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Abstract  
 

Thermal effects in concrete bridges are loads that are capable of producing values of stresses that 
can be significant. Consequently, having good models to determine the results of these effects is 
of great importance. The presented thesis attempts to explain how temperature effects influence 
arch bridges. The objective is also to show a way of performing temperature compensation in 
these kinds of structures. 

Traneberg Bridge is a concrete arch bridge built in 1934 that was submitted to a retrofitting 
procedure in which the original arch was kept. While the process was taking place, the structure 
was monitored with fibre optic sensors. Traneberg Bridge monitoring data is analysed and used 
as an example of how thermal compensation can be done. 

A numerical model was used to determine the effects of temperature changes in an arch. The 
loads resulting from the retrofitting process were calculated, as well as the correspondent effect 
of referred loads in the structure. These effects were calculated using the influence lines of the 
arch. A finite element model was at the same time developed with the purpose of controlling the 
results, using the calculation software SAP2000. 

Thermal compensation of the strains obtained by monitoring is made, and subsequent results are 
analysed and discussed. The presented thesis achieved results that can be considered satisfactory, 
when thinking about simplicity of the models used. Some stress variations measured could not be 
completely explained though, especially during the summer months.  
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Resumo 
 

A variação de temperatura em pontes de betão é uma acção que pode produzir tensões 
significativas. Possuir bons modelos para determinar as consequências destes efeitos é portanto 
assunto de importância. 

A ponte de Traneberg é uma ponte em arco de betão armado, construída em 1934, que foi sujeita 
a um processo de reabilitação no qual o arco foi preservado. Enquanto a recuperação decorreu, o 
arco foi monitorizado com recurso a sensores de fibra óptica. A tese que se apresenta analisa a 
informação recolhida durante o processo de monitorização, e procura explicar de que maneira os 
efeitos das variações de temperatura influenciam o comportamento da ponte de Traneberg.  

Um modelo numérico foi usado para determinar os efeitos das variações de temperatura no arco. 
Determinaram-se as cargas que actuaram na estrutura durante o processo de reconstrução e 
calcularam-se os correspondentes efeitos dessas cargas. Utilizaram-se para o efeito as linhas de 
influência do arco. Um modelo que utiliza o método dos elementos finitos foi desenvolvido em 
paralelo, com recurso ao programa de cálculo SAP 2000. 

A compensação térmica dos esforços obtidos através de monitorização é feita,  sendo analisados 
e discutidos os respectivos resultados. O projecto que se apresenta alcançou  resultados que se 
podem considerar satisfatórios, tendo em consideração as simplificações e modelos usados no 
cálculo. Algumas variações de tensões não foram no entanto explicadas, especialmente no que 
respeita aos meses de Verão. 
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Chapter 1- Introduction 
 

The presented Master Thesis was written at the Division of Structural Design and Bridges, 
Department of Civil and Architectural Engineering in the Royal Institute of Technology (KTH), 
Stockholm, Sweden.  

It includes a basic description of Traneberg Railway Bridge monitoring and retrofitting process, 
as well as an analysis of the loading process and the thermal effects in this structure.  

 
1.1 Objectives and aim of the thesis 
 

The purpose of the thesis is to perform an analysis of temperature effects in a concrete arch 
bridge. Because thermal effects can be significant, the idea is to understand furthermore how 
good theoretical models to determine the mentioned effects are. The goal is to understand the 
response of an arch to these effects and to show how temperature compensation can be 
achieved. 

Traneberg Bridge monitoring data is going to be used as an example of how thermal 
compensation can be performed. The referred structure was monitored while subjected to a 
retrofitting process. The idea of the study is to isolate the effects due to temperature and carry 
out a thermal compensation of the results from monitoring. A comparison is to be made between 
the bending moment and normal force variations obtained from the theoretical models and the 
values derived from monitoring. 

To calculate the theoretical values of temperature effects in an arch, a numerical model and a 
FEM model are going to be used. 

 

.  
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1.2 Case of study: Traneberg Bridge  

1.2.1 The retrofitting concept
 

European countries face nowadays a choice between retrofitting old structures or build new ones. 
It is a reality that a great part of the European transportation network is concluded. That results 
form the fact that almost all the important planned highways and railways have been completed 
in the past decades. Consequently, the important work now to be done is maintaining all the 
infrastructures working properly (Inaudi et al, 2001). 

Keeping civil infrastructures in a satisfactory state means that, old structures should first comply 
with the European security standards. On the other hand, they should also be able to 
accommodate the new solicitations of traffic. Heavier loads and increase of traffic are reasons 
that cause structures to become obsolete.  

The mentioned task faces the expectations society has created of being entitled to use 
infrastructures without any kind of restriction. Consequently, people always expect none or little 
perturbation on their regular use of equipments. While the process of adapting the structures to 
modernity takes place one of the most important things to accomplish is to run the process in the 
less interfering way, always having the concern of minimizing both social and economical costs of 
the process. 

Given this, it has come to understanding that retrofitting old structures is in a great number of 
cases a better solution than building new ones. We have assisted in the last decade to an 
increasing shift from de investments made in the construction of new structures to the 
preservation and lifetime extension of the existing ones (Inaudi, 2003). 

In this field, monitoring of structures is becoming a very important tool engineers can use. The 
monitoring data extracted from structures under retrofitting and strengthening permits verifying 
the behaviour of the structure and for that reason allows engineers to realize how good the 
theoretical models used in the calculations are (Enckell, Larsson).  

Figure 1 –Left: View of Traneberg Railway Bridge retrofitting works. Right: Monitoring system in 
Traneberg. 
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1.2.2 Traneberg Bridge description 
 

The Traneberg Bridge located in Stockholm is a concrete arch Bridge, built in 1934. The original 
two twin arches were at the time of construction the biggest and longest ever built, having a 
theoretical span of 181 m. The bridge was built to function as a road and  as a suburban railway 
bridge. 

The bridge has headway for navigation of 26 m above the mean water level. The two arches have 
a clear distance of 6.2 m between each other, and they are 9.0 m wide. The height of the cross-
section is 3 m in the crown and 5 m at the springers. The arches are fixed in the abutments and 
have no hinge on the crown. The cross section of the arch is hollow and has three cavities 
(Nilsson, 1938).  

 
Figure 2 – Traneberg Bridge 

 

 
Figure 3 - Cross-section of the arch in the abutments. 

 

On the upper side of the each arch there are plate-shaped pillars having the same width as the 
arch. The floor deck is mounted on welded steel plate girders with an overall height of 1.05 m, 
which subsequently rest on the pillars. The floor structure is made of reinforced concrete and has 
a mean thickness of 20 cm on the road and 22 on the railway. 
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The geometrical characteristics of Traneberg Bridge can be seen in Figure 4 and Table 1.

 
Figure 4 –Traneberg arch geometry. 

 

 
Table 1 – Geometry of Traneberg Bridge 

x (m) y (m) φ (rad.) h (m) Asection (m
4) I (m4) 

0 0.000 0.000 3 12.24 15.06 
4.5 0.056 0.025 3 12.24 15.06 
9.1 0.226 0.050 3 12.24 15.06 
13.6 0.512 0.076 3 12.24 15.06 
18.1 0.915 0.102 3 12.24 15.06 
22.6 1.438 0.128 3 12.24 15.06 
27.2 2.083 0.155 3 12.24 15.06 
31.7 2.855 0.183 3.01 12.26 15.20 
36.2 3.755 0.210 3.04 12.32 15.60 
40.7 4.787 0.239 3.09 12.41 16.27 
45.3 5.955 0.267 3.17 12.54 17.24 
49.8 7.264 0.296 3.26 12.70 18.53 
54.3 8.717 0.326 3.37 12.91 20.17 
58.8 10.320 0.355 3.50 13.39 22.57 
63.4 12.077 0.386 3.66 13.92 25.49 
67.9 13.994 0.416 3.83 14.24 28.62 
72.4 16.078 0.447 4.02 14.58 32.38 
76.9 18.333 0.478 4.24 14.97 36.84 
81.5 20.767 0.509 4.47 15.39 42.13 
86.0 23.387 0.541 4.73 18.07 50.94 
90.5 26.200 0.571 5 18.73 58.85 
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1.2.3 Traneberg Bridge monitoring history
 

The Traneberg Bridge is an excellent example of engineering in 
the beginning of the 20th century. At that time the structure was 
considered complicated to build and therefore different 
monitoring activities took place during construction. Test 
samples for control of shrinkage were made. Some monitoring 
activities occurred throughout the construction stage and during 
the first years of the structure’s life. Since it is a statically 
indeterminate structure, engineers wanted to have control over 
the behaviour of the bridge. The monitoring activities verified the 
uncertainties of the design and helped engineers to make the 
correct choice concerning material properties and construction 
techniques. (Enckell, Larsson)  

 

One of the monitoring activities that took place consisted of 
extracting test samples for control of shrinkage. During the 
construction, the pressure on the formworks was also controlled. 
Four electrical stress-measuring instruments were installed in the 
structure to monitor critical points of activities. Figure 5 – Collecting of 

samples during construction of 
Traneberg Bridge 

 

 

 
Figure 6 – Reference ---- 
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1.2.4 Background for retrofitting and description of the process 
 

The idea of retrofitting Traneberg Bridge came from the need of increasing traffic and loads on 
the bridge and improving the security of the overall structure. Test results showed a deck 
structure carbonated by road salts, and tests indicated some high values of Young’s modulus in 
the concrete arches. With this information, a decision was made to keep the concrete arches and 
reconstruct both the pillars and the deck floor structure. With the intention of responding to the 
increase of traffic volume, a project for building a third arch was made (Enckell, Larsson). 

After the third bridge was concluded, the road traffic was moved to that bridge, allowing 
retrofitting work to be done in the old road bridge. Following the end of this phase, the railway 
traffic shifted for the already retrofitted road bridge, permitting the reparation work to be done in 
the railway bridge.  

One aspect to be referred is that all the process took place without disturbing either the road or 
the railway traffic. Nowadays the three bridges are in use and provide an adequate response to 
traffic demands.  

In Figure 7, one can see a scheme of how the retrofitting process took place.  

 

 
Figure 7 – Steps on Traneberg Retrofitting project 
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In Table 2 is presented a view of the timeline under which the retrofitting process of Traneberg 
Railway Bridge occurred.  

 
Table 2 - Timeline of Traneberg Railway Bridge retrofitting process 

 Date Activity 

From the first days of 
November 2003 until 

January 2004  

Beginning of the demolition work. The track slab and steel 
girders were removed followed by the demolition of the 

pillars. The work was done symmetrically from both sides. 
Beginning of March  

until the beginning of 
July 2004 

The new pillars and the crown were concreted, with 
symmetrical castings starting from the crown. 

During July 2004   Mounting of the steel girders on the pillars. 
August and September 

2004 The deck was concreted 

Beginning of October 
2004 Spreading out of the macadam the bridge deck. 

Beginning of 2005 The railway traffic was recommenced 

 

 

 

 

 

 

 

 

 

 

1.2.5 Background for Monitoring Traneberg Railway Bridge  
 

There are some particular reasons that justify the fact of SL Infrateknik AB having requested a 
monitoring system to Traneberg Bridge. 

In the first place, the system lets engineers know how the arch was behaving throughout the 
unloading (demolition of deck and pillars) and during the subsequent reloading phase (while the 
new deck and pillars were being concreted). After the retrofitting process, the monitoring system 
installed also permitted to control the behaviour of the arch under the railway traffic loads.  

On the other hand, the measurements obtained contribute decisively to perform an evaluation of 
the models used in calculation, and therefore to calibrate them in future calculations.  Finally after 
the measuring system is installed it is easy to collect data for future needs. 
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Chapter 2 – Monitoring System in Traneberg 
 

2.1 Monitoring system introduction 
 

Worldwide many concrete bridges are becoming obsolete. Natural deterioration of the structures 
accompanied by increasing loads and the need of complying with modern standard designs are 
the reasons that justify retrofitting interventions in these structures.    

Visual inspection is used to monitor bridges behaviour, but the information one can get from is 
insufficient understand in total what is happening inside the structure. Monitoring systems made 
their appearance when engineers realized is was necessary to know the behaviour of the structure 
before it could be visible. With the right information, it is possible to make a suitable intervention 
one-step ahead of the problem. This allows preserving structures before damage becomes too 
severe. Therefore is possible to minimize maintenance costs and increase user’s safety. 

There are different techniques offered by the market to perform monitoring of structures, like 
electrical, optical, acoustical, geodetical etc. In the last few years, optic sensors and lasers have 
known a great development and they are now available on the market (Enckell, 2003). 

In Traneberg Railway Bridge, the monitoring was made with two different kinds of sensors: fibre 
optic sensors (to measure deformations) and thermocouples (to measure temperature). 

 

2.2 Fibre optic sensors 
In the last few years, fibre optic sensors have assumed 
an important role inside the field of monitoring civil 
structures. These sensors can be used to perform 
measures of parameters like strains, displacements, 
vibrations, frequencies, acceleration, spatial modes, 
pressure, temperature and humidity (Enckell, 2003).  

 

There are a great number of fibre optic sensor 
technologies, which allow a wide range of 
performances and suitability for the different 
applications referred. Some of these systems have 
already reached the industrial level or are at least in the 
stage of advanced field trials. Following a period of 
great expectance on the possibility of fibre optical 
technology completely overcome the traditional 
monitoring techniques, it has come to understanding 
that optical technology is only attractive in cases 
where it can offer superior performance when 
compared to the other measuring techniques (Inaudi, 
2003).    

Figure 8 – Fibre  optic sensor (Enckell, 
2005) 

The fibre optic technology presents some 
characteristics that confer them a lead role in cases of 
structures located in rough environments. The stability of the measurements, the long-term 
trustworthiness of the fibres and the possibility of performing distributed and remote 
measurements, are some of the reasons for the success of this recent technology (Inaudi, 2003).  
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As the optical fibre sensors are durable, stable and insensitive to external perturbations, they are 
particularly suited for the long-term assessment of civil structures. The ability to multiplex dozens 
or more sensors on a single optical fibre is also a strong reason that justifies the use of this 
technology. 

In Traneberg Railway Bridge the monitoring system chosen was the SOFO-System. 

 

2.2.1 The SOFO system 
 

The deformation measuring system used in Traneberg Bridge is called SOFO (Surveilance 
d’Ouvrages par Fibres Optiques), and is supplied by SMARTEC SA. The system consists of 
long-gage sensors, a reading unit, data acquisition and analysis software. 

The SOFO sensors are transducers that transform a distance variation of the structure into a 
change of the path unbalance of two optical fibres. The sensors are based on Michelson fibre 
optic interferometer consisting of two optical fibres, an active and a passive one (see Figure 9). 
Both of the arms are single mode optical fibre and have chemical mirrors in end parts. The first 
arm is a sensing fibre that is fixed in some points to the structure to be monitored, and the other 
arm is a loose reference fibre that allows a compensation of the temperature variations of the 
measuring system. The system has a laser source placed in the reading unit that emits light to a 
coupler that afterwards divides the light and sends it to both fibres. The ending mirrors reflect 
the light signal back to the coupler, from where it returns to the reading unit.   

 
Figure 9 – Michelson fibre optic interferometer on which SOFO-

system is based 

 

 

Elongation or compression of the sensitive fibre will 
produce a phase difference in the returning light that contain 
information about the deformations of the structure. This 
information is decoded in the reading unit. 

The measurement fibre is in contact with the structure itself, 
and for that reason follows its deformations whether the 
structures gets shorter or longer.  

When multiple sensors need to be measured automatically 
an optical switch must be is installed. The SOFO unit has 
the capacity of storing measurements and later transfer them 
to a computer either by direct connection or by a modem Figure 10 – SOFO reading unit. 
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device. 

 

 
Figure 11  - Scheme of the SOFO system   (www.smartec.ch) 

 

2.3 Thermocouples 
 

Thermocouples are used to measure temperature 
on a certain number of points of the structure. 
Their economical cost is very low, so they are used 
in all kind of applications. They are often used in 
the monitoring of large concrete structures during 
curing. 

Thermocouples used in Traneberg were also a part 
of the SOFO system. The sensors are based in the 
principle that electrical resistance in bimetallic joint 
is temperature dependent. They are made of a 
bimetallic joint, the thermocouple, and the electrical 
connecting cable.  

The resolution of the sensors is 0.2 ºC. 
Thermocouples are not damaged by 
electromagnetic fields, are waterproof and 
insensitive to corrosion and vibrations  

 
Figure 12 – SOFO temperature sensor, 

(Enckell, 2005) 

Once the sensors are connected to the reading unit via SOFObus, the information can be read in 
the same manner as the SOFO deformation sensors. The results are also stored in the database 
used for store the SOFO deformation measurements. 

The sensors can be directly embedded in concrete or be surface mounted as they have in 
Traneberg.
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2.4 Installation and collecting of the data 
 

Installation of the sensors in Traneberg Railway Bridge commenced in the end of 2003. 
Following the preparation work such as cleaning the surfaces and building scaffolding, the 
installation of the SOFO system started in November. 

The sensors were installed in the surface of the concrete, and not embedded in the structure as 
they would in a new construction. An option was made of only placing sensors in the longitudinal 
direction of the arch. Sensors were installed in four sections of the arch: west (A) and east (D) 
abutments, west quarter point (B) and in the crown (C). In Table 3, Figure 13 and Figure 14 is 
shown the location of the sensors in arch. 

 
Table 3  - Sensor distribution in Traneberg Bridge. 

Name and Locations Measures Placement 
TA1 Strain West abutment, roof 
TA2 Strain West abutment, floor 

TAT1 Temperature West abutment, roof 
TAT2 Temperature West abutment, floor 
TB1 Strain Quarter point, west, roof 
TB2 Strain Quarter point, west, floor 

TBT1 Temperature Quarter point, west, roof 
TBT2 Temperature Quarter point, west, floor 
TC1 Strain Crown, floor 

TCT1 Temperature Crown, floor 
TD1 Strain East abutment, roof 
TD2 Strain East abutment, floor 

 

 
Figure 13- Sensors distribution in the arch. 

 

All the fibre optic sensors used on SOFO system are long-gage sensors. The gage-length of the 
sensor is the distance between two points, which we are measuring the relative displacement of.  
A sensor can be classified as a long-gage sensor if the length is several times bigger than the 
distance between discontinuities that exist in the material to be monitored. This discontinuities 
can be local defects, like cracks, air pockets and inclusions (Enckell, 2003). The length of the 
sensors that were installed in Traneberg is 4 m. 
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Figure 14 – View of the placement of the strain sensors and thermocouples within cross-section A. 

 

When the purpose of the monitoring is to understand the 
behaviour of the structure as a whole, it becomes necessary to 
use sensors that are insensitive to material discontinuities.  

 

So that the fibres can measure shortening, they must be pre-
stressed to 0.5% of their length during the installation. This can 
easily be done manually. 

It is important to refer that the data was collected until 
February 2006, and the measurements were supposed to be 
collected every hour during this period.  

Unfortunately, some problems occurred during the monitoring 
process. There are in consequence interruptions of the 
collected data especially in summer months.  

It is also a fact that the measurements have only started when 
the arch was already partially unloaded. These facts result in 
difficulties concerning the analysis of the global process of 
unloading and loading in Traneberg Railway Bridge.  

The sensors are by this date, still installed in the structure, being 
easy to collect new measurements if needed. Since the sensors 
are already installed it is only necessary to take the SOFO 
reading unit to the site, connect it to the system, and collect the 
data. Figure 15 – Strain sensor TA2 

and thermocouple TAT2 
installed in Traneberg. A new campaign of measurements was performed in May 2006. 

A week of measurements is also going to used in calculations 
presented ahead. 
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Chapter 3 – Thermal effects  
 
3.1 Introduction to thermal effects on bridges 
 

Contribution of thermal effects is an important problem in designing of structures. These kinds 
of effects are more significant in bridges in comparison with buildings, since the first ones are 
massive and exposed to solar radiation.  

There are a number of climatic conditions that mainly contribute to the temperature variations 
on a bridge, like shade air temperature, solar radiation and wind speed. These climatic conditions 
create a temperature profile within the structure, which must be analysed in an appropriate way. 
The non-linear temperature distribution produces strains in the structure or structural element 
that can be divided in three parts according to the figure 12. (Soukhov, 2000)   

 
Figure 16 – Components of the temperature profile (Soukhov, 2000) 

 

The component (a) on the Figure 16 is the so-called bridge effective temperature. This cross-
section uniformly distributed temperature is used to determine the amount of movement due to 
expansion and contraction of the structure. The even temperature variation leads to forces on the 
structure if the bridge is restrained at the bearing positions. 

The linearly varying components through the depth of the bridge are the components of the 
temperature profile that can be seen as (b) and (c) in the same figure. These components produce 
curvatures and bending moments when talking about of a restrained structure. For concrete 
bridges, only the vertical component (c) is normally taken into account. 

The last component of the temperature profile is a non-linear temperature distribution through 
the depth of the bridge deck. This component causes self-equilibrating stresses, which do not 
produce any load effect on the structure.  

In concrete bridges, only the uniform and linear temperature differences are considered in design. 

A uniform temperature change is an effect that can be considered to take place due to seasonal 
climate changes. The linear temperature change is on the other hand associated with the 
temperature variations that can typically occur during a day. These variations can be for instance 
motivated by direct solar radiation, or by means of the differences that occur between day and 
night. 
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3.2 Thermal effects in an arch bridge  
 

In an arch bridge, both uniform and linear temperature changes produce bending moments and 
horizontal thrust. In none of the situations, there are vertical forces due to thermal effects, 
because the arch is free to deform in vertical direction.  

An even temperature change of ºC, in an arch with a constant cross-section will cause a 
bending moment diagram similar to the one shown in 

1+=Δt
Figure 17. 

 
Figure 17 – Bending moment distribution due to an even temperature change in an arch structure. 

 

An uneven temperature change of  ºC, in an arch with a constant cross-section will cause 
a constant bending moment like the one shown in 

1+=Δt
Figure 18.   

 
Figure 18 - Bending moment distribution due to an uneven temperature change in an arch structure. 

 

 

 

3.2.1 Even temperature change  – numerical model analysis 
(Timoshenko, Young, 1965) 

 

Traneberg Bridge is symmetrical hingeless arch, which implies the existence of three redundant 
elements. The redundant elements can be considered the bending moment, shearing force and 
axial force in any cross-section of the arch. Choosing the crown of the arch as the cross section 
to use, permits to take into account the symmetry of the structure. If the loading is also 
symmetrical it means the shear force in the crown Vc is zero, and therefore we only have two 
unknowns to determine: the bending moment Mc and the axial force Nc. 
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Figure 19 – Calculation model for a hingeless arch. 

 

These elements can be obtained using the theorem of least work, from which result the following 
equations 
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Where, is the strain energy, s represents the length of the arch CB in U Figure 19,  is the 
Young’s Module, and are respectively is the cross-section area and inertia. 

E
A I

If we denote M  and ′ 'N  the bending moment and axial force at any section of the arch due to 
external loads, the total moment and axial force at any cross-section D become 

 

MyNMM cc ′++=    

(2)
  

NNN c ′+φ= cos        

 

When these expressions and their derivatives are substituted in the equations (1) in order to  
and  we obtain the following equations that can be used to calculate the redundant elements 
referred, when the dimensions of the arch and the type of external loads are known. 

cM

cH
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These equations can be simplified if the origin of the coordinate system is substituted by the 
point as shown in the Figure 20, being the distance d  chosen so that the new ordinates 

 satisfy the condition: dyy −=1
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Figure 20 – Changing the coordinate system origin into the elastic centre of the arch. 

 

If we consider the case of a symmetrical hingeless arch subjected to an even change of 
temperature, 
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Where     1yHMM oo += φ= cos0HN       (6) 

 

When substituting (6) and their derivatives into (5) we obtain 0=oM and 
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Where, 

α  is the thermal dilatation coefficient of the material used, 

t  is the temperature change, 

l  is the span of the arch.    

 

With Equation 7 it is possible, if the dimensions of the arch are given, to calculate the horizontal 
force in the arch abutments resulting from a uniform temperature change. 

The integrals in the equation above can be evaluated in an exact manner in case of circular or 
parabolic arches.  

The Traneberg railway bridge arch is a more complicated curve and only a set of ordinates are 
given to define its shape. Consequently, it is necessary to apply numerical methods to evaluate the 
integrals that are needed to obtain the referred horizontal thrust. The first step consists on 
dividing the arch into a finite number of segments, being the integration replaced by a 
summation. 

In Figure 21 is possible to see the segmentation of Traneberg arch in twenty segments.  

 
Figure 21 – Segmentation of Traneberg arch in order to determine the horizontal thrust due to even 

temperature change. 

 

Following the segmentation, the elastic centre of the arch may be calculated using Equation 8. 

∑ Δ

∑ Δ
=

=

=
n

i
i

n
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ii

s

ys
d

1

1           (8)

   

The distance d, as referred, represents the vertical translation of the coordinate system, being 
. The horizontal thrust produced by an even temperature change can therefore be 

calculated with the subsequent expression: 
dyy −=1
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Considering the following mechanical and geometrical properties of the Traneberg arch, and 
using the information of Table 4, is possible to calculate the horizontal force in the abutments 
due to 1 degree of even temperature change. 

5101 −×=α  m/mºC 

181=l m 
61036 ×=E  kN/m2

161.2
..

/
=

+
×××××

=
52665195

210361811101 65

oH  kN 

 

The moment in the abutments and in the crown due to the temperature change can then be 
calculated using the equilibrium equations: 

( ) 3251036202601610 =−×=⇔=−×⇔=∑ )..(.BBo MMdfHM B kN.m  

( ) 97103601610 −=−×=⇔=−×⇔=∑ ).(.CCo MMdHM C kN.m 

 

The increase of axial force in a free-arch due to one degree of temperature change will be the 
decomposition of the horizontal thrust in the referential of the section where the calculation is 
made. 

ii HN φ×= cos0          (10) 

 

In Traneberg arch abutments rad. For that reason 570.=φ

136570161
1

1 =⇔×=
=Δ

=Δ
tBtB NN .cos kN  

 

The calculation made to determine the axial force is only valid if the arch is completely free to 
deform vertically. That does not totally happen in the case of Traneberg. The weights of the 
elements that load the arch restrain the free deformation of the structure. For that reason axial 
forces will surge in the arch. These forces can be far more important that the calculated with 
Equation 10. 

In the case of the study presented here, and as simple approximation, the model of a bi-fixed 
straight beam subjected to one degree of even temperature change was used. 

 

 

AN .σ=  
E.ε=σ   (11) 

tΔα=ε  
 Figure 22 – Axial force resulting from one degree of 

temperature change in a bi-fixed beam. 
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  27  

EAtN .Δα=

A

67441 ==ΔtN

Using =18.73 m2 comes, 

In the case of this study, the axial force was calculated using the area correspondent to the 
abutments cross-section.  

Using the equations above is simple to write the equation that calculates the axial force resulting 
from an even temperature change in a bi-fixed straight beam. 

  kN 

          (12) 



Table 4 – Calculation sheet used to determine the horizontal thrust in Traneberg due to even temperature change. 

Segment x (m) y (m) A (m2) Δs (m) φ (rad) I (m4) Δs/I (m-3) Δs.y/I (m-2) y1 (m) Δs.y1
2/I (m-1) Δs/A (m-1) Δs.cos(φ)2/A (m-1) 

1 2.26 0.03 12.24 4.5253 0.01243 15.061 0.300 0.008 -5.998 10.811 0.370 0.370 
2 6.79 0.14 12.24 4.5282 0.03762 15.061 0.301 0.042 -5.885 10.414 0.370 0.369 
3 11.31 0.37 12.24 4.5340 0.06309 15.061 0.301 0.111 -5.657 9.636 0.370 0.369 
4 15.84 0.71 12.24 4.5429 0.08894 15.061 0.302 0.215 -5.313 8.516 0.371 0.368 
5 20.36 1.18 12.24 4.5551 0.11520 15.061 0.302 0.356 -4.850 7.115 0.372 0.367 
6 24.89 1.76 12.24 4.5708 0.1418 15.061 0.303 0.534 -4.266 5.523 0.373 0.366 
7 29.41 2.47 12.25 4.5903 0.16895 15.130 0.303 0.749 -3.557 3.840 0.375 0.364 
8 33.94 3.30 12.29 4.6136 0.19648 15.398 0.300 0.990 -2.722 2.220 0.375 0.361 
9 38.46 4.27 12.36 4.6413 0.22444 15.935 0.291 1.244 -1.756 0.898 0.375 0.357 
10 42.99 5.37 12.47 4.6734 0.25284 16.755 0.279 1.498 -0.655 0.120 0.375 0.351 
11 47.51 6.61 12.62 4.7104 0.28167 17.882 0.263 1.741 0.583 0.090 0.373 0.344 
12 52.04 7.99 12.80 4.7526 0.31092 19.348 0.246 1.963 1.964 0.948 0.371 0.336 
13 56.56 9.52 13.15 4.8004 0.34057 21.370 0.225 2.138 3.492 2.739 0.365 0.324 
14 61.09 11.20 13.66 4.8542 0.37059 24.029 0.202 2.262 5.172 5.404 0.355 0.309 
15 65.61 13.04 14.08 4.9145 0.40096 27.056 0.182 2.368 7.009 8.925 0.349 0.296 
16 70.14 15.04 14.41 4.9815 0.43163 30.500 0.163 2.456 9.010 13.258 0.346 0.285 
17 74.66 17.21 14.78 5.0559 0.46256 34.611 0.146 2.513 11.179 18.256 0.342 0.274 
18 79.19 19.55 15.18 5.1381 0.49369 39.485 0.130 2.544 13.524 23.800 0.338 0.262 
19 83.71 22.08 16.73 5.2287 0.52497 46.531 0.112 2.481 16.051 28.950 0.313 0.234 
20 88.24 24.79 18.40 5.3281 0.55603 54.892 0.097 2.407 18.767 34.187 0.290 0.209 
       4.749 28.621 ∑= 195.646 ∑= 6.517 

       d= 6.02     
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3.2.2 Finite element model results  
 

In order to have a control on the results given by the numerical models used during this project, 
a finite element model was also developed using the commercial software SAP 2000 as seen in 
Figure 23. 

The arch was modelled in two dimensions since the thermal effects considered in this study were 
only about the longitudinal length of the structure. Frame elements were used, and the arch was 
modelled linearly between the known set of ordinates. 

 

 
Figure 23 – View of the modelled arch using SAP 2000. 

 

The finite element model resulted in a very close approximation to the value found with the 
numerical model concerning the even temperature effect. The horizontal thrust found in the 
uniform temperature change of 1+=Δt ºC, was 6157.H =  kN.m 

The lower value found with the software was expected, since the modelled structure is less stiff in 
this model comparing to the numerical model. This comes from the fact that the program takes 
into account the deformations due to shear force, which does not happen in the numerical model 
used (only bending moment and axial force deformations were taken into account). 

To corroborate what was written above, the model was ran again with shear areas of the cross 
sections defined with the value of – 1000 m2. The idea was to model a stiffer structure 
eliminating the deformations due to shear force. The output was a horizontal thrust of 9160.H =  
kN, which constitutes a really close value to the one resulting from the numerical model used. 

 

 
Figure 24 – Output in kN.m of the bending moment diagram resulting from 1 degree of even  

temperature change, using SAP 2000. 
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3.3.3 Uneven temperature change 
 

Initially the idea was also to fix a model that could describe the effects of the uneven temperature 
change in the arch. When considering the temperature measurements though, it was seen that 
within a section, the temperature was not changing as much as it would be expectable. Therefore, 
the study presented in the following chapters was made taking only into account the effects of 
the uniform temperature change. 

An explanation for the low variation of temperature in the cross-section can perhaps be justified, 
with the geographical position of the Traneberg Railway Bridge, which stands turned north. The 
other two arches create a barrier to direct sunlight coming from south. On the other hand, the 
type of the structure also contributes for a low level of direct solar radiation. The deck is carried 
on the top of the arch offering protection to direct sunlight. A graphic showing the temperature 
differences found in an arch section during the measuring campaign is presented in Chapter 5. 
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Chapter 4- Traneberg reloading  
 

The analysis presented in this thesis uses strain and temperature measurements from December 
2003 to February 2005. Unfortunately, when it was December 2003, almost all the unloading 
phase was complete, since it was mostly effectuated in November 2003. Although the strain 
sensors were measuring in November, the thermocouples were not yet working in that period. 
Consequently it is not possible to proceed to the analysis concerning the thermal effects on the 
arch during unloading. As a result, in this paper only the reloading of the arch is going to be 
analysed. 

 

 
4.1 Loads due to retrofitting 
 

In this chapter an evaluation of the moments and forces caused by the loading process is done. 
The values that result from this analysis are important to control the thermal compensation that 
is going to be formulated in the following chapters.  

Since the old arch was kept, the major problem to resolve is to understand the behaviour of the 
structure during the subsequent loading phase. The loads considered in the analysis are the most 
significant ones in terms of volume. For that matter only the self-weight of pillars, steel girders, 
deck and ballast were taken into account.  

To know the effect of loads in the arch, two models were used. A numerical model based on the 
arch influence lines, and a finite element model built in SAP 2000. 

  
Figure 25 – View of the loads under which the arch was subjected while the reconstruction took place.  

 
Using some of the retrofitting project drawings, as well as the phased map of how the work took 
place, it was possible to obtain an approximation of the values of loads under which the arch was 
subjected to during the reconstruction. 

In Table 5 it is possible to see the amount of concrete used during the execution of the work in 
the crown region. Using γconcrete=25 kN/m3 it was possible to calculate the loads resulting from 
this particular construction phase. These loads include both the deck and the four supporting 
walls which cross-section can be seen in Figure 26. 
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Table 5 – Loads resulting from the concreting of the deck and supporting walls in the region of the crown 

Concrete (m3) Load (kN) Activity 
Deck east 51 1275 
Deck west 51 1275 
Walls east 23 575 
Walls west 21 525 
Deck east 44 1100 
Deck west 44 1100 

 

 
Figure 26 – Detail of the four walls that support the deck in the crown region between the point 21 and 

22 represented in Figure 25. 

 

 

In Table 6 it is possible to see the amount of concrete poured in the construction of the new 
pillars, as well as the correspondent loads. In Table 7 the values of steel used during the montage 
of the steel beams on the already concreted pillars are shown. 

 

Table 6 – Loads resulting from the pillars concreting. 

Concrete (m3) Load (kN) Designation 
17 83 2075 
26 84 2100 
18 55 1375 
25 57 1425 
19 36 900 
24 36 900 
23 22 550 
20 22 550 
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Table 7 –Quantity of  steel mounted on the top of the pillars  to support the deck. 

Segment Mounted (see Figure 21) Quantity (ton) 
16-18.5 28 

18,5 - 19,5 11.2 
24,5 - 27 28.3 

23,5 - 24,5 11.1 
19,5 - 21 17.1 
22 - 23,5 16.8 

 

 
Figure 27 – Cross section of the deck and view of the steel beams that support the floor. 

 

Using the data presented on the tables and knowing the geometry of the bridge, an estimative 
was made about the load per meter due to each one of the different kind of weight.  

The weight of the four crown walls was as a simplification considered varying linearly from the 
edges to the crown. The walls have in the edges a height of 1.71 m. As they are 0.25 m tick, the 
load per meter resultant is 43 kN/m. 

 
Figure 28 – Triangular load due to supporting deck crown walls. 

 

The vertical force per meter due to the steel beams was estimated as kN/m 98.=sbeamsp

In total 600 m3 of concrete were used during the construction of the deck. After multiplying this 
value by γconcrete=25 kN/m3 and dividing it by the length of the deck of Traneberg Railway Bridge 
(181m), we get a distributed load 83=deckp  kN/m. 

In sequence to the concreting of the bridge floor, the ballast was spread so that the deck could 
later receive the railway tracks. The 0.45 m ballast height was spread in a cross-section that was 
estimated having 3.9 m2. Considering 20=γ ballast  kN/m, we have a distributed load 79=ballastp  
kN/m. 
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As a result of the exposed, it is possible to show in Figure 29, the loads under which the arch 
was subjected while the reloading process occurred. 

 

 
 

Figure 29 - Up: Loads due to self-weight of pillars (point load), deck, ballast and concrete walls 
(distributed loads). Bottom: Transformation of the distributed loads in point loads in the regions where 

the pillars are connected to the arch. 

 
 
 

4.3 Influence lines results 
 

An influence line represents the variation of the reaction, moment, shear, or deflection, in a 
certain point of a structure, as a concentrated load moves over the structure. The influence lines 
are very helpful in the analysis of live loads. When the line is drawn, it is easy to see the point 
(maximum value of the influence line) where the load causes the greatest influence on the 
structure.  

The influence lines can as well be used to determine the result of static loading. The influence 
lines for the arch were previously drawn which made the task of understanding the reactions to 
expect due to loading process more simpler. 
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Table 8 – Values of the influence lines for Traneberg arch for the following unknowns: moment in 

sections A, B and C, horizontal and vertical reactions in the abutments. 

x/L i(MA)/PL i(MB)/PL i(MC)/PL i(V) i(H)f/PL 

0.00 0.0000 0.0000 0.0000 1.0000 0.0000 
0.05 -0.0436 0.0015 -0.0008 0.9963 0.0053 
0.10 -0.0731 0.0065 -0.0030 0.9836 0.0217 
0.15 -0.0880 0.0159 -0.0061 0.9605 0.0484 
0.20 -0.0888 0.0302 -0.0092 0.9259 0.0833 
0.25 -0.0771 0.0501 -0.0110 0.8787 0.1232 
0.30 -0.0559 0.0260 -0.0101 0.8194 0.1639 
0.35 -0.0292 0.0076 -0.0052 0.7494 0.2007 
0.40 -0.0009 -0.0055 0.0048 0.6709 0.2298 
0.45 0.0254 -0.0141 0.0206 0.5869 0.2483 
0.50 0.0471 -0.0189 0.0424 0.5000 0.2546 
0.55 0.0623 -0.0206 0.0206 0.4131 0.2483 
0.60 0.0700 -0.0200 0.0048 0.3291 0.2298 
0.65 0.0702 -0.0177 -0.0052 0.2506 0.2007 
0.70 0.0635 -0.0143 -0.0101 0.1806 0.1639 
0.75 0.0516 -0.0105 -0.0110 0.1213 0.1232 
0.80 0.0370 -0.0069 -0.0092 0.0741 0.0833 
0.85 0.0226 -0.0039 -0.0061 0.0395 0.0484 
0.90 0.0105 -0.0017 -0.0030 0.0164 0.0217 
0.95 0.0027 -0.0004 -0.0008 0.0037 0.0053 
1.00 0.0000 0.0000 0.0000 0.0000 0.0000 

 

 

Influence lines for the moments in the arch
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Figure 30 –Influence lines of Traneberg arch for the bending moment’s values in the abutments (MA), in 

the quarter of the span (MB) and in the crown (MC). 
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Influence line for the hozizontal reaction in the abutment
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Figure 31 - Influence lines of Traneberg arch for horizontal thrust in the abutments. 

 

Influence line for the vertical reaction in the abutment 
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Figure 32- Influence lines for the vertical reaction in the abutment. 

In Table 9 it is possible to see the moments created due to loading during reconstruction 
process. The values shown correspond to calculations made using the influence lines according to 
the load model presented in Figure 25. An interesting fact about the results is that a distributed 
load over the deck, causes in global, a small moment in the abutment. These results from the fact 
that distributed loads like the ballast or the deck self-weight have almost the same contribution in 
the positive and negative amount of moment.  

This is an interesting topic because it is almost possible to say that only the pillars self-weight is in 
fact creating a negative moment in sections A and D. This fact really enhances the quality of the 
design and shape of the Traneberg arch. It is also interesting to realize that if the loading process 
is well scheduled, it may be possible to avoid a large variation in the abutments stresses due only 
to loading. Respecting the symmetry in the loading stages is therefore fundamental. 
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Table 9 – Timeline of reloading in Traneberg Bridge. Moments (kN.m) obtained in cross-sections A and 

D due to each different load 

 Date Activity MA (kN.m) MD (kN.m) 

05-03-04 Crown track east 12873 2036 
10-03-04 Crown track west 2036 12873 
04-04-04 Crown wall east 6162 975 
29-04-04 Crown walls west 975 6162 
08-06-04 Crown track east 11106 1757 

Crown 

08-06-04 Crown track west 1757 11106 
  Crown total 34909 34909 
     

09-06-04 Pillar 17 -18632 1651 
10-06-04 Pillar 26 1671 -18857 
11-06-04 Pillar 18 -20557 4575 
16-06-04 Pillar 25 4742 -21305 
22-06-04 Pillar 19 -14321 6225 
24-06-04 Pillar 24 6225 -14321 

Pillar 23 5761 -6611 

Pillars 

01-07-04 
Pillar 20 -6611 5761 

  Pillars total -41723 -42881 
     

06-07-2004 section 16 to 18,5 -2682 470 
08-07-2004 section 18,5 to19,5 -1830 795 
13-07-2004 section 24,5 to 27 468 -2680 
14-07-2004 section 23,5 to 24,5 802 -1846 
20-07-2004 section19,5 to 21 -1739 2011 

 Girders 

21-07-2004 section 22 to 23,5 1998 -1728 
  Girders total -2983 -2978 
     

26-08-04 
27-08-04 
01-09-04 
06-09-04 
07-09-04 
10-09-04 
14-09-04 

Deck 

15-09-04 

Deck -27944 -27944 

  Deck total -27944 -27944 
     

09-10-2004 
Ballast 

14-10-2004 
spreading of the ballast -21 -21 

  ballast total -21 -21 
     

  Total (kN.m) -37762 -38915 
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According to the influence lines of both horizontal and vertical reaction represented respectively 
in Figure 31 and Figure 32, the vertical loads under which the arch is subjected to during the 
reloading stage cause the horizontal and vertical reactions that can be seen in Table 10. 

 
Table 10 – Horizontal and vertical reactions in cross-section A due reloading 

Position Point load (kN) HA (kN) VA (kN) 

17 4117 247 4091 
18 3599 964 3487 
19 3119 1861 2876 
20 2828 2810 2400 
21 1173 1631 877 

 
22 1160 1614 293 
23 2829 2828 432 
24 3125 1868 244 
25 3640 984 115 
26 4153 257 27 
 Total concentrated 15064 14841 

    

   

Position Distributed load (kN/m) HA (kN) VA (kN) 

21 205     
    7873 3118 

Crown 162     
    7875 1881 

22 205     
 Total distributed 15748 4999 

    

 Total 30812 19840 

 
  

 

The increase of the axial force in the 
abutment due to reloading can be 
calculated decomposing the reactions 
previously calculated into the cross-section 
A reference axis.  

φ+φ= sincos AA VHN    

).sin().cos( 5701884057030812 +=N  

36647=N  kN Figure 33 – Scheme of the horizontal and vertical 
reactions in the abutment A, as well as the resultant 

normal force N (kN). 
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4.4 SAP 2000 results 
 

The finite element model used to understand the effects of temperature in the arch was also used 
to calculate the response of the structure to the loading process. 

 
Figure 34 – Moment variation due to reloading of the arch obtained with SAP 2000. 

 

The loads applied to the model are the same used to calculate using the arch influence lines, and 
are represented in Figure 29. 

 

Table 11 – Results obtained with SAP2000 and the arch influence lines. 

SAP 2000 Influence Lines 
Load 

MA (kN.m) MD (kN.m) MA (kN.m) MD (kN.m) 

17 -36917 3320 -36985 3247 
18 -52576 12464 -53817 11946 
19 -47076 22153 -49641 21544 
20 -32262 29535 -34007 29593 
21 -5673 14399 -6072 14872 
22 14240 -5607 14718 -6018 
23 29643 -32087 29615 -34031 
24 22194 -47167 21598 -49751 
25 12696 -52255 12096 -54444 

Point Load 

26 3410 -37519 3288 -37320 

Distributed crown      
(21 to 22) 63394 63394 61446 61446 

 Total -28927 -29370 -37762 -38915 
 

 

It can be seen that the loads obtained with the FEM model result in lower moments when 
comparing with the influence lines. 
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Chapter 5 – Measurements evaluation and thermal 
compensation 
 

The measurements resulting from the monitoring campaign provide the strain variation as well as 
the concrete temperature variation, in specific points of Traneberg arch bridge. 

The measured stresses collected reflect all the actions under which the arch was subjected to 
during this period. For the purpose of the thesis, only two kinds of actions were considered in 
the analysis. The vertical loads resulting from the reloading of the arch, such as self-weight of 
pillars, girders, deck and ballast, and the effects that are caused by uniform temperature 
variations. Taking into account only the loads referred simplifies the analysis but reduces the 
quality and accuracy of the results. 

 

5.1 General description of the measurements 
To proceed to the analysis of the data resulting from the measurement campaign it is useful to 
choose a starting point, which will work as origin of the referential used. This means that all data 
comes referred to the zero point chosen. Therefore when analysing the variation of the length of 
a sensor, and after choosing a starting point , the following measurements are presented as the 
difference between the generic measurement , and the reference measurement . 

0L

iL 0L

0LLL ii −=Δ           (13) 

This makes it easier for example to see if in the period of time that separates the reference point 
and the measurement to analyse, the sensor has suffered elongation (positive value), or has 
suffered shortening (negative values). 

5.1.2 Strain Sensors measures  
 

The following figures present a view of the length variation of the sensors in Traneberg arch 
bridge. 

 
Figure 35 – Length variation of the sensors installed in section A during the measuring campaign. 

 

40 



KTH – Master Thesis of Science 

___________________________________________________________________________ 

 
Figure 36 – Length variation of the sensors installed in section B during the measuring campaign. 

 

 
Figure 37 - Length variation of the sensor installed in section C during the measuring campaign. 

 

 
Figure 38 - Length variation of the sensors installed in section D during the measuring campaign. 
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All the curves follow generically the same tendency, being possible to see that the sensors tend to 
elongate in the summer months and to get shorter in the winter. When comparing the sections A 
and D it would be expectable that the sensors presented similar behaviour when thinking about 
the symmetry of the structure. This does not happen however since there is a significant 
difference between the measured values with sensors TA2 and TD2, especially in what concerns 
to the summer months. In August 2004 the sensor TA2 had a peak of 1.5 mm of sensor 
elongation (referred to the starting point), when at the same date, the sensor TAD2 registered a 
peak inferior to 0.5 mm. 

This difference means that, excluding eventual errors in the measurements, the floor of the 
section A was deforming three times more than the floor of the section D.  

 

5.1.2 Thermocouples measures  
 

It is important to underline that there are no temperature measurements in the cross-section D. 
The temperatures measured in the thermocouples of the section A were considered to be the 
temperatures present in the section D. This assumption allows performing the temperature 
compensation in the point D of the arch. The supposition made carries an imprecision a being 
difficult to understand how big the resulting error can be. 

Figure 39 shows the temperature measured in TAT1 referred to the initial temperature measured 
in 02-12-2003. The highest temperature was registered in August 2004 with a variation of is about 
+12 ºC. The lowest temperature was registered in January 2004, being the variation of about -11 
ºC.  

A representation of the difference between the temperatures measured in the TAT1 and TAT2 
can be built (Figure 40). It can be seen that variations of temperature within the section are small 
when comparing to global variation of the section during the year. In general, the temperature 
difference between the roof and the floor of the cross-section is a value under 1 ºC.  

 
Figure 39 – Temperature measured in thermocouple TAT1 referred to the starting point chosen. 
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Figure 40 – Variation between the temperatures measured in TAT1 and TAT2. 

 

Looking at the represented figures it is clear that seasonal temperature changes have a more 
important expression then the temperature variation within the cross-section  

The maximum temperature variation registered seasonally was 23=+=Δ minmax TTT ºC. The 
major difference registered between the two sensors during the measurement campaign was of 
about 2 ºC. 

Some reasons can explain why the uneven temperature variations are not significant in the 
structure. In the first place, the arch stands turned north, being protected by the other arches 
from solar radiation coming from south. On the other hand, the deck is carried on the top of the 
arch. Following the concreting of the bridge floor this structure protects the arch from direct 
vertical solar radiation. 

 
5.2 Converting the measurements 
 

The measurements resulting from the fibre optic monitoring system installed give the shortening 
or elongation of the distance that separates two reference points. The variation of sensor arm 
length, , divided by the length of the sensor, L , gives the strain variation, , referred to the 
date when measuring started.  

LΔ εΔ

L
LΔ

=εΔ           (14) 

The strains variations measured in the structure can be converted in stress variations using 
Hooke’s Law. 

εΔ=σΔ .E           (15) 

Where E  represents the Young’s module of the material and σΔ  is the stress variation during 
the period that refers to the measurement. With the values of stress variation during the 
measuring campaign it is possible to realize how the concrete is reacting to the applied loads. 

  43  



KTH – Master Thesis of Science 

___________________________________________________________________________ 

Using  kN/m61036 ×=E 2, the calculations of the stress variation in the arch was made. 
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Figure 41 - Stress variation measured in the cross-section A both in roof (σ1) and floor (σ2). 

 

 

-10000

-5000

0

5000

10000

15000

25-11-2003 04-03-2004 12-06-2004 20-09-2004 29-12-2004

Date

σ (kPA) σ1 σ2

 
Figure 42 - Stress variation measured in the cross-section D both in roof (σ1) and in floor (σ2). 

 

 

In sections A, B and D there are two strain sensors installed. Having two sensors in the same 
cross-section makes it possible to use one Navier-Stokes equation per sensor (Equation 16). 
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Therefore the moment variation, measuredMΔ , and normal force variation, , can be 
calculated in the mentioned section.  

measuredNΔ

 

A
NM Δ

+
ω
Δ

=σΔ
1

1  

            (16) 

A
NM Δ

+
ω
Δ

=σΔ
2

2  

 

Where  is the stress variation in the sensor i , represents the area of the cross-section, and 
 is the elastic bending module referred to the point where the sensor i  is installed. The elastic 

bending module can be calculated using the following expression: 

iσΔ A

iω

i
i x

I
=ω           (17) 

 

I  represents the cross-section inertia towards axis y in Figure 43 and  is the distance from the 
gravity centre to the point where the calculation is being made. 

ix

 

 
Figure 43 – Referential used to calculate the parameters required in the use of the Navier-Stokes 

equations. 

 

The abutments, sections A and D, have the following geometrical characteristics: 

I =58.85 m4 

1x =-2.11 m  =1.87 m  2x

Therefore, using Equation 17,

1ω =-27.88 m3  =31.48 m2ω 3
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With the values and expressions written above it was possible to get the variations of both 
moment and axial force in cross-sections A, B and D during the time the sensors were collecting 
data. 

 

-250000

-150000

-50000

50000

150000

250000

25-11-2003 04-03-2004 12-06-2004 20-09-2004 29-12-2004

Date

M  (kN.m)

-15

-10

-5

0

5

10

15

T (ºC)MA TA

 
Figure 44 – Moment and average temperature variation measured in section A. 
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Figure 45 - Moment and average temperature variation measured in section D. 
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Figure 46- Normal force and average temperature variation measured in section A. 
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Figure 47 - Normal force and average temperature variation measured in section D. 

 

As we can see from Figure 44 to 47 the curves of moment and axial force calculated with the 
strain measurements present a tendency similar to the variation of the temperature. This can be 
seen if observing that, a peak in the temperature, always corresponds a moment and normal force 
maximum. This means that in this structure both the variables are considerably dependent on the 
temperature, and react with significant amplitude to temperature variations. 
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5.3 Thermal compensation 
 

Since the moment and normal force variations in the sections A, B and D have already been 
calculated based on the measurements collected, the objective now, is to realize which part of 
those values should be attributed to thermal effects. 

5.3.1 Moments  
 

As calculated in Chapter 3, the theoretical models state that 1 ºC of even temperature change, 
creates in the abutments a moment of 32511 ==ΔtM kN.m. Considering that the structure 
presents linear behaviour, the effects of the temperature change can therefore be calculated using 
Equation 18. 

tMM tt Δ×= =Δ 1          (18) 

To use the expression it is necessary to define in each cross-section the temperature to take in the 
calculation. An option was made of taking the average value between the measurements in each 
sensor of the section. 

2
21 tt

t
Δ+Δ

=Δ           (19) 

When Equations 18 and 19 are used in the temperature data collected during the campaign it is 
possible to draw a graph to show how the moments due to temperature, , are varying in this 
period.  As formerly referred only two kinds of loads were taken into account in this paper. Since 
the moment variation in the cross-section has been determined based on the measurements, and 
given that the theoretical effects of temperature have already been calculated, it is now possible to 
isolate the effects of the loading of the arch using the following expression: 

tM

 

tmeasuredloadingtloadingmeasured MMMMMM −=⇔+=      (20) 
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Figure 48 - Thermal compensation of moments in section A. 

 

48 



KTH – Master Thesis of Science 

___________________________________________________________________________ 
 

-60000

-40000

-20000

0

20000

40000

60000

80000

25-11-2003 4-3-2004 12-6-2004 20-9-2004 29-12-2004
Date

M (kN.m) MD measured MD temperature MD loading

 
Figure 49 – Thermal compensation of moments in section D 

 

5.3.2 Axial Force 
 

In chapter 3, two values of axial force resulting from one degree of even temperature change 
were calculated. The lowest of the values correspond, as already referred, to the axial force that 
would surge in an arch abutment, if the arch was free to deform vertically. The second value, 
although resulting from a very simple model, tries to incorporate the restrains to vertical 
deformation caused by the forces under which the arch was subjected during reloading. 

Both way, and thinking about linear behaviour of the structure, the approach to perform 
compensation can be the same used for calculating the moments resulting from loading. 

tNN tt Δ×= =Δ 1           (21) 

tmeasuredloadingtloadingmeasured NNNNNN −=⇔+=      (22) 

 

In Figure 46 and 47 is possible to see that the axial force resulting from measurement is very 
dependent on the variation of the temperature in the arch. It is easy to see that in the summer the 
values in sections A and D can reach values higher than 50000 kN.  Since the influence lines 
show that vertical loading in the arch causes only compression in the structure, these values must 
be only explained by temperature effects or other effects not considered. In sequence it is easy to 
conclude that the value of axial force calculated thinking of a free vertical deformable arch, 

kN, does not explain the behaviour of the structure. 1361 ==ΔtN

In calculations, the model used was for that reason the second one. The model states that, in the 
abutments, the increase of axial force would be 67441 ==ΔtN kN per degree of uniform 
temperature change. 
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Figure 50 - Thermal compensation of axial forces in section A 
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Figure 51 - Thermal compensation of axial forces in section D 
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5.4 Analysis of the results 

5.4.1 Analysis of the compensated values of M and N 
 

The results show that generically, the variation of moment and axial force in the abutments due 
the reloading, obtained with the process described earlier, corresponds to what is expectable 
according with the calculations made in Chapter 4. However, the section A as referred before, 
presents an irregular behaviour especially in summer months.  

It is not the purpose of this thesis to explain why the arch does not behave symmetrically. 
Nevertheless is certain that existed actions that were miss considered or not considered at all. 
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Figure 52 – Analysis of the thermal compensation of moments in section A. 
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Figure 53 – Analysis of the thermal compensation of moments in section D. 
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As it can be seen in Figure 52 and 53, both sections A and D have approximately the same 
variation between the value of bending moment registered in the beginning of the works, and the 
moment registered when the ballast had already been spread. The step of about -35000 kN is 
similar to the one resulting from the calculations made with the influence lines of the arch. 
Assuming that the calculations resultant from the influence lines are accurate, the values obtained 
show that the models used to determine temperature effects have produced valid outcome in 
what concerns to the calculated bending moment. 

When looking at the presented graphics and simultaneously to Table 9 it is possible to see that 
the tendency of the moment variation follows quite clearly the values that are displayed in the 
referred table.  

When the work in the crown took place (producing positive moment in the abutments according 
to influence lines), the graphics show the value of moment increasing. Later, when pillars, girders 
and deck were being placed, the bending moment value decreased fairly in concordance with 
what is shown in Table 9. 

Since there is a significant amount of missing data in the summer months it is difficult to evaluate 
how good the results are in this period, especially in what concerns to section D. It is rather 
simple to see, though, that the large variation of the moment calculated in section A, is not 
explainable with the models used in this project. 

 

In Figures 54 and 55 it is performed an evaluation of the axial force resulting from the 
calculations. It can be seen that both sections A and B have in general the same increasing of 
normal force between the starting and the finishing point of the reloading process. The 
expectable result according to the influence lines and the SAP2000 software was an increasing of 
axial force of about -37000 kN, due to the reloading process. Therefore, when looking only at the 
final variation of axial force, it can be said that the results seem to be valid. 
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Figure 54 - Analysis of the results of the normal force thermal compensation in section A. 
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Figure 55 -   Analysis of the results of the normal force thermal compensation in section D. 

 

A note has to be made about the variation of axial force in the summer months in sections A and 
D. Although clearly more significant in section A, it can be seen that in both sections there is a 
drive trough of the axial force towards positive values. This variation cannot be attributed to the 
vertical loads during the bridge reconstruction since these loads can only cause increasing of 
compression in the arch.  
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5.4.2 Section D detailed analysis 
 

Given that section D presents better results than section A, a more detailed analysis of this cross-
section behaviour is presented. Figures below show the compensation made during the months 
in which most significant loads were applied to the arch.  
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Figure 56 – Variation of bending moment during March in section D 

 

During the fifth and 10th of March, the first part of the crown was concreted. It can be seen that 
the works motivated a moment increase that can be estimated being 13000 kN.m. This value is in 
accordance with the calculations presented in Table 9. After the loading, the moment due to 
loads remained a constant value. Figure 56 also clearly illustrates the thermal compensation 
made over the bending moment resulting from the measurements. 

-20000

0

20000

40000

60000

29-3-04 3-4-04 8-4-04 13-4-04 18-4-04 23-4-04 28-4-04 3-5-04
Date

M  (kN.m)

-5

-4

-3

-2

-1

0

1

2

3

T (ºC)MD measured MD temperature MD loading Load Temperature

 
Figure 57- Variation of bending moment during April in section D. 
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In April the works on the crown continued. During this period, the walls that support the deck 
were concreted. In April 4 the west walls were concreted, from what resulted a small moment in 
section D. In the 29th, the east walls were also built, resulting a moment in D of about 6000 kN. 
That variation can be seen in Figure 57. Apart from this, no more loads were applied, reason 
why a constant moment due to loads can be observed. 
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Figure 58 - Variation of bending moment during May in section D 

 

In 8 June the works on the crown were finished being completed both east and west track. 
Therefore it is possible to see in Figure 58 an important increase of moment from eighth to 
ninth. After this date the concreting of the pillars started. This stage caused globally an important 
increase of negative moments, which in section D were motivated by the concreting of pillars 26, 
25 and 24 respectively in the 10th, 16th and 24th of May. These dates are associated with notable 
decreases in the moments due to loads 

From July to September, the girders were mounted on the pillars and the deck was concreted. 
Unfortunately, there is a considerable amount of data missing during the summer months, so it 
becomes difficult to proceed with a detailed analysis like the one made for the months of March, 
April and June. 
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5.5  Measurements May 2006 
 

During May 2006, a new campaign of measurements took place, with the objective of 
understanding how the arch was behaving one and a half year past the finishing of the retrofitting 
process. Since the sensors were already installed, the work consisted of taking the SOFO reading 
unit to the bridge site, connect it to the strain and thermal sensors, and proceed to the collecting 
of the data. For the purpose of this thesis, only one week of measurements is analysed 

Strains and temperature were measured every 20 minutes from 2 to 9 May. The strain variation 
measured in the sensors during this period can be seen in Figure 54.  
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Figure 59 –  Temperature and strain variation on section A and D during the measuring performed on 

May 2006. 

 

In Figure 59 the strain variation that can be seen are due to temperature variation and to normal 
traffic in the railway. The traffic effect can be seen in the large variations that were registered in 
occasionally. The localized peaks in the measurements represent a train passing at the same time 
the sensors were measuring. 

When the strain variation measured in the sensors is represented in a sufficient large scale, the 
variations within the day can be observed. In Figure 59 it can be observed that the global 
tendency of strain rising during the week is due to the general increase of temperature registered. 
Apart from the tendency of strain increasing, it is also very clear that the existence of strain peaks 
occurring on a daily base during the week of measurements is a fact. The largest strains occurred 
between 7 and 9 p.m. and the smallest strains were registered between 5 and 8 a.m.  
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Thermal Compensation from 2003 to 2006 
 

With the data collected in May calculations were made to determine the moment and normal 
force variation in the same period. The moment and normal force compensation using the 
existing data since 2003 can be observed in the Figure 60 and 61. 
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Figure 60 – Thermal compensation of moment in section A using the data available since the beginning of 

the monitoring. 
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Figure 61 - Thermal compensation of moment in section D A using the data available since the beginning 

of the monitoring. 

 

In Figure 60 it is seen that in section A the curve that represents the thermal compensated 
variation of loads in the arch, presents approximately the same values registered in the end of the 

  57  



KTH – Master Thesis of Science 

___________________________________________________________________________ 
retrofitting process. The results are consequently satisfactory, once there were no more loads 
affecting the arch with exception of the dynamic loads resulting from railway traffic. 

In contrast, the results of section D (Figure 61) show that there was a considerable increase of 
negative moments in the thermal compensated curve. The result was not to be expected and may 
indicate  some malfunction in the sensors of section D. 

 

Thermal compensation on May 2006  
 

In Figure 57 it is shown the temperature compensation of moments in section A made over the 
new collected data in section A. The calculations were made using the same methodology 
referred in the previous points, taking into consideration only the even temperature effects. 
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Figure 62 – Moment compensation calculated using the measures collected in May 2006. 

 

It can be observed that when looking at global variation of moment, the compensation reveals to 
be appropriate, once the Mloading curve keeps a horizontal tendency. 

Daily temperature variations and railway traffic can although be seen in the thermal compensated 
curve. The sinusoidal behaviour shown result from daily temperature variations. The moment 
peaks are due to railway traffic. The effects described can be observed because the causing loads 
were not included in the compensation made. 

As a conclusion it can be said that the even temperature compensation can explain variations in a 
wide scale, but cannot compensate completely the daily variations. 

 

58 



KTH – Master Thesis of Science 

___________________________________________________________________________ 

Chapter 6 – Conclusions 
 

Temperature compensation of data collected by monitoring can be of great use to understand the 
real behaviour of structures. When structures are significantly vulnerable to thermal effects it is 
important to isolate these effects from the monitoring results.  

Hingeless arch bridges are constructions that are significantly affected by temperature. Seasonal 
temperature variations are cause of important increase of moments and normal force in this kind 
of structure. In this context, the example of Traneberg Bridge was studied. Strains and 
temperatures were measured in the arch while the retrofitting of the structure was taking place. 
The thermal compensation of the data collected was made by isolating the effects of the loads 
caused by retrofitting from the effects resulting from temperature changes. In this study, only 
uniform temperature variations were taken into consideration. The theoretical effects of uniform 
temperature changes were calculated using a numerical and a FEM model. Both models resulted 
in similar values. 

The results of the temperature compensation made were considered satisfactory. It was possible 
to see that after the thermal compensation both moment and normal force variation in the arch 
abutments matched up generically with what was expected from the influence lines calculations.  

The behaviour of the west abutment could not totally be explained with the loads and models 
considered in the analysis. None or miss considered loads can be the origin of this behaviour. It 
is also a possibility that the sensor installed in the floor of the referred cross-section may not be 
working properly. 

New measurements were collected in May 2006. One and a half year past the retrofitting, 
temperature compensated moments present in the west abutment similar values to those 
calculated at that date. The same does not happen in the east abutment. 

In the future, a more complete analysis could be done. The uneven temperature changes should 
be taken into consideration and a more accurate model developed to determine the normal force 
variations due to temperature. It would also be good to perform an inspection to the arch 
abutments in the summer months. 

Retrofitting of structures is an alternative that can bring social and economical advantages when 
comparing with the costs of building new structures. Traneberg Bridge is an example of how 
retrofitting a very good option. The seventy years old concrete arch structure was repaired with 
low interference on the traffic and with economical gains. The bridge has now renovated lifetime 
expectancy and provides adequate response to traffic demands.  

In the context of repairing structures, monitoring can be very useful. Sensors reflect the real 
behaviour of construction and for that reason bring light over the unknowns that come up when 
dealing with old constructions. 
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