when deciding how much time and effort to invest in 

assessments. If an assessment indicates that capacity is not sufficient suitable measures must be 

implemented, for example strengthening, repairs/retrofitting, intensification of inspections, traffic 

restrictions or replacement of the entire structure. 

 

Clearly, structural health monitoring is often required to ensure the continued safety of elderly bridges. 

Thus, a project was undertaken to gather such data regarding the bridge over Åby River (Figure 1) in 

northern Sweden, which had theoretically reached the end of its lifespan when it was replaced in 

2012, and similar bridges. The project was divided into three phases. In the first phase measurements 

of the Åby Bridge were acquired while it was still in service to characterize its behaviour when 

exposed to live loading. In the second phase (reported here) the old bridge was moved to temporary 

supports close to its original position for full scale testing to failure. Major objectives of these tests 

were to: assess its actual capacity, identify critical issues, obtain indications of possible solutions, and 

identify informative variables and measuring points for characterizing its structural behaviour to 
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develop robust methods for non-destructive assessment of similar bridges. Further objectives were to 

identify ways to save the Rautasjokk Bridge (an identical bridge over another river) and others from 

replacement and if possible even upgrade them for higher axle loads, thereby enabling great savings 

through retention of existing infrastructure. Thus, the third phase consists of measurements on 

Rautasjokk Bridge, which is located along the iron ore line in northern Sweden and subjected to 

heavier traffic than the Åby Bridge was exposed to, but is still in service. A major objective of phase 3 

is to verify the applicability of findings from the assessment of Åby Bridge to similar bridges. 

There have been other steel truss bridges tested to failure where some are presented in (Bakht B & 

Jaeger, 1990; Aktan et al., 1994) 

 
Figure 1. The Åby Bridge in its original location 

 

2. Geometry and material 
The Åby Bridge was a 33 m long steel truss railway bridge (Figure 1) located along the Swedish 

mainline and was built in 1951, in the technical transition period from riveted to welded bridges. The 

bridge was therefore partially riveted and partially welded. The rail was supported by wooden cross 

ties, resting directly on the longitudinal stringers, which were riveted to the cross beams carried by the 

main truss. 

The bridge was designed for a single track with load according to type F46, corresponding to 12 axles 

with 25 ton loads at 1.6 m spacing representing the locomotive and a distributed load of 85 kN/m 

representing the wagons (Trafikverket, 2010). The bridge was located in a rural environment 

approximately 60 km west of Piteå, in northern Sweden. The steel used in the superstructure was 

tested after loading the bridge to failure. Results of the tensile tests are presented in Table 1 together 

with characteristic values for the material. The material was also subjected to Charpy V and three 

point bending tests to assess its toughness and full results of these tests have been presented by 

Eriksson (2014). 
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Table 1 Material properties used for evaluation 

 

 

 

 

 
 
3. Assessments of the Åby and Rautasjokk Bridges  
An assessment of Åby Bridge’s capacity in 1994 concluded that the bridge was close to the end of its 

service life due to fatigue in the joints between the wind truss and the main truss, where the 

connection consisted of a plate welded directly to the flange of the bottom chord of the main truss. 

However, no cracks were discovered and mainly for this reason intervention was postponed. 

Trafikverket (the Swedish traffic administration) subsequently decided to replace the superstructure of 

the bridge and the track in the autumn of 2012, and the bridge was subjected to further measurements 

just before it was taken out of service, using strain gauges, Linear Variable Differential Transformers 

(LVDTs) and accelerometers (Blanksvärd 2012, 2013; Moreno 2013).Close to the bridge site there 

was a weighing station, which provided information on axle loads of passing trains. For these 

measurements 40 strain gauges, 10 LVDTs and three temperature sensors were mounted on the 

bridge. 

 

Before the second phase commenced data acquired from phase one had been evaluated (Blanksvärd 

2013; Moreno 2013) and a numerical non-linear model of the bridge had been developed, using 

Abaqus software, consisting of shell elements considering all connections as rigid (Figure 2). Shell 

elements were used partly to reduce processing time, thus enabling possibilities to evaluate the 

bridge’s capacity in a probabilistic manner (Casas & Soriano, 2013). The same model was used for 

evaluating the redundancy of the bridge, following conversion for vehicular traffic (Ghosn and Fiorillo, 

2013). Casas (2014) addressed the bridge’s robustness with regard to deterioration and concluded 

that it was highly robust. Damage to the bridge has also been evaluated through changes in modal 

characteristics based on acceleration measurements (Nuno, 2013; Saaed et. al, 2015), and some 

preliminary results from the full scale measurements have been presented (Blanksvärd et al., 2014). In 

addition, the capacity of Rautasjokk Bridge has been assessed (Häggström, 2014) according to the 

current Swedish assessment code for railway bridges (Trafikverket, 2005). The results indicate that 

the bridge has sufficient capacity for 34.2-ton axle loads, but some details do not meet fatigue 

requirements. 

Part Material fyk 

Code 
fuk 

Code 
fy,mean 

Measured 
fu,mean 

Measured 

Stringer beams, 
verticals, 
diagonals 

S1311 240 MPa 
 

360 MPa  304 MPa 
(297-308)  

454 MPa 
(448-457) 

Main truss, cross 
girders, 

S1411 270 MPa 
 

430 MPa  323 MPa 
(316-348) 

470 MPa 
(462-479) 
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Figure 2. The Finite Element Model used for analysis, created in Abaqus 

 

4. Test setup 
When the old bridge was replaced by a new ballasted steel trough bridge, it was placed beside the 

track on temporary supports where additional sensors were mounted. The loading on the bridge was 

induced by two hydraulic jacks with cables anchored in bedrock, similar to many other full scale 

destructive tests of bridges (Burdette&Goodpasture, 1973; Aktan et al., 1994; Elfgren et al., 2008; 

Michaud, 2011; Bagge et al., 2014). 

In order to simulate the loading by a wagon, girders were used to distribute the load into eight loads 

positions, shown in Figure 4. During the drilling phase the intended precision was not reached, hence 

the loading was not entirely symmetrical around the centre of the bridge. The tests were performed in 

the summer and autumn of 2013, and the final test to failure on September 12. 

 

5. Measurement program 
Full scale testing to failure is by definition impossible to replicate fully. Thus, the measurement 

program was as comprehensive as possible within constraints imposed by the test equipment, which 

provided 145 data collection channels that were connected to 72 strain gauges, 46 LVDTs, eight 

temperature gauges and an Aramis-system (GOM) for photometric strain measurements (Elhag, 

2013). Positions of sensors on the main truss and secondary load distributing system are shown in 

Figures 3 and 4, respectively. Data were sampled at 25 Hz and collected with CaTMan® software. For 

measurements related to damage identification 30 accelerometers and an additional 19 strain gauges 

were used (Nuno, 2013).  
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Figure 3. Sensor positions on the main truss Figure 4. Sensor positions on the secondary load 

distributing system 

 

The measurements were acquired in 18 predefined loading series, with the rail removed for the last 

three series (Figure 5), partly to acquire relevant data for a dynamic damage identification project 

(Edrees et al., 2015), and partly to evaluate the rail’s contribution to the bridge’s capacity. The rail’s 

contribution is often neglected when evaluating the capacity of rail-bearing structures, but clearly it 

could sometimes be beneficial if the rail could act as a structural unit and increase bridges’ capacity, 

thereby prolonging their service life or delaying the need to take actions. Total loads imposed (equally) 

by the hydraulic two jacks, calculated from the pressure in them, are displayed in Figure 5. For the 

final test (scenario 18) the stroke in the jacks was insufficient to reach failure, so there were 

fluctuations in the raw data when the stroke was reset. The crosses in Figure 5 indicate instances 

when results of the non-destructive tests in Figures 6-8 were acquired (all the data acquired in the 

loading to failure scenario are also displayed in these figures, besides the sampling carried out while 

resetting the stroke). 
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Figure 5. Load scenarios for the measurements. The rail was removed for the last three (scenarios 16-

18) and in the 18th scenario the bridge was loaded to failure. 

  

According to numerical simulations generated by Abaqus (Figure 2) the ultimate failure mode that 

would prevent the bridge from taking more load would be buckling of the top chord in the main truss 

after some yielding and redistribution of forces. Horizontal displacement of the upper chord was 

therefore monitored. Positions of the sensors for measuring the horizontal displacement, designated 

Lvdt Horizontal Displacement on the Top Chord (LHTC) 1 and 2, are shown in Figure 3. On the 

opposite side on the top cord strains were measured instead of displacement, using sensors 

designated Strain at Mid span in the Top chord (SMT) 1-3, at positions also shown in Figure 3.  

 

6. Results  
The load/displacement curve obtained for the mid-span of the bridge during both the non-destructive 

pre-testing and final test to failure is presented in Figure 6. Since the bridge was placed on temporary 

supports and exposed to heavy loading, some settlements were expected to occur. Therefore, 

settlements were monitored and the results in Figure 6 have been adjusted accordingly. Results are 

presented as a function of the total force induced by both hydraulic jacks, which were manually 

adjusted and kept at an equal level. The measured deflections at mid span are displayed for both 

sides of the bridge (LM1 and LM2; Figure 3). Results from numerical simulations, based on material 

properties from standards before testing and measured properties after testing, are also displayed in 

the figure. The measurements lie between these two FEM-generated curves at the yielding point, and 

the peak load in the FEM-simulation based on measured material properties is similar to the 

empirically determined peak load. The load/deformation-curve also shows that the main truss started 

to behave non-linearly at a loading of around 8 MN, but the bridge continued to take load up to almost 

11 MN. 

We would prefer, ‘The horizontal displacements of the top chord (Figure 7) clearly show that buckling 

of the top chord caused the non-linear behaviour starting at approximately 8 MN displayed in the 
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load/displacement curve presented in Figure 6. The appearance of the top chord after testing is also 

displayed, in Figure 9a. As LHTC2 buckled inwards, LHTC1 was pushed in the opposite direction 

since the entire chord was in compression. This behaviour was also captured by the FEM-simulation 

(as plotted in Figure 7 together with measured values) and can be seen in Figure 2, which shows 

deformation. Responses of the three strain gauges on the top chord (SMT1-3) also differed (Figure 8). 

In early stages SMT3 recorded higher strains than the other two, and a change in slope starting at a 

loading of around 5 MN, but linear changes thereafter until the maximum load at around 11 MN. The 

effect of yielding in the top chord is not detectable in the vertical deflection or horizontal displacement 

recordings until total loading reached around 8 MN. SMT2 (at mid span on the top chord) recorded 

linear strains up until approximately 9 MN of total loading before yielding. There are no signs of 

yielding in data from SMT1. 

In addition to buckling of the top chord there were some local failures under load distributing beams 

(Figure 9b). The magnitude of the concentrated forces acting directly on the longitudinal stringers 

exceeded the capacity of the web, which resulted in local shear buckling as well as local buckling due 

to patch loading. 
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Figure 6. Load/displacement curve in mid-span recorded by the sensors LM1 and LM2 (see Figure 3 

for their positions) after adjustment for settlements. Results from the FEM-simulations are also shown. 
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Figure 7. Horizontal displacements in the top chord recorded by sensors LHTC1 and LHTC2 (see 

Figure 3 for their positions). Results from the FEM-simulation (with material properties) are also 

shown. 
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Figure 8. Strains in the top chord around mid-span recorded by the SMT-sensors (see Figure 3 for 

their positions) 
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Figure 9. a) Structural failure mode: buckling of the top cord in the main truss.  b) Local failure of the 

longitudinal stringer beams, positions of the LHTC-sensors can also be seen. 

 

 

7. Analysis  
Since the load added to the bridge only one simulate one single wagon the load level for a 

corresponding train set is compared as the normal force in the top cord. In Figure 6 load effect from a 

corresponding train sets is displayed where a) is the characteristic loading from load type F46 b) the 

loading for train sets with an axle load of 32.5 tons with the geometry corresponding to the 10 meter 

long Iron ore wagons (which have four axles; bogie axles 1.75 m apart, with 6.65 m distances between 

bogies’ centre-points) operating in Sweden (The heaviest loads acting on the Rautasjokk bridge) and 

c) the loading according to current standards for new bridges along the line subjected to the heaviest 

axle loads in Sweden (CEN 2003) given by Load model 71 with =1.6, where  is the scale factor for 

the load (representing four 400 kN axle loads 1.6 m apart, plus a distributed load of 128kN/m). As can 

be seen in the figure, the bridge could withstand loading that substantially exceeded the required load 

level before failing. However, it should be noted that the loading was of static nature, increasing 

gradually over an hour.  
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8. Conclusions 
Static loading often provides simplified indications of real structural behaviour, which is essential for 

solving complex problems associated with existing bridges. Furthermore, designers often apply 

conservative assumptions and simplifications to ensure there are sufficient safety margins. One of 

these simplifications may be neglect of interaction between the longitudinal stringers and the main 

truss, which should be beneficial for the global behaviour of the main truss, but not necessarily for the 

longitudinal stringers and cross girders. 

The reported measurements indicate that Åby Bridge had sufficient capacity to resist the static loading 

imposed by operation of the line. Local failure in the longitudinal stringers and buckling of the top 

chord prevented the bridge from taking more load, but the local failure of the stringers is less relevant 

for the integrity of such structures. For similar bridges, train loads will be distributed more evenly, 

through more wagons acting along their entire length. The rail, together with the crossties, will also 

clearly have a positive load-distributing effect. Although the axle load limit on the route (25 tons) was 

exceeded approximately 4-fold before non-linear deflection occurred at mid-span, and the ultimate 

load was almost 6-fold higher than the regulatory limit, the structural behaviour of the bridge remained 

ductile with non-dramatic failure and no failures in any joints. 
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Fatigue assessment of stringer beams using structural health
monitoring

Jens Häggström, Thomas Blanksvärd, Peter Collin
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Contact: jens.haggstrom@ltu.se

Abstract
Fatigue assessment of existing bridges is often carried out through simple calculations where the
nominal stress range is compared with the fatigue strength based on a number of detail categories
specified in codes. Presented in this paper, is the stepwise fatigue assessment through
measurements of the 60 year old bridge over Rautasjokk located in northern Sweden. According to
the code based assessment of the stringers, it has already exceeded its lifetime about four times;
however no cracks have been identified. By measuring strains the real state of stress was identified,
where both nominal stresses and local approaches have been evaluated and compared. Even though
the local approach should provide a better accuracy in comparison with the nominal stresses, this
approach was only favorable for one out of the three studied locations. 

Keywords: Assessment, Bridge, Fatigue, Hot spot, Steel, Stringers, Structural health
monitoring.
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1 Introduction
Assessment of existing bridges is becoming
more essential as the stock and the awareness
of sustainability is increasing. The assessment
process can be more or less sophisticated,
cumbersome and accurate, depending on the
asset to be evaluated and the information to
be obtained. In general, the best final
assessment approach is the cheapest method
which shows that the structure have sufficient
capacity [1].

The need for assessing a structure is often the
consequence of something happening. It can
be settlements exceeding what is expected,
severe cracking of concrete, initiation of
fatigue cracks and changes in traffic volume or
loads. It can also be to postpone the exchange
of bridges which already has served their
theoretical lifespan. The methodology for
performing these assessments are somewhat
varying, but all with the aim of proving that the
capacity is sufficient to withstand the effects
for which the structure is being exposed to, for
a given period of time with a given safety level.
Simplified it can be said that:

(1)

R represents the capacity and E the Load
effect. Both R and E consist of stochastic
variables, with a given mean value and
standard deviation. Most guidelines and codes
use characteristic values together with partial
coefficients as a simplified approach for adding
safety to account for the spread in material
properties and loads together with
conservative code based checks.

In several frameworks for assessing bridges a
stepwise methodology is suggested, where the
initial checking is performed with simplified
conservative methods [2, 3, 4].as shown in
Figure 1. The idea is to not do more than what
is necessary, meaning that if the bridge is
working properly and there are no changes in
traffic there is basically no need to do
anything about the bridge. But if something
were to happen, which causes doubts
regarding the capacity of the bridge, actions
needs to be taken.

Figure 1 Simplified guidelines for assessment of
bridges, (Sustainable bridges, 2007)

The model proposed within the Sustainable
bridges suggests three steps of analysis. Initial,
Intermediate and Enhanced. The most
favourable way to upgrade a bridge is of course
to perform administrative upgrading, meaning
that the safety level can be ensured though
more refined assessment methods –
performed in the steps mentioned above.

The aim in this work is to reduce uncertainties
and thereby increase R and decrease E as well
as reduce the spread of the variance so that
the safety can be guaranteed. Structural health
monitoring is one possible solution in
performing this work, which can be used in
order to reduce uncertainties connected to
loads and load effects. By performing
measurements on live loading for railway
bridges one can perform an assessment based
on the real state of stress based on the actual
loading the bridge is being exposed to. The
efforts put in to this, should be weighted to
both consequences of failure as well as costs. If
the assessment does not provide sufficient
capacity suitable measurements must be
implemented. The possibilities include
strengthening, repair, intensifying inspections,
reducing loads or exchanging the structure.

This paper will briefly present the project
related to two 33m long steel truss railway
bridges in northern Sweden, built during the
fifties and sixties using the same design. These
bridges have been tested in three phases with
different focus. Phase 1 was focusing on
serviceability limit state while the bridge over
Åby (referred to as the Åby Bridge) river still
was in service and subjected to live loading. For
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this some 80 sensors were used emphasis
mostly on strain gauges even though LVDT’s
were also used. Phase 2 was more focused on
Ultimate limit state, where the old Åby Bridge
was exposed to static loading, and eventually
loaded to failure. Besides the sensors used in
Phase 1, some additional 50 sensors were
added, especially LVDTs. Phase 3 was carried
out on a different but similar bridge (The
bridge over Rautasjokk, which, hereon is
referred to as the Rautasjokk bridge) some 500
km from the Åby bridge. The instrumentation
of this bridge was more focused on assessing
fatigue through local approaches since this
proved insufficient according to the code based
assessment performed for the bridge.

2 Objects
The studied objects consist of two 33m long
un ballasted steel truss railway bridges. The
Åby Bridge was constructed in 1957 and the
Rautasjokk bridge 1962, in the technical
transition period from riveted to welded
bridges. The bridges were therefore partially
riveted and partially welded. The rail is
supported by wooden cross ties, resting
directly on the longitudinal stringers. The
stringers span 4,125 meters between the cross
beams which are carried by the main truss. In
Figure 2 are the two bridges illustrated.

Figure 2 Upper: The Bridge over Rautasjokk,
Lower: The Bridge over Åby bridge.

The bridges was designed for a single track
with the load according to type F46 which
corresponds to 12 axles of 25 tons
representing the locomotive and a distributed
load of 85 kN/m representing the wagons [5].

The Åby Bridge was located along the Swedish
mainline, the only electrified railway
connecting the north and the south of Sweden
until it was exchanged 2012in favour for a new
ballasted trough bridge.

The Rautasjokk Bridge is located some 20km
north of Kiruna in northern Sweden along the
“Iron ore line” and is still in service. The axle
load on this route is some of the highest in
Europe due to the mining activities with the
current axle load being 300kN which is about
to be increased to 325kN with the intension of
increasing it further to 350kN. Since these
loads are frequently occurring extensive work
has been carried out in upgrading the bridges
along this route, where the Rautasjokk bridge
being one of them.

3 Code based assessment of the
Rautasjokk bridge

3.1 Ultimate Limit State

The load carrying capacity of the Rautasjokk
bridge [6] was assessed in accordance to the
Swedish assessment code [7] for existing
railway bridges. The analysis proved that the
bridge can withstand the load from 325kN of
axle loading and with some minor
strengthening of a riveted connection even
350kN of axle loading for the given train
geometry with regard to Ultimate Limit State,
fatigue excluded.

When it comes to fatigue, the analysis is
usually performed in several steps similar to
what is described in Figure 1 where the next
step is taken only if the first prove insufficient.

3.2 Fatigue Limit State

In the Swedish code, the initial step is to use
the stress ranges already calculated for the
analysis in Ultimate Limit State. By using
collective parameters describing the variance
in stress cycles, together with fatigue classes
based on nominal stress ranges it is possible
get a pass or fail for a given detail with a
limited effort. Details with an influence length
less than 12m, such as load distributing
systems are accounted for an additional x10
cycles. This approach does not consider the
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load history of bridges, making it unfavourable
for bridges like the Rautasjokk bridge since the
axle loading has almost been doubled since it
was taken in to service.

If the first step proves insufficient, damage
accumulation based on the hypothesis of
Pamgren Miner is used [8]. For this analysis,
the loading history is required, something
which in many cases can be a problem. By
running each individual train set representing
the load history it is possible to sum up the
fatigue damage which the bridge has been
exposed to. It is also possible to calculate the
remaining life span based on estimated future
traffic. In this assessment, the engineer is
supposed to decide whether it is the number of
wheels, bogies or trains which is governing the
fatigue damage. For a train loaded with iron
ore pulling 62 wagons with 4 axles each, this
will affect the result with the magnitude of
62x4=248. It is not always simple to decide the
number of cycles, which leads to conservative
assumptions and an exaggerated safety level.
The method usually provides more favourable
results in comparison with the initial check. By
refining the fatigue assessment through
damage accumulation, several details for the
Rautasjokk bridge passed the check which they
didn’t in the initial estimation but still several
details were found to have insufficient
capacity.

One way of reducing the uncertainty in
deciding the number of cycles and the
collective parameter is through rain flow or
reservoir counting [9]. The method is
suggested by Eurocode SS EN 1993 1 9. This is
a technique which can be used for both for
both simulated responses as well as measured
in order to count the number and magnitude
of each stress cycle without having to relate
them to the number of axles or bogies. This can
be performed by simulating an entire train
passage in a numerical model, but can often be
simplified by the use of influence charts if a
linear response is expected.

If studying Figure 3; illustrating the influence
lines for the mid of the stringer beam at the
end span and the cross beam at mid span for
the studied bridge, a similar response might be
expected for a given train passage. For the

loading of an Iron ore train set with an axle
load of 325kN, is the stress variation plotted in
Figure 4. As can be seen, is the total stress
variation greater for the cross beam, reaching
some 74MPa but this particular detail only
receives one of these cycles per passage
whereas the rest of the cycles are reaching
some 35MPa. For the stringer beam it can be
observed that the total stress variation is
smaller compared to the cross beam but that
all cycles have a similar magnitude of some
55MPa. For both details the number of cycles is
related to the number of wagons, reaching the
peak value as the load from four axles from
two different wagons are located in the most
unfavourable position.

Figure 3 Influence chart for two details on the
studied objects.

Figure 4 Simulated Stress variation for a train
passage at two different positions based on
influence lines.

If disregarding dynamic effects, the train
pulling the wagons and the fact that wagons
can be unevenly loaded and draw the S N
curve, the result can be observed in Figure 5.
The detail category has been set to C45 for
both the stringer and the cross beam. Train
sets consisting of 62 wagons have been
assumed and the number of train passages has
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been set to when the first detail reaches an
accumulated damage of 1.0, which is reached
after some 17600 passages. At this point the
stringer has reached an accumulated damage
of 1.0 whereas the crossbeam only has
consumed 30% of its capacity with regard to
fatigue even though was higher for the
cross beam and the influence diagrams had a
similar appearance.

Figure 5 S N curve for the studied object
mentioned above.

This method was method was applied in the
fatigue assessment of the Rautasjokk bridge,
and it was possible to prove sufficient capacity
for all details in the super structure except the
connection between the horizontal wind truss
where a steel plate has been welded to the top
flange of the stringer beam, seen in Figure 6.

Figure 6 Connection plate welded to the upper
flange of the stringer beams, as in point 2.

4 Details not passing fatigue check

4.1 Fatigue sensitive details

During the time the studied objects were
designed, welding with regard to fatigue was a
fairly unexplored area. This lead to that fatigue

sensitive details were used. One of these
details in the studied bridges is the previously
mentioned connection plates welded to the
upper flange of the stringer beams. The C class
for a detail like this is depending on the
relationship between the radius r and width of
the plate l as illustrated in Figure 7. The radius
for this particular detail was however too small
– leaving it in detail category C45 according to
Swedish code or C40 according to Eurocode.
This resulted in an accumulated damage of 5.2.
However no fatigue cracks have been
identified, much similar to the Söderströms
Bridge in Stockholm [10].

Figure 7 the studied fatigue detail.

The detail is located on the top flange in the
middle of each span as can be seen in Figure 7.
Since the stringers are mainly subjected to
bending this will result in compressive stresses
in for the critical detail. The assumption of
residual stresses close to yielding in tension
leads to no improvement of the fatigue
resistance without making sure that the tensile
residual stresses are removed through post
weld treatment. If looking at the problem from
a fracture mechanical point of view, it can be
concluded that the crack growth would be
much more favorable compared to if the detail
would have been in tension.

The thickness of the studied top flange is
24.5mm and the connection plate only 10mm.
According to Leander [10] this is likely to be
favorable in relationship to the plates having
equally thickness.

4.2 Local approaches

The reason for the c class being related to the
radius of the connections depends on 3 the
level of stress concentrations related to the
particular case.

One way of reducing uncertainties related to
generalized C classes based on nominal
stresses and cases where an appropriate c
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class can’t be found is the use of local
approaches. One method which can be used is
the structural hot spot stress method.
Originally developed for pressure vessels and
welded tubular structures in the 1960s [11].
The method is suggested in SS EN 1993 9.
Since structural stress raisers caused by
geometry are taken in to account in the stress
calculations the number of S N curves can be
significantly reduced. For the studied detail a c
class of C=100 can be used. It should be
mentioned that the fatigue classes cover small
imperfections in welds as well as minor
misalignments within the tolerances provided
in the quality control.

The method is working so that the stress is
checked in two or three reference points close
to the weld, which then are extrapolated to the
weld toe as seen in Figure 8. This leads to that
the method is mainly in used for assessing
fatigue at the weld toe. Since the method was
originally intended to be used together with
strain gauges it is possible do perform an
assessment based on measurements and
numerical simulation as well as measurements.
Recommendations for sensor setup and mesh
size are given in [9, 11].
 

 

Figure 8 Illustration of extrapolation of hot spot
stresses [11]

5 Measurements
The Rautasjokk bridge was in September 2015
monitored with the aim of proving that it had
sufficient fatigue capacity. The effect of
interaction with the rail and the effect of train
speed were also of interest when creating the
measurement program but the outcome of this
is beyond the scope of this paper. A total of 60
strain gauges was used and monitored the
bridge for about two weeks and about 600
trains. Out of those were 130 trains going

north loaded with iron ore. The axle load of
these trains vary between 280 and 310kN with
and are further analysed, since the trains
coming back are significantly lighter since they
do not carry any cargo. A trigger was used for
the collection of data, so that a high sampling
frequency of 400 Hz could be held without
collecting more data than manageable.

The strain gauges used for the hot spot
analysis were coupled strain gauges so that a
fixed distance of 4 mm between the strain
gauges was achieved. These sensors were
glued to the steel. For the measurements of
nominal strains, normal one directional strain
gauges were used and welded to the steel.

Hot spot stresses were measured at five
different locations and nominal stress was
monitored in three of these. The sensor
locations can be seen in Figure 9 and Figure 10.

Figure 9 Sensor positions on the stringer beams
for measurements on the rautasjokk bridge
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Figure 10 Sensor positions over the cross
section and the configuration of the hot spot
sensors

In Figure 10 are the positions of each sensor
illustrated more thoroughly within the section.
The hotspot sensors are shown in Figure 11.
From these sensors located at 4mm, 8mm and
12mm from the weld toe are the hot spot
stress extrapolated as:

(2)

For the nominal stresses are the strain
extrapolated from the strain gauges positioned
on the web in an attempt to capture pure
nominal strains.

Figure 11 Measurement of hot spot stresses

6 Results & Analysis
The relationship between nominal stresses and
Hot spot stresses were found to vary a great
deal between for the three positions where
both nominal and hot spot stresses were
measured. The response from a representative
passage can be seen in Figure 12. In the
following presented data are strains
recalculated through Hooke’s law assuming a
Young’s modulus equal to 210GPa. By the
utilizing the Hot spot method it is possible to

increase the fatigue class for these details with
a magnitude of about 100%. This means that
the method is favourable if the hot spot stress
is less than twice the magnitude of the nominal
stress.

Figure 12 Hot spot and Nominal stress
variation for a passage of an Iron ore train. The
points are referring to the positions in Figure 9.

If comparing point 1 and 2 it can be observed
that point 1 has a higher nominal stress but
that the hot spot stress is greater for the point
2. This is likely because of a smoother
transition is achieved for this point since there
is an inclination of the connected steel plate
leading to a less stress concentrations. For this
passage is the hot spot method favorable for
point 1 where while being unfavorable for
point 2 & 3. The stress at the distinctive points
presented together with the calculated hot
spot stress in Figure 4. As can be expected are
the stress variation greater closer to the weld
toe.

Figure 13 Stress variation at 4mm, 8mm and
12mm from the weld toe as well as the
calculated hot spot stress.
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The presented data in Figure 13 is only for one
single passage. If instead looking at all the
loaded iron ore – trains which passed the
bridge during the time for measurement we
get the histograms presented in Figure 14.

Figure 14 Histograms over stress widths

By analysing the figure above it is possible so
see the effect caused by the geometric stress
raisers. For point 1, is the ratio between the
mean hot spot stress and the mean nominal
stress 1,49. For point 2 is the ratio 2,64 and for
point 3 it is 2,55. Based on the results are the
hot spot methodology unfavorable to use for
point 2 and point 3. The positioning of the
strain gauges is of course very sensitive, but
the results indicate that point 1 is more
favorable with regard to stress concentrations
and fatigue. It can also be noted that the
nominal stresses are some 10 15% lower than
simulated in Figure 4.

7 Conclusions & Future research
It is inferred that more detailed stress analysis
often are required to assess fatigue in critical
details in metallic bridges.

For the studied details it can be concluded that
the measured stress levels are smaller than the
simulated response despite assuming the
stringers continuous over the crossbeams and
disregarding dynamic effects. The rail is here
believed to act favorable, where it besides
distributing forces acts as a structural
component together with the stringer beams.
The effect the rail has on the stingers will be
more thoroughly investigated in future
research. Based on the presented data, the

hot spot method only proved favorable for
point 1, where the shorter length of the
connection plate and inclination as seen in
Figure 6 and Figure 9 is improving its fatigue
resistance.
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