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Abstract

Balanced cantilever bridges have historically experienced excessive deformations.
Previous research suggests that the cause may be due to differential thickness in the box
girder cross-section and underestimation of creep and shrinkage. In this project, the long-
term deformation of balanced cantilever bridges due to non-uniform creep and shrinkage
have been investigated. The non-uniform creep and shrinkage are caused by variations
in drying rates for the different parts of the box-girder cross-sections. A finite element
model was created in the program Abaqus as a case study of the Alvik bridge. The finite
element model was used to evaluate the difference between non-uniform and uniform
creep and shrinkage with Eurocode 2. Further, a comparison between Eurocode 2 and
Bazant’s B4 model was conducted for non-uniform creep and shrinkage. The comparison
aimed to evaluate the difference between industry and research specific calculation
models, for the effect of creep and shrinkage on deformations. A parameter study was
also conducted to discern the effect of parameters: ballast load, water-cement ratio and
conditions related to drying of concrete (relative humidity and perimeter exposed to air).
A comparison with the deformation measurements of the Alvik bridge was conducted to
validate the results from the model.

The results showed that there was a significant difference in the calculated deformation
of the bridge during the first ten years between analyses based on non-uniform and
uniform distribution of creep and shrinkage, respectively. The non-uniform analysis gave
larger deformations. However, only minor differences between the two approaches could
be detected in the final deformation after 120 years. The main reason for the differences
in the early behaviour is primarily caused by the differences in shrinkage rate between
the top and bottom flanges. In these analyses, the top flange was assumed to not dry out
from the top. Thereby, the shrinkage rate of the top flange caused by one-way drying
was similar to the bottom flange that was assumed to be exposed for two-way drying.
The B4 model gave larger deformations compared to Eurocode 2. This may be due to
difference in the definition of perimeter and surface. Eurocode 2 considers the perimeter
exposed to air. The B4 model instead considers the entire surface area of the part. The
B4 model and Eurocode 2 show similar results as the measurements. However, the B4
model gave results more consistent with the measurements. In the parameter study,
lower relative humidity gave smaller deformations, since concrete shrinks quicker in dry
ambient air. Varying the water-cement ratio did not affect the deformations noticeably.
Higher ballast height gave significantly larger deformations. The height of the ballast
was an uncertain factor due to varying heights in the structural drawings of the case
study. Accurate height of ballast is therefore important.

Keywords: Balanced cantilever bridges, box girder cross-section, concrete, non-uniform
creep and shrinkage, Bazant’s B4 model, Eurocode 2, long-term deformations, finite
element analysis



Sammanfattning

Freivorbau broar har historiskt sett haft problem med kraftiga deformationer. Tidigare
forskning foreslar att detta har orsakats av tjockleksskillnader i ladtvérsnitt och
underskattning av krypning och krympning. Denna studie har undersokt effekten av
ojémn krypning och krympning pa freivorbau broars langtidsdeformationer. Den ojimna
krypningen och krympningen orsakas av skillnader i uttorkningshastigheter for
ladtvirsnittets olika delar. En finita elementmodell definierades i programmet Abaqus
som en fallstudie pa Alviksbron. Modellen anviindes for att utvirdera skillnaden mellan
ojémn och jimn krypning och krympning med Eurokod 2. En jimférelse mellan Eurokod
2 och Bazant’s B4 modell genomfordes med hénsyn till ojdmn krypning och krympning.
Syftet med jamforelsen var att utviirdera skillnader mellan byggnormer och
forskningmodeller med hénsyn till deformationer orsakade av ojiamn krypning och
krympning. Vidare genomfordes en parameterstudie for att urskilja effekten av
parametrarna: ballast last, vatten-cement-tal och forhallanden relaterade till betongens
uttorkning (relativ fuktighet och omkrets utsatt for luft). Deformationerna fran finita
elementmodellen jimfordes med uppmiitta deformationer av Alviksbron.

Resultaten visade att det fanns en signifikant skillnad i berdknad deformation under de
forsta tio aren mellan ojimn och jimn krypning och krympning. Ojémn krypning och
krympning gav storre deformationer. Mindre deformationsskillnad gavs dock i slutgiltig
deformation efter 120 ar. Den frémsta anledningen till skillnaderna i deformation under
de forsta tio aren dr orsakat av skillnader i krympningens hastighet mellan 6vre- och
undre fléins. I analyserna antogs det att 6vre flinsen inte torkade ut fran dess 6vre del.
Déarmed var krympningens hastighet likartad for 6vre flinsen som torkade ut at ett hall,
och undre fléinsen som torkade ut at tva hall. B4 modellen gav stérre deformationer
jamfort med Eurokod 2. En mojlig forklaring for detta ér definieringen av omkrets
gentemot ytans area. Eurokod 2 definierar en omkrets utsatt for luft. B4 modellen
definierar i stiillet arean av en yta, utan att ta héinsyn till om den #r utsatt for luft. Aven
om B4 modellen och Eurokod 2 ger likartade deformationer, ger B4 modellen oftare
deformationer som stimmer béttre ©Overens med deformationsmitningarna av
Alviksbron. Légre relativ fuktighet gav mindre deformationer, eftersom betong krymper
fortare i torrt klimat. Andring av vattencementtal gav inte nagon mirkbar éndring i
deformationer. Hogre ballasthojd gav betydligt storre deformationer. Hojden pa ballast
var en oséiker faktor pa grund av varierande hojder i Alviksbrons konstruktionsritningar.
Noggrann hojdbestdmmelse av ballasten &r dérfor viktigt.

Nyckelord: Freivorbau broar, ladtvirsnitt, betong, ojimn krypning och krympning,
Bazants B4 modell, Eurokod 2, langtidsdeformationer, finita element analys
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1.1. BACKGROUND

Chapter 1

Introduction

1.1 Background

Balanced concrete cantilever bridges have become popular throughout the years due to
their slender structures and ability to span over lengths of 200 - 300 meters. Due to their
construction method, balanced cantilever bridges do not require the need for falsework.
This is advantageous when the bridge span is located at a high elevation or if the bridge
spans over a large body of water (Takédcs, 2002).

Balanced cantilever bridges can be constructed in two ways, namely: precast or cast in-
situ, using the balanced cantilever method. The general process of the balanced
cantilever method is that segments are cast symmetrically. Casting originates from a
fixed starting point, such as the bridge pier and adjoining in the midspan from the other
side of the pier, as illustrated in Figure 1.1. As a segment is cast, it is then used as a
support for a form traveller to deliver the formwork for a new segment and continue the
casting process for the subsequent segment. The bridges are designed to have an initial
upward camber; a planned upward deflection, erected during the construction phase.
This measure is taken to counter the deformation during the construction phase and
ensure that the spans meet at the same level when the connecting segment is cast (Malm
& Sundquist, 2010).
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Figure 1.1 Construction process of cast in-situ balanced cantilever bridge.



CHAPTER 1. INTRODUCTION

When designing these bridges, the box-girder cross-sections are often designed with
varying thickness, both in the thickness of the cross-section depending on where in the
span the cross-section is located, and that the webs, top flange, and bottom flange of the
cross-section have different thicknesses.

Many balanced cantilever bridges have experienced excessive long-term deformations
(Kristek et al., 2006). Research on these issues has been conducted by for example
Kristek et al. (2006) where it was concluded that the long-term deformations could be
caused by the difference in thickness of the top and bottom slab of the bridge span cross-
section. This meant that the shrinkage and drying creep varied between the top and
bottom slab and caused excessive deflections. Underestimation of creep and shrinkage
may be a contributing factor to the deformation and long-term behaviour of the balanced
concrete cantilever bridges (Malm & Sundquist, 2010).

The issues with the bridges have historically meant that some have not been able to meet
the requirements for the serviceability limit state. There has also been a case where a
bridge did not satisfy the ultimate limit state requirements and suffered structural failure
(Bazant et al., 2015). It is therefore important to investigate the cause of the issues these
bridges encountered.

1.2 Aim and scope of the thesis

This study aimed to investigate the effect of differing thickness in box girder cross-
sections on deformation, due to creep and shrinkage, in balanced cantilever bridges.

Three research questions were formulated to achieve the aim of the study:

1. What is the effect of calculating with non-uniform compared to uniform creep and
shrinkage on the deformation?

2. What is the difference in resulting deformation between industry- and research
specific calculation models for non-uniform creep and shrinkage?

3. What is the influence of dominant parameters on the magnitude of deformation
caused by creep and shrinkage?

To answer the research questions, a finite element model was created based on a case
study of the Alvik bridge. Three benchmark models were created to verify the
implementation of the material behaviour in the case study model.

The deformation behaviour of the case study model was analysed for non-uniform and
uniform creep and shrinkage. The primary method used to analyse the difference
between non-uniform and uniform creep and shrinkage was the industry-specific model,
namely Eurocode 2.

A comparison between an industry specific calculation model and a research specific
calculation model was conducted. The material behaviour and resulting deformation
behaviour for the case study model were used for the comparison.



1.3. THE LAYOUT OF THE THESIS

The chosen parameters were ballast load, water-cement ratio and conditions related to
drying of concrete (relative humidity and perimeter exposed to air). The parameters
were tested with varying values to investigate their effect on creep and shrinkage.

The material data used in the analyses in this thesis were either taken from design codes,
such as Eurocode, or information given in structural drawings for the case study.

The finite element model for the case study was not intended to be a replica of the real-
life structure. The purpose of the analysis was instead to use the model as an example of
the type of bridges this thesis aims to investigate.

The material behaviour of the concrete in this thesis is assumed as linear elastic. The
effects of cracks in the concrete are not considered.

1.3 The layout of the thesis

Chapter 1 - Introduction

In this chapter, a description of the issue of long-term deformations in cantilever bridges
is presented. A background is given on conclusions from previous research to present a
clearer problem description. The aim and scope of the thesis are also provided, where
three research questions are presented as the focus of the thesis. Thereafter the scope
and layout of the thesis are presented.

Chapter 2 - Non-linear behaviour of concrete

In this chapter, an overview of the long-term behaviour of concrete is presented.
Thereafter, theoretical background from literature for long-term behaviour such as creep
and shrinkage of the concrete, as well as relaxation of the prestressed steel tendons is
described. Finally, methods for calculating the material behaviour of creep, shrinkage
and relaxation are presented.

Chapter 3 - Material input in Abaqus for long-term behaviour of concrete

This chapter discusses the finite element application in Abaqus for the theory described
in Chapter 2.

Chapter 4 - Benchmark models

This chapter describes the analysis of simpler benchmark models for verification of the
material properties used in the analysis of the more complex case study model. The
verification models were the cube and cylinder models; which were used to verify the
concrete creep behaviour, the prestressing bar model; which was used to verify the steel
relaxation behaviour and the simplified bridge span model; which was used to principally
study if non-uniform shrinkage would cause larger deformations compared to uniform
shrinkage.



CHAPTER 1. INTRODUCTION

Chapter 5 - Case study - the Alvik bridge

A description of the studied bridge is given in this chapter where geometry, material
properties and loads are described. The construction phase and service life are also
described to give insight into the deformation behaviour of the bridge during
construction and its service life.

Chapter 6 - Modelling of the Alvik bridge

In this chapter, the information presented in Chapter 5 was used to develop a finite
element model in Abaqus. The defined geometry is described as well as input data used
for the material behaviour and the applied loads are presented. The analysis of the
construction phase and service life are presented. An explanation is also provided on
which basis the mesh size for the case study model was chosen, with a mesh control
analysis.

Chapter 7 - Result from finite element analysis

This chapter shows the results of the analysis of the case study model. The results are
divided into two parts. The first part shows the difference between the effect of non-
uniform and uniform analysis on deformation behaviour. The first part also shows the
difference between Eurocode 2 and the B4 model with non-uniform analysis. The second
part shows the result from the parameter study.

Chapter 8 - Discussion and conclusion

This chapter is divided into five parts. The first three parts discuss and conclude the
defined research questions. The fourth part discusses the validity of the numerical
analysis. The fifth part discusses what further research could be performed.



2.1. NON-LINEAR BEHAVIOUR OF CONCRETE

Chapter 2

Long-term behaviour of concrete

2.1 Non-linear behaviour of concrete

When a load is applied to a material such as concrete, stresses will develop due to the
deformation of the concrete. The change in deformation from before and after the load
is applied can be measured as the strain. Since the strength of concrete is based on the
stress capacity, as well as the allowed deformation being of significance, the stress-strain
relationship is of considerable importance. When testing concrete, the relationship
between the stress and strain is often illustrated graphically as the stress-strain curve
(Ansell et.al, 2014). An example of this illustration is given in Figure 2.1.

>
€

Figure 2.1: Illustration of a stress-strain curve (Ansell et. al, 2014).

When a compressive load is initially applied on concrete, the response will be an
approximately linear relationship between the stress and strain. However, as the stresses
increase, so do the number of micro-cracks in the concrete. When enough micro-cracks
appear, the strain in the concrete will increase without a corresponding linear increase
of the stress. When visualized in the stress-strain curve, the curve will start to level out
and eventually cracks will be large enough that the concrete will no longer be able to
carry any amount of load (Ansell et.al, 2014).
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CHAPTER 2. LONG-TERM BEHAVIOUR OF CONCRETE

According to Engstrom (2007), the maximum stress capacity of the concrete is usually
taken as the stress-strain curve’s maximum stress value. As an approximation, the
linearity of the stress-strain curve is usually considered up to 0.5 to 0.6 times the
maximum compressive stress capacity. After this value, the stress-strain curve can no
longer be considered linear.

An aspect of concrete non-linear behaviour that pertains to the rate of loading is that
the stress capacity of concrete, as well as its non-linearity, will differ depending on the
loading rate (Engstrom, 2007). A load applied quickly, e.g., for a few seconds, will result
in a steeper and a more linear stress-strain curve. Comparatively, a load applied slowly,
e.g., for a few months, will result in a more levelled out and non-linear stress-strain curve,
as illustrated in Figure 2.2.

A few seconds

A few minutes

A few months

<

€.

Figure 2.2: Illustration of the behaviour of stress-strain curve concerning short- and
long-term loading (Engstrom, 2007).

The non-linearity of the stress-strain curve is an important factor when considering long
term behaviour such as creep deformations. At the linear section of the stress-strain
curve, linear creep is assumed. However, in the non-linear section, a risk for creep failure
exists, despite the structure not reaching the design load (Engstrom, 2007).



2.2. CONCRETE CREEP

2.2 Concrete creep

According to Ansell et.al (2014), the phenomenon of creep occurs when a structure is
subjected to increasing long-term deformation despite constant stress. Furthermore, the
phenomenon of creep occurs when the constant stress applied to the structure results in
the formation of microcracks which in turn result in further strain. Creep recovery is
described as the process when the material returns towards its normal state after the
momentary elastic recovery happens once the load is removed. Figure 2.3 illustrates the
relationship of strain over time to further illustrate the phenomenon (Ansell et.al, 2014).

€ - strain
A Momentary
Constant load No load elastic
T recover
a,
O
(0]
© )
2
(o]
o)
~
t - time
JA . .
tO tll T >
Momentary Remaining
elastic :
deformation

Figure 2.3: Time-dependent strain development due to creep and the recovery caused
by unloading (Ansell et.al, 2014).

The phenomena can further be described with the help of rheological models, such as
The Maxwell and The Kelvin (Voigt) Model. The Maxwell Model consists of a series
connection between a spring and a damper, both having individual systems of describing
their material properties of elasticity and viscoelasticity respectively as well as strain
and stress. The Kelvin (Voigt) model on the other hand also consists of a spring and
damper but has a parallel connection, see Figure 2.4. The spring is used to describe the
elastic behaviour of the material whereas the damper is used to describe the restrained
behaviour or the viscosity of the material (Kelly, 2013).



CHAPTER 2. LONG-TERM BEHAVIOUR OF CONCRETE

The Maxwell model
E n
o (e)
~WW-E=
8 1 8 2
The Kelvin (Voigt) model
E
AV
o (0)
< %
|
O: |
n

Figure 2.4: Tlustration of the Maxwell and Kelvin (Voigt) model, respectively (Kelly,
2013).

The strain in the Maxwell model can be described as the sum of the strain from the
spring and the damper, whereas in the Kelvin (Voigt) model the relationship that can
be analysed is that the total stress is the sum of the stress in the spring and the damper,
respectively. The stress-strain relationship is described in Eq. (2.1) and Eq. (2.2) for the
spring and damper, respectively (Kelly, 2013).

Gspring
Espring = E (2.1)
Jdamper
Edamper = T (22)
where,
Esprings Edamper strain in the spring and damper, respectively. [-]
Ospring> Odamper applied stress in the spring and damper, respectively [Pa]
E elastic modulus [Pa]
n viscosity [Pa-s].



2.2. CONCRETE CREEP

By combining Eq. (2.1) and Eq. (2.2) for the relationships described for the model, the
Maxwell model can be described by Eq. (2.3) and the Kelvin (Voigt) model can be
described by Eq. (2.4) (Kelly, 2013).

Odamper + E Odamper =1 * €

E- Espring + 1 Eqgamper = O (2'4)

To analyse the creep from the models, one has to analyse the response of the models from
when the load is applied. In the Maxwell model, a load will cause the spring to have an
initial elastic strain. The long-term behaviour can be described as the integration of the
initial strain for time, with Eq. (2.5) (Kelly, 2013).

() =0 (- ;t" +2) (2:5)
where,
t time [s]
to time at loading [s].

Similarly in the Kelvin (Voigt) model, when a load is applied the spring will be restrained
by the damper, while the springs natural response is to deform. The initial slope is
therefore the initial stress divided by the viscosity. This is then followed by a secondary
slope given as the stress in the damper divided by the viscosity of the material.
Considering the condition that the initial strain is zero, the time-dependent strain is
described as shown in Eq. (2.6) (Kelly, 2013).

E 2.6)
Oy —<—-(t—t0)> (
ty=—-|1—e \"
g(t) 7 ( e
where,
oS the initial stress [Pa].

The difference between the models, as illustrated in Figure 2.5, is that the Maxwell model
gives the elastic response and permanent strain but not the decreasing strain rate. The
Kelvin (Voigt) model instead gives the inelastic recovery but not the elastic response
and permanent strain (Kelly, 2013).
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The Maxwell model The Kelvin (Voigt) model
€ A
i o
E
(o
E
: —P :

i 4

T 1 & I

Stress Stress Stress Stress
applied removed applied removed

Figure 2.5: Difference in behaviour prediction in the Maxwell and Kelvin model (Kelly,
2013).

Different combinations of the model can be used to describe different properties of the
material such as linear elasticity, linear viscosity as well as further development of non-
linear models. The viscoelastic behaviour of concrete can be described by either of the
models depending on the purpose of the analysis. For creep calculations, the Kelvin
Chain model is recommended as it is based on a creep function (Takécs, 2002).

2.3 Concrete shrinkage

In its most rudimentary form, concrete shrinkage is the phenomenon of water
evaporating during the concrete curing process. The evaporation of the water from the
concrete mixture means that the volume of the concrete will be reduced. The term
concrete shrinkage is often synonymously used when referring to drying shrinkage.
However, the meaning of concrete shrinkage entails more than just the evaporation of
water during the curing process. The total shrinkage can be divided up into four different
categories: the drying shrinkage, plastic shrinkage, autogenous shrinkage, and
carbonation shrinkage. The two primary categories are drying shrinkage and autogenous
shrinkage (Ansell et al, 2014).

Drying shrinkage is the process of excess water evaporation from the concrete mixture
in exchange with its ambient environment. The excess water in the concrete mixture’s
pores has not reacted with the cement paste. Autogenous shrinkage is the loss of water
due to the hydration process, where the hydration process is the chemical reaction
between water and cement paste that occurs when the concrete hardens. The drying
shrinkage will for the majority of concrete mixtures cause the most amount of shrinkage.
The autogenous shrinkage will however have a larger impact on the amount of shrinkage
on concrete with a water-cement ratio lower than around 0.5-0.55 (Silfwerbrand, 2017).
Since the shrinkage of the concrete leads to a reduction of the volume, a strain will occur

10
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if the boundary conditions restrain the concrete from reducing its volume (Ansell et al,
2014).

According to Engstrom (2007), the following five primary variables affect the amount of
concrete shrinkage.

The first primary variable is the composition of the ingredients in the concrete. The
composition is an important factor since of the most essential ingredients in the concrete,
which are water, cement, and aggregates, only the aggregates are free from shrinkage.
Therefore, the amount of water and cement content i.e., cement paste content used in
the concrete mixture will affect the amount of shrinkage. A larger amount of water
and/or cement content will lead to a larger amount of shrinkage (Ansell et al, 2014).

The second primary variable is the treatment of the concrete mixture. If the concrete is
not mixed sufficiently, then the concrete composition may shrink inhomogeneously,
which can lead to additional stresses developing in the concrete. Insufficient mixing can
also lead to larger pores, where water will gather, without being able to react with the
cement mixture and ultimately evaporate (Ansell et al, 2014).

The third primary variable is the concrete’s exposure to the environment. The amount
of shrinkage due to environmental causes depends on the relative humidity. The concrete
mixture will have a larger drying shrinkage in an environment with low relative humidity
in comparison to an environment with high relative humidity (Engstrom, 2007).

The fourth primary variable is the geometry and placement of the sample, i.e., the size
of the surface, its thickness and exposure to ambient conditions. A larger surface area
exposed to the environment leads to more shrinkage and a thinner concrete sample will
shrink quicker than a thicker concrete sample. Since concrete as a material has low
permeability, the thickness will represent an important factor when calculating how long
time it will take for the concrete mixture to dry out. An example of this is given in
Engstrom (2007), where it will take one year for a 0.1 m thick slab of concrete to achieve
80% of its final shrinkage. In comparison, if the slab is 0.4 m it will take around 10 years
and if the slab is 1.0 m thick then it will take more than 100 years.

The fifth primary variable is the age of the concrete mixture from when the curing began.
Since concrete shrinkage is a process of evaporation and chemical reactions it is also a
process that is time-dependent.

2.4 Relaxation of prestressed tendons in concrete

Prestressing systems can either follow principles of pre-tensioning or post-tension, where
the latter is most common in the case of cast in-situ. The post-tensioned reinforcement
can either be bonded or unbonded. Losses can occur in the prestressed tendons due to
locking and de-tensioning, friction as well as time-dependent loss such as relaxation of
the reinforcement (Ansell et al, 2014).

The phenomenon of relaxation occurs when the stress in steel decreases at constant

strain. This phenomenon is similar to the creep of the concrete where the prestressing
tendons creep because of high stress and thereby result in tendons experiencing

11
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relaxation (Borbolla & Mazzola, 2003). The phenomenon can also be described with the
help of the rheological models mentioned in Chapter 2.2. From the Maxwell model, the
stress-strain relationship that can be used to describe stress relaxation, o(t), is given by
Eq. (2.7).

d@=&,5@%;%=% 2.7)
where,
€0 constant strain [-]
t time [days]
tr time required for relaxation to occur, also known as relaxation

time [days].

In the Kelvin (Voigt) model, the spring is still restrained by the damper resulting in
difficulty for instantaneous stress to occur unless the stress is infinite. That is since the
damper’s response or strain is not instant when the stress is applied. Therefore, the
spring absorbs the stress resulting in no stress relaxation over time. Therefore, for
calculations regarding relaxation, it is recommended to use the Maxwell model since the
Kelvin (Voigt) model is not sufficient for describing the phenomenon (Kelly, 2013).

This recommendation can be understood further with the help of illustrations as shown
in Figure 2.6, where in the Maxwell model the relaxation over time can be analysed. As
illustrated, the Kelvin (Voigt) model cannot describe relaxation over time as the initial
stress is directly represented by the stress in the spring. Therefore, over time, the analysis
cannot be performed (Takédcs, 2002).

A dc de
=0
dt Iodt
A
2 | €o
: | >
%) €
° o
n de
2 i fro
=t
wnn I ESO
1
Time, t - to } to Time, t }
The Maxwell model The Kelvin ( Voigt ) model

Figure 2.6: Relaxation in the Maxwell and Kelvin (Voigt) model respectively (Takécs,
2002).
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2.5 Models for calculating long-term behaviour of
concrete

Several models can be used to calculate the long-term behaviour of concrete. However,
this thesis focused on two methods, the B4 model (Bazant et al., 2015) and Eurocode 2
(EC2, 2008). Eurocode 2 was chosen as the industry-specific model. Eurocode is a
developed standard of construction by the European Committee for Standardization.
The B4 model was chosen as the research specific model. It is an improved version of the
previous B3 model (Bazant & Baweja, 2001) recommended by RILEM from 1996. The
B4 model was developed by researchers looking to further improve on the current design
codes in use (Bazant et al., 2015). Applying both models can give the study a broader
understanding as similarities and differences between research and industry can be
analysed.

The variables, coefficients and parameters presented in Chapter 2.5.1 and Chapter 2.5.2
only apply to their respective chapter.

2.5.1 B4 model

Bazant et al. (2015) present five levels of structures considering their sensitivity to creep
and shrinkage. Examples of structures for the five levels are:

1. Reinforced concrete beams with spans smaller than 20 m and heights less than 30
m.

Prestressed concrete beams with spans up to 20 m.

Box-girder bridges with spans up to 80 m.

Long-span prestressed box-girder bridges

Unique, cutting edge structures such as bridges with record-breaking spans.

Gl LN

The B4 model is recommended for structures in level four and five. (Bazant et al., 2015)

Bazant et al. (2015) present a flow chart that illustrates the calculation procedure for
the B4 model in Figure 2.7.
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. No A simpler model
[Is the structure in level 4 or 5?]—> [can be used instead

Yes

cm» E289W/C9 a/C, C; U
t’, t,V, S, h and admixture quantities

Acquire data for: T

- Basic creep ﬁalgcalgliiteczreep w - Drying creep

L— Drying and shrinkage creep

1 1
Calculate t and t’ C'qlculate t, 1,
with Eq. (2.8)-(2.9) with Eq. (2.20)-(2.21)
2 2
. Calculate € ., Ty and q
Calculate: 91,92, 95 and 9.4 A shors Teheo s
[with Eq. (2.10)-(2.13) j Glth Eq. (2.22)-(2.26) J
[Contains admixtures? Yes Yes | Contains admixtures?]
3 No
No Select admixture scale A v
factors for creep
v from Table 2.2 Calculate the drying creep
4 Cu(tt'F, ),with Eq. (2.33)
Calculate the drying creep gri%%l)e drying shrinkage
Co (1t )with Eq. (2.15) ’ vs;ith’ Eq. (2.36)

Calculate the factor Rr,
’ the compliance function J(t,t") ‘
and the strain g(t)

with equation 2.36-2.38

Figure 2.7: Flow chart for the implementation of the B4 model calculation based on
(Bazant et al., 2015).

The calculation procedure for the basic creep and the shrinkage/drying creep is divided
into four steps each, as illustrated in Figure 2.7. The combination of the basic creep and
the shrinkage/drying creep is needed for the prediction of the creep and shrinkage model.
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Basic creep

The first step of calculating basic creep is to calculate:

fl

>

where,

temperature corrected age at loading [days],
given by Eq. (2.8)

temperature corrected current age [days],
given by Eq. (2.9)

t' =ty P+ (t' —ty) - ePrs (2.8)

t=t+(t—t)- ebre (2.9)

Brn, Brs, Bre are variables used to simplify equations and have the relationship between

the following variables,

ﬁ.(i

Brn = e<Rg

1

ﬁ.(__—
ﬁT —e Rg \293  Tcyr+273
s

Uc.( 1

Brc = e<@ =

to

293 Toyur+273

293 Tcour+273

age where the concrete is first exposed to the environment
[days] .

age of the concrete at the time of loading [days].
time from start of concrete curing to the current time [days].

activation energy for hydration (h), drying shrinkage (s) and
creep (c) [J/mol].

gas constant [JXK/mol].
temperature at curing [°C|, 20 °C < T, < 30 °C.

average environmental temperature before and after loading
[°C],-25°C<T <75 °C.
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For the activation energies U¢, U, and Uy, Bazant et al. (2015) state that they can be

. Uc _Un_ Us _
given the value of R, R; Ry 4 000 K.

When the temperature is at 20°C, then the temperature corrected age reduces to the

actual ages, i.e., ' =t' and f = t.

The second step of calculating basic creep is to calculate:

") instantaneous compliance [1/Pa], given by Eq. (2.10).
q ageing viscoelastic creep [1/Pa], given by Eq. (2.11).
qs non-ageing viscoelastic creep [1/Pa], given by Eq. (2.12).
44 flow [1/Pa], given by Eq. (2.13).
=P
a1 = Foe

D2 W/C P2w
2 =T7p5° (0.38)

_ . . %p&z. W/C P3w
43 =P3 92"\ ¢ 038

pa (YN (VT
%=1.109'(m> (@)
where,
w/c water-cement ratio [-], 0.22 < w/c < 0.87.
a/c aggregate-cement ratio [-], 1.0 < a/c < 13.2.

D1, P2, Poaws P35 P3a> Paw, Pa, Paa, Paw are creep factors corresponding to the cement type
and are presented in Table 2.1 (Bazant et al., 2015).

Three cement types are given: R — regular cement, RS — Rapid hardening cement and
SL — slow hardening cement.

The 28-day elastic modulus E,g [Pal, is given by Eq. (2.14).
16
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where,

fe

E,g = 4734 - 10° -

fe
1-106

Mean cylinder strength at 28 days [MPa],
15 MPa < f,< 70 MPa.

Table 2.1: Creep factor depending on the cement type (Bazant et al., 2015).

Parameter R RS SL Parameter R RS | SL
P1 0.70 0.60 0.80 P2w 3.00 | 3.00 @ 3.00
Py 58-10% | 17.4-10°  40.5:10%  pag 110 -1.10 | -1.10
Ps3 39.3-10° 1 39.3:10 | 39.3:10° | pa3y, 0.40 | 0.40 @ 0.40
Pa 3.4-10% | 3.4:10° @ 3.4-10°3 Pia -0.90  -0.90 | -0.90
Ps 777-10° 1 94.6-10°  496-10° Paw 245 | 2.45 | 2.45
PsH 8.00 1.00 8.00* Pse 0.85 -0.85 -0.85
Psw 0.78 0.78 0.78 Psa -1.00  -1.00 | -1.00

* ~lacking data or assumed

The third step for calculating basic creep is to consider the influence of admixtures in
the concrete. Bazant et al. (2015) define the following as admixtures: retarder, fly ash,
super plasticizer, silica fume, air-entraining agent and water reducer. These are
considered as affecting the creep and shrinkage by multiplication with the factors
corresponding to the cement type, presented in Table 2.1. In Table 2.2, the
multiplication factors corresponding to admixtures from Bazant et al. (2015) are

presented.

Table 2.2: Multiplication factors depending on the admixture (Bazant et al., 2015).

Admixture class (% of ¢)  -p2

-p3

p4

-p5

Retarder (<0.5)

Fly ash (<15)
Retarder (>0.5)

Fly ash (<15)

Fly ash (>15)

Super plasticizer (=0)
Silica fume (>0)

Air entraining agent (=0)

Water reducer (<2)
Water reducer (>2, <3)
Water reducer (>3)

17

0.31 7.14  1.35 0.48

1.43

0.37
0.72
1.12
0.90
1.00
1.41
1.28

0.58

2.33
2.19
3.11
3.17
2.10
0.72
2.58

0.90

0.63
1.72
0.51
1.00
1.68
1.76
0.73

0.46

1.60
0.48
0.61
0.10
0.45
0.60
1.10

(2.14)



CHAPTER 2. LONG-TERM BEHAVIOUR OF CONCRETE

The fourth and final step in calculating the basic creep is to calculate the basic creep
compliance, Cy(t,t"), given by Eq. (2.15). The basic creep compliance considers the effect
of creep where no moisture exchange occurs with the environment.

Cot ) = g2+ QEE) + g5 In(L+ (= £)°1) + g, In(5) (2.15)
where,

the binomial integral Q(Z,£") is approximated by Eq. (2.16).

1

S A e o e\ "N\ 7@ 2.16
Q(t &) = Q@) <1 + (—Z(w)) (2.16)
where,
Qf (") is given by Eq. (2.17).
Z(t,t") is given by Eq. (2.18).
r(t") is given by Eq. (2.19).
. o2 ST
Qr (&) = (0.086- 5 + 1.21 - #'5) (2.17)
Z(, ) =¢t7% -In(1 + (£ — )Y (2.18)
r(t) =17-£012 + 8 (2.19)

Shrinkage/drying creep

The first step for calculating the shrinkage/drying creep according to Bazant et al.
(2015) is to calculate the time variables:

t temperature corrected exposure age [days|, given by Eq. (2.20)

t=(t'—t,) - ePrs (2.20)
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to temperature corrected age from when the concrete is first
exposed to the environment [days], given by Eq. (2.21).

ty =ty - ePrn (2.21)

When the temperature is at 20 * C, the temperature corrected age reduces to the actual
ages, i.e., t =t — ty and £y = t,.

The second step for calculating the shrinkage/drying creep is to calculate:

The halftime for drying shrinkage, tg, [days|, given by Eq. (2.22).

2V\?
Tsh = To * Kea * (ks ) ?) (2.22)
where,
kia shrinkage factor based on the type of aggregate [-], given by
Table 2.3
kg geometry dependent shape factor where,
ks = 1.00 (infinite slab)
ks = 1.15 (infinite cylinder)
ks = 1.30 (sphere)
ks = 1.55 (cube)
|74 volume of the model [mm3], 12 mm < V' / S < 120 mm.
S surface area of the model [mm?]. 12 mm < V' / §'< 120 mm.
The interval 17/ S'is given from a typical range of applicability for the B4 model.
Ultimate shrinkage time, 7, [days], is given by Eq. (2.23).
a/ DPta W/ Drw 65_Cp‘L'C
c c :
To =Tcem '\ = q ‘| 730 ) ( ) (2.23)
6.0 0.38 p

where,
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Tcem

Pra

Pzc

shrinkage parameter dependent on cement type [days], given
in Table 2.4.

shrinkage parameter dependent on cement type [-], given in
Table 2.4.
shrinkage parameter dependent on cement type [-], given in
Table 2.4.

cement content [%], 200 % < ¢< 1500 %.

concrete density [%] .

The ultimate shrinkage strain, &g, (o) [-], is given by Eq. (2.24).

E(7 - Brn + 600 - Br)

Echoo(to) = —& “ keg - — 2.24
sreo(f0) = =0 Kee R o ) 224
where,
keq shrinkage factor based on the type of aggregate [-], given by
Table 2.3.
o Ultimate drying shrinkage strain, given by Eq. (2.25).
a/ Pea W/ Dew 6.5 Pec
c c :
€ = Eem | T : : ( ) (2.25)
6.0 0.38 P
where,

psaa pswa psm gcem

shrinkage parameters dependent on the type of cement [-],
presented in Table 2.4.
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The drying creep, qs [1/Pal, is given by Eq. (2.26).

p5 a/c Dsa W/C Psw
N "\s0) "\o38 * Ehoo (F0) [P 2.26
%= Tx 109 (6.0) <0.38> [k - Esneo (£0)] (2.26)
where,
Ps; Psa; Psws Pse creep factors corresponding to the cement type [-], presented
in Table 2.1.
ky, humidity factor [-], given by Eq. (2.27).
— 1-h% h<98%
= {12-94- (1-h)—02,  98%<h<100% (2.27)
where,
h relative humidity of the environment [ %] .

Table 2.3: Factors for shrinkage based on the type of aggregate (Bazant et al., 2015).

Young’s modulus Density
A te t k k
ggregate type | K;q ca Eugy (GPa) Pagg (g/cm3)

Diabase 0.06* | 0.76* | 70-90 2.8-3.0
Quartzite 0.59 | 0.71 | 50-90 2.5-2.8
Limestone 1.80 | 0.95 | 10-70 1.8-2.9
Sandstone 2.30 | 1.60 | 10-50 2.0-2.8
Granite 4.00 |1.05 | 30-70 2.5-2.8
Quartz Diorite = 15.0% | 2.20* ' 50-100 2.7-3.1

* Denotes uncertain fitted parameters
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Table 2.4: Parameters given by the cement types rate of hardening (Bazant et al.,

2015).
Parameter R RS SL
Teem (days) 0.016 | 0.080  0.010
Pra -0.33 -0.33 -0.33
Prw -0.06 -2.40 3.55
Pz 0.10 | -270  3.80
Ecem 360-10° | 860-10¢  410-10°
Psa -0.80 -0.80 -0.80
Pew 1.10 -0.27 1.00
Pec 0.11 0.11 0.11

The third step for calculating shrinkage/drying creep is to consider the influence of
admixtures in the concrete. Admixtures such as retarder, fly ash, super plasticizer, silica
fume, air-entraining agent or water reducer are considered as affecting the creep and
shrinkage by multiplication with the factors corresponding to the cement type, presented
in Table 2.2. The multiplication factors for different admixtures can be found in Bazant
et al. (2015).

The fourth and final step of determining the shrinkage/drying creep is to calculate:

Autogenous shrinkage strain, €4, (¢, ty) [-], given by Eq. (2.28).

_ Tau asp\Tt
Eau(t, t0) = Equoo * (1 + (— 7 > ) (2.28)
t— tO

where,

asn is a variable used to simplify Eq. (2.28) and has the relationship between the
following variables,

_ Y/
Ush = Ta "\ 38

Tt autogenous shrinkage parameter depending on the type of
cement [-], presented in Table 2.5.
Equco final autogenous shrinkage strain [-], given by Eq. (2.29).
a/ Tea W/ Tew
c c
€aucw = —Eau,cem * (?) ) <@> (2'29)
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where,
Eaucem> Teas Tew autogenous shrinkage parameters given by the cement types
rate of hardening, presented in Table 2.5.
Tau autogenous shrinkage halftime [days], given by Eq. (2.30).
W/ Ttw
c
Tou = Taucem * (0.38) (2.30)
where,
Tau,cem> Trw autogenous shrinkage parameters given by the cement types
rate of hardening, presented in Table 2.5.
eqn(t, ty) drying shrinkage strain [-], given by Eq. (2.31).
&sn(t,to) = Esneo(Eo) ~ kp - S(E) (2.31)
where,
S(t) time curve [-], given by Eq. (2.32).
t
S(t) =tanh |— (2.32)
Tsh
The compliance factor for drying creep, C4(£,t',£), [1/Pa], is given by Eq. (2.33).
Ca(t B, ) = qs - (e(PsHEE) — e(—PSHHc(fr,fo)))O-s (2.33)
where,
Dsy creep parameter dependent on cement type, presented in Table
2.1.
H(E, ) parameter, given by Eq. (2.34).
- t—t
H(t,t;) =1—(1—h) - tanh . (2.34)
sh
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H.(t', &) parameter, given by Eq. (2.35).

fl_t_'o

H.(t'"t)=1—-(1—h)-tanh (2.35)

Tsh

Table 2.5: Parameters for autogenous shrinkage given by the cement types rate of
hardening (Bazant et al., 2015).

Parameter R RS SL

Tau,cem (days) 1.00 41.0 1.00
3.00 3.00 3.00

r

r:W 450 450 -4.50
T, 1.00 140 100
Equ cem 210-10 -84-10° | 0
Te 075 075 | -0.75
Tew 350 -3.50 | -3.50

Subsequently, the drying shrinkage and autogenous shrinkage are added together as the
total shrinkage strain eg, 1or (%, to), given by Eq. (2.36).

gsh,tot(f' EO) = Sau(t_t EO) + Ssh(t_: EO) (2.36)

When the basic creep and the shrinkage/drying creep are calculated, the compliance
function for ultimate creep, J(f,£") [1/Pa] can be calculated with Eq. (2.37).

J(& 1) =q+ R - Co(t, &) + C4 (L, T, Tp) (2.37)
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where,
Ry vertical scale factor for the temperature [-], given by Eq.
(2.38).

Ry = ePre (2.38)

Subsequently, the final strain, &(t) [-], can be calculated with Eq. (2.39).

) =], ) 0+ esnror(E o) + ar - AT (2.39)
where,
ar coefficient of thermal expansion [1/°C].
AT difference in temperature from the reference temperature to the
temperature at the time t [°C].
o applied stress [Pa].

It is further possible to use the compliance function, J(£,£"), to calculate an equivalent
creep coefficient ¢(t,t"), given by Eq. (2.40).

(6 t) = E(¢) - J(E ) -1 (2.40)
where,
E.(t) the elastic modulus at the time of loading [Pa], given by Eq.

(2.41).

E.(t) = CER) (2.41)

where,
J(t' + At, t) value of the compliance function after one time step.
At the duration of the time step, dependent on the method used

for applying the load on the concrete specimens
where 0.1 s < At < 0.1 days.
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2.5.2 Eurocode

According to EC2 (2008), for calculating the time-dependent behaviour of concrete, the
types of analysis are divided into four sections:

General and incremental step-by-step method.
Methods based on the theorems of linear viscoelasticity.
The ageing coefficient method.

Simplified coefficient method.

Ll

Certain initial conditions and assumptions apply to all the methods, wherein:

- Creep and shrinkage are considered independent of each other.

- The average creep and shrinkage properties are used in each section where minor
differences at different locations are neglected.

- The total deformation caused by actions at different ages can be assessed with the
help of the principle of superposition.

From the methods, one and two are typically used for cantilever construction. General
and incremental step-by-step method can be applied to all structures. It is recommended
for verification of transitional construction phases, as done in cantilever construction
since the properties vary along the length. The Simplified coefficient method is applied
to structures whose support conditions vary, such as in span-to-span or free cantilever
construction.

To perform a general analysis, the general method with an incremental step-by-step
approach was further analysed. The method assumes the following conditions:

- The reinforcing steel behaves linearly under instantaneous loads.

- Varying deformation and relaxation should be considered when the stress in

fpmax

prestressing steel is greater than , where fpmax 1s the pre-stressed

reinforcements ultimate strength [Pa).

- A perfect bond between concrete and reinforcement is assumed.

- Equilibrium and compatibility are maintained.
Plane sections are assumed, before and after deformation, in the case of linear
elements.

Creep:
The creep coefficient, ¢(t,ty) [-], is given by Eq. (2.42).

@t to) = @ - Bc(t, to) (2.42)
where,

t age of concrete at considered time [days].
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to age of concrete at the time of load application [days].

The nominal creep coefficient, ¢, [-], is given by Eq. (2.43).

®0 = @ru - B(fem) - B(to) (2.43)
where,
Ory factor considering the impact of relative humidity [-], given
by Eq. (2.44).
( RH
14100 for fon < 35MPa
0.1-3/hy o
©OrH = 3 RH (2.44)
1+ﬂ-a ‘a for f., > 35MPa
1 2 cm
\ 0.1-3/ho
where,
RH relative humidity of the ambient environment [ %]
ho equivalent thickness [mm], given by Eq. (2.45).
2A
hy = — (2.45)
u
where,
A, cross-section area [m?].
u perimeter of the cross-section in contact with air [m].
The factor considering the impact of the concrete strength, S(f.,) [-], is given by Eq.
(2.46).
B(fom) = 2 (2.46)
cm) = T —/— 2.46
Vfem
where,
fem mean value of the concrete’s strength after 28-days [Pa].
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The factor considering the impact of the concrete’s age at load application, B(ty) is
given by Eq. (2.47).

ty) =——F5+ .
The coefficient for creep development with time, after load application, B.(t, ty) [-], is
given by Eq. (2.48).
t—tg )0.3
t,ty) = |=——— 2.48
peltte) = (e (2.13)
where,
Bu factor considering the impact of relative humidity and
equivalent thickness [-], given by Eq. (2.49).
B, = { 1.5 (14 (0.012 - RH)*8) - hy + 250 < 1500 for fo, < 35 MPa (2.49)
H7 1.5 (1 + (0.012 - RH)'®) - hy 4+ 250 - a3 < 1500 - a3 for fu,, > 35 MPa ‘
where,
a, Ay, 03 coefficients considering the impact of the concretes strength
[-], given by Eq. (2.50), Eq. (2.51) and (2.52) respectively.
3507
@ = <_) (2.50)
RV
35\
@, = (_) (2.51)
T \fem
35\%°
@ = (_) (2.52)
T \fem
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Shrinkage:

The total concrete shrinkage strain, €., given by Eq. (2.53).

Ecs = Eca T Eca (2.53)
where,
Ecd drying shrinkage strain [-], given by Eq. (2.54).
€ca = Bas(t, ts) “ kp - €cd,0 (2.54)
where,
ky coefficient dependent on the equivalent thickness [-]|, presented
in Table 2.6.
Bas(t, ts) coefficient for drying shrinkage [-], given by Eq. (2.55).
Bas(t.ts) k.
as\Lils) = 2.55
U (t—ty) +0.04 - /B3 (2.55)
where,
ts age of concrete at the start of drying shrinkage [days]. Usually
at the end of post-processing.
The nominal value for unrestrained shrinkage, €.40 [-], is given by Eq. (2.56).
—a dsz.fc_m
Ecao = 0.85-( (220 + 110 - ay4q5) - € femo |+ Bpy - 1076 (2.56)
where,
Aas1) Ags2 coefficients dependent on cement type, presented in Table 2.7.
fomo = 10 MPa
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Bru coefficient dependent on the ambient relative humidity, given
by Eq. (2.57).
_ 155 (1 (RH>3 (2.57)
Bru = 1. RH, .
where,
RH, = 100%

The autogenous shrinkage strain, ., [-], is given by Eq. (2.58).

Eca(t) = Bas(t) * £cq(0) (2.58)
where,
Bas(t) autogenous shrinkage coefficient [-], given by Eq. (2.59).
Bas(t) = 1— €702 (2.59)
Eca () final autogenous shrinkage strain [-], given by Eq. (2.60).
€ca(0) = 2.5 (fer — 10) - 107° (2.60)
where,
fex characteristic concrete strength, at 28 days [Pa].

Table 2.6: Values for kj, with regard to hy.

hy ky
100 1.0
200 0.85
300 0.75
>500 0.70
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Table 2.7: Shrinkage coefficients dependent on cement type.

Cement type | @451 | @gs2 | S

S 3 0.13  0.38
N 4 0.12 1 0.25
R 6 0.11  0.20

Relaxation:
EC2 (2008) states that reinforcement must be designed according to its given relaxation
class. The relaxation classes are divided into three classes:

Class 1: Thread or line with normal relaxation.
Class 2: Thread or line with low relaxation.
Class 3: Hot-rolled and cold-rolled bars.

The relaxation loss is usually given as the relation between the absolute value of the
Aoy
O-pi
is given for class 1, 2 and 3 with Eq. (2.61), Eq. (2.62) and Eq. (2.63), respectively.

tension lost during relaxation and the initial relaxation loss, [-]. The relaxation loss

Class 1
. Opi
Aoy, 6.72BL t; 0'75'<1_f_k)
=5.39. . fpk . (_> Y105 2.61
o P1o00 " € 1000 ( )
Class 2
Opi
Ao 9.1.2bL t; 0'75'(1_%)
pr _ . . fpk [ —_ Pk 1075
Gy 00 P e (500) 10 (2.62)
Class 3
. Opi
Ao-p‘r‘ 8-@ t 0.75-(1_ﬂ)
= . .o Tpk. L PR 105
Gy 0 Provoe T (1000) 10 (2.63)
where,
Acy,, absolute value of relaxation loss [Pa].
Opi initially applied stress [Pa].
1000 relaxation loss after 1000 hours with an ambient temperature

of 20 °C [%], where,
P1000 = 8% - (Class 1)
P1000 = 2.5 % - (Class 2)
P1o00 = 4 % - (Class 3)
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CHAPTER 2. LONG-TERM BEHAVIOUR OF CONCRETE

fok characteristic value for the pre-stressed reinforcements
ultimate strength [Pa.

t; time after application of initial stress [hours].

The long-term values for losses due to relaxation are recommended to be calculated for
57 years, namely t = 500 000 hours.

Elastic modulus

The development of the elastic modulus for concrete, E,, (t) [Pa], is given by Eq. (2.64).

Ecm(t) = <fcm(t)>03 - Ecrm (2.64)
fem
where,
fem (®) mean value of concrete strength at time t [Pa],
given by Eq. (2.65).
fem mean concrete strength at 28 days [Pa].
Ecm mean concrete elastic modulus at 28 days [Pa).
28
= 0% (2.65)

where,
S coefficient dependent on cement type [Pa],

presented in Table 2.7.
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Chapter 3

Material input in Abaqus for long-
term behaviour of concrete

3.1 Concrete creep

To model creep in Abaqus, viscoelastic behaviour is required in the input property. In
Abaqus, the creep property can either be given by creep under material specification or
visco-elastic under the time-domain visco-elastic description (Malm & Sundquist, 2010).

Previous studies, such as Canovic & Goncalves (2005) have compared the options creep
and visco-elastic to determine the appropriate option for cases with varying stress.

The option creep allows two options of laws to calculate from, namely, power-law and
the hyperbolic-sine law. Canovic & Goncalves (2005) concluded that hyperbolic sine law
is too complicated, and power law is inappropriate with applied stress variation.
Therefore, the material specification using creep was not investigated further and was
disregarded as it was not relevant to the scope of this thesis.

The option visco-elastic allows the user to input the viscoelastic behaviour with respect
to time through four options (Malm & Sundquist, 2010):

1. Prony series specification

2. Creep data input

3. Relaxation data input

4. Frequency-dependent data input

Prony series specification
Prony series requires input data for the following material specifications:

gf The modulus ratio in the i* term in the prony series
expansion of the shear traction relaxation modulus.

klp The modulus ratio in the i** term in the prony series
expansion of the normal traction relaxation modulus.
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T; The relaxation time for the i*® term in the prony series
expansion.

The number of i terms can be specified according to available data and user preference
(Canovic & Goncalves, 2005).

Creep data input

Creep data requires input data for the following material specifications:

Js(t) The normalized shear compliance, given by Eq. (3.1).
Jr () The normalized bulk compliance, given by Eq. (3.2).
Js(©) = Go - Js(t) (3.1)
k(&) = Ko - Jx () (3.2)
where,
G, instantaneous shear modulus, given by Eq. (3.3)
K, instantaneous bulk modulus, given by Eq. (3.4)
Js(t) shear compliance, given by Eq. (3.5)
Jx () bulk compliance, given by Eq. (3.6).
Gy = —0 3.3
7 2-(1+vy) (3:3)
Ky = —0 3.4
7 3-(14vy) (34)
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where,

y (@)

where,
gvol (t)

Po

instantaneous elastic modulus [Pa]

Poisson’s ratio [-].

Js(t) = @

To

total shear strain [-].

constant applied stress [Pa].

gvol(t)

0

Jk(®) =

total volumetric strain [-|.

constantly applied pressure [Pa].

(3.5)

Abaqus converts the creep test data to relaxation data. The relaxation data is used to
calculate the prony series parameters through nonlinear least-squares fit (Canovic &

Goncalves, 2005).

The nonlinear least-square-fit procedure minimizes relative error in stress which is used
by Abaqus when experimental data is used to determine material constants (Dassault

Systemes, 2020).

Relaxation data input

Relaxation data requires data input for the following material specifications:

gr(t)
k. (t)

Normalized shear modulus, given by Eq. (3.7).

Normalized bulk modulus, given by Eq. (3.8).
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Ggr(t) 1
9 = T TH ot 3.1)
Kx(t) 1
k.-(t) = = 3.8
T‘( ) Ko 1+(p(t,t0) ( )
where,
Gr(t) shear relaxation modulus, given by Eq. (3.9)
Kz (t) bulk relaxation modulus, given by Eq. (3.10).
Gr(t) = % 3.9
272 (M +up) - (1 + 0t ty) (3.9)
Kq(t) = Ko 3.10
30 (1= 200) - (1 + 9(t, t)) (3-10)
where,
ot ty) creep coefficient [-]

Similar to Creep data input, Abaqus uses the Relaxation data input to calculate the
Prony series parameters through nonlinear least-squares fit (Canovic & Goncalves,

2005).

Frequency-dependent data input.

The frequency-dependent data is given through sinusoidal oscillation experiments.
Further investigations of this were not conducted since it was not necessary to achieve
the aim of this thesis.
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3.2 Concrete shrinkage

One option according to Malm (2016) for simulating concrete shrinkage in finite element
analysis, is to apply a temperature change to the model. In Abaqus, this is done by using
the Predefined Field Manager tool. By applying a temperature change to the model, the
model will shrink if a negative temperature difference is applied and vice versa for a
positive temperature. Concrete shrinkage constitutes a reduction of volume. Therefore,
a negative temperature change should be applied. To simulate non-uniform shrinkage,
it is possible to apply different temperature changes to each segment and part of the
model. As previously mentioned in Chapter 2.3, the amount of volume reduction depends
on the material properties, geometry, and environment. A segment will have a larger
relative volume reduction if it has a smaller thickness and larger exposed surface area.
To simulate this, a larger temperature change needs to be applied to segments with a
larger surface area to thickness ratio.

An important detail is then to calculate the equivalent change in temperature caused by
shrinkage. According to Zhuoya et al. (2018), the applied temperature change, AT, is
dependent on the thermal coefficient and the total shrinkage strain. The temperature
change is given by Eq. (3.11).

AT =~ (3.11)
where,
Ecs total shrinkage strain [-|
a thermal coefficient of expansion [1/°C].

3.3 Relaxation of prestressed tendons in concrete

According to Malm & Sundquist (2010), the relaxation of prestressed tendons can be
implemented into Abaqus analogously to the way creep is implemented with relaxation
data. The relaxation data is calculated according to Chapter 2.5.2 and implemented
according to the method presented in Chapter 3.1.

The ratio of relaxation losses and initial prestress, as given in Chapter 2.5.2, needs to be
converted to the normalized shear moduli g,(t) and normalized bulk moduli
k. (t) according to Eq. (3.12) and Eq. (3.13).

9-(t) =1- (3.12)
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k() =1— Aa”f (3.13)
pi
where,
Acy,, absolute value of relaxation loss [Pa]
Opi initially applied stress [Pa].
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Chapter 4

Benchmark models

4.1 General

A common understanding while performing finite element analyses is that errors are
harder to solve when encountered in a complicated model. Therefore, certain verification
and validation models are often used to verify or validate certain aspects of the whole
model by creating simpler models. The simpler models can be tested for their sensitivity
to certain parameters to have a general understanding of the influence of said
parameters. The recommended validation points are the Basic material test, Structural
test, and Mesh sensitivity tests. A Basic material test is performed to ensure that the
influence of geometry and boundary conditions do not influence the analysis in a way
that compromises its validity. In this test, the theoretical relations are validated, and it
is ensured that the analysed result focuses on the researched parameters. A Structural
test ensures that the structural behaviour of the material is correctly modelled which
can be seen by the structural response of the model. Mesh sensitivity is another form of
verification to see the influence of mesh on the result of the model, more of this was
discussed in Chapter 6.7 (Malm 2016).

In this MSc project, the following verification models were analysed:

1. Concrete creep test
2. Steel relaxation test
3. Concrete shrinkage test

In the concrete creep test, the general behaviour of concrete with regards to creep was
analysed by creating a cube and a cylinder model, respectively. The analysis was divided
into two models, one based on Eurocode 2 and the other according to the B4 model.

The purpose of the steel relaxation test was to analyse the general behaviour of steel
with regards to relaxation according to Eurocode 2 through finite element calculations.
This analysis was conducted with a prestressing bar model.

The concrete shrinkage test was used to investigate the difference in vertical deformation
with uniform compared to non-uniform shrinkage. This test was conducted on a
simplified bridge span model.
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In general, the benchmark models followed the same sign convention and direction
specification to ensure consistency.

4.2 Concrete creep test

A cube and a cylinder model were used to confirm that models representing creep
behaviour accurately correspond to experiments and background theory, as mentioned
in Chapter 2. The cube model’s creep behaviour was constructed with the B4 model and
Eurocode 2. A previous creep experiment with a cylinder was compared with analytical
calculations by the B4 model and Eurocode 2 to ensure the correct implementation of
the B4 model and Eurocode 2.

For modelling the cube, a solid element part with dimensions 1x1x1 m was created with
properties representing the viscoelastic behaviour of concrete, as shown in Figure 4.1.

Y

p &

z X

Figure 4.1: Cube model with dimensions 1x1x1 m.

The viscoelastic properties were defined through material specification or visco-elastic.
The general properties of the cube were chosen as described in Table 4.1.

Table 4.1: Material properties for the cube model.

Material Density [kg/ Young’s Poisson's Expansion
m3] modulus Ratio Coefficient

[GPa) [-] [1/°C]

Concrete 2400 33 0.2 1-107°
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4.2. CONCRETE CREEP TEST

Further, the creep input data was calculated with relaxation data input where g,.(t) and
k. (t) were calculated with Eq. (3.7) and Eq. (3.8). The creep coefficient, @ (t,ty) was
calculated using Eq. (2.40) for the B4 model and Eq. (2.42) for Eurocode 2.

Three steps were defined to simulate the complete creep phenomenon, namely: “Initial”,
“loading” and “unloading”. Another aspect of modelling the loading step was to define
the Step as visco to analyse the creep effects. Creep modelling requires time-dependent
material behaviour where the viscostep gives a short-term static response in the analysis.

To ensure that the creep behaviour was captured without effects from other loads, loads
such as self-weight were not modelled. The only modelled load was a uniform load on
top of the surface of the cube, as illustrated in Figure 4.2.

Figure 4.2: Uniform load on the surface of the cube.

The boundary conditions were chosen as the bottom surface being restrained in the
vertical direction (y-axis) to ensure that the cube is affected by the axial compressive
load. To restrict movement in horizontal directions, one of the sides of the cube was
restrained in the horizontal directions, one in the x-axis and one in the z-axis, as
illustrated in Figure 4.3.
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!‘-ﬁ

Figure 4.3: Chosen boundary conditions of the cube.

The chosen mesh size was 0.1 m for the cube model. The cube model was analysed with
material curves based on the B4 model or Eurocode 2 with one day as the time interval
and unloading after 1000 days. The obtained results are presented in Chapter 4.2.1.

As the analysis of creep was fundamental to the analysis of this thesis, an additional
analytical test was conducted. The test used input data from an experiment by Weil
(1959) to analyse the similarities and differences in creep coefficient. This could give a
better understanding of the analytical and FEM model as well as relevant differences.
An Abaqus model was created using input data from the experiment by Weil (1959).
Apart from the time at unloading and geometry, the modelling process was similar to
the aforementioned process for the cube model. The time at unloading was 767 days, as
this was the time used by Weil (1959). The geometry was a cylinder with a radius of 50
mm and a height of 400 mm as used in Weil (1959). The chosen boundary conditions
were the same as the cube model. The corresponding results, using the B4 model and
Eurocode 2, were compared with results from the experiment by Weil (1959) as described
in Chapter 4.2.1.
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4.2.1 Cube and cylinder model

The results from the cube model through Abaqus with Eurocode 2 and the B4 model are
illustrated in Figure 4.4 as the creep strain over time.

Creep strain (um)

3.5

2.5

1.5

Creep strain over time on cube

500

1000 1500 2000 2500
Time (days)

B4 - = EC2

Figure 4.4: Creep strain over time with Eurocode 2 and B4 model.

The creep coefficient over time of cylinder experiment from Weil (1959) as a comparison
with B4 model and Eurocode 2 is illustrated in Figure 4.5. The resulting creep strain of
the cylinder experiments from modelling in Abaqus is shown in Figure 4.6.
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Creep coefficient over time

1.5

0.5

Creep coefficient, @(t,t") [-]

0
0 100 200 300 400 500 600 700 800
Time [days]
—EC2 = = =Weil (1959) = B4, No agg. info.
---------- B4, Quartzise -e--o- B4, Sandstone oo B4 Limestone
---------- B4, Diabas soeeeeeee B4 Granit B4, Quartz Diorite

Figure 4.5: Creep coefficient over time with Weil 1959, Eurocode 2 and B4 model.
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Figure 4.6: Creep strain over time with Weil 1959, Eurocode 2 and B4 model.
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The analysis from the cube model indicated that the behaviour of creep strain was similar
with minor differences in the peak value, which is expected as the models are different.
The cylinder model shows that the value of creep coefficient varies considerably when
using the B4 model, depending on which aggregate was chosen. The creep coefficient
modelled with Eurocode 2 and the B4 model when no aggregate type was specified, were
similar to the experiment by Weil (1959). This observation was also true when creep
strain was calculated from Abaqus. Therefore, to improve the accuracy of creep strain
values, in cases when aggregate is not known, it is appropriate to use a non-specified
value of the aggregate instead of assuming it. Choosing the wrong aggregate type in the
B4 model may result in significant changes in the result and therefore should be
calculated with caution. Eurocode 2 on the other hand, gives relatively accurate values
compared to Weil (1959), despite being a simpler model in comparison with the B4
model.

4.3 Steel relaxation test

To verify the losses due to relaxation of prestressing steel tendons with a finite element
model, a simple 2D version of a prestressing steel tendon was defined and the stress loss
due to relaxation was calculated according to Eurocode 2 as described in Chapter 2.5.2.

The tendon was modelled as a truss in Abaqus with fully restrained boundary conditions,

as illustrated in Figure 4.7. The material and geometrical properties are presented in
Table 4.2.

Figure 4.7: 2D prestressing rebar tendon model with boundary conditions.

Table 4.2: Material and geometrical properties of steel prestressing tendons

Density Young s Modulus | Poisson'sratio = Length | Cross-sectional area
(kN/m?) (GPa) [-] (mm) (mm?)

7700 210 0.3 1000 462
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To simulate the losses in stress due to relaxation of the steel, the tendon was modelled
as a viscoelastic material, where relaxation data was incorporated with Eq. (3.12) and
Eq. (3.13).

To isolate the effect of stress loss due to relaxation, the only load applied on the
prestressing tendon was an initial stress of 1450 MPa. In Abaqus, this was applied as a
Predefined field load over the whole tendon.

The tendon was simulated with a period of 57 years (500 000 hours) as per the
recommended period described in Chapter 2.5.2. The chosen mesh size was 10 mm.

The result from the finite element model was compared with the theoretical value of
stress relaxation from Eurocode 2, where the theoretical stress relaxation was calculated
with Eq. (2.63) and Eq. (3.12). The obtained results are presented in Chapter 4.3.1.

4.3.1 Prestressed tendon

The stress relaxation of the tendon is presented in Figure 4.8. The results show that the
stress relaxation curvature behaviour from the finite element model was similar to the
theoretical behaviour, as described by the Maxwell model, in Figure 2.6. The comparison
between the theoretical stress relaxation with EC2 and finite element value showed that
they have similar behaviour. However, the finite element seems to overestimate the
relaxation during the first 30 years.

Stress relaxation of steel tendon

1.48

1.45 |
£ 143 \
O t
Nl |\
B 140
EE
n ™.

1.38 R

N - e e -
1.35
0 10 20 30 40 50 60
Time (years)

= == Stress relaxation, EC2 theoretical = - = Stress relaxation, finite element model

Figure 4.8: Stress relaxation in the steel tendon.
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4.4 Concrete shrinkage test

The simplified bridge span was based on a simplified description of the main span of the
Alvik bridge. A cross-section of the Alvik bridge near pier 4, as illustrated in Figure 4.9,
was chosen as the cross-section for the whole simplified bridge span model. The length
of the span for the simplified bridge span model was chosen as 140 m, which is the length
of the main span of the Alvik bridge as illustrated in Figure 5.1.

The model was used to principally show if non-uniform shrinkage of the box-girder cross-
section would lead to larger deformations, compared to a cross-section with uniform
shrinkage. The simplified bridge span was then modelled in Abaqus, as illustrated in
Figure 4.10 and with material properties given in Table 4.3.

11.95 m

0.28 mI |

0.386 m 4.887 m

0.802 m

55m

Figure 4.9: Cross-section of the Alvik bridge near pier 4.
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Y

Z‘t‘)(

Figure 4.10: Simplified bridge span model assembly in Abaqus.

Table 4.3: Material properties for Simplified bridge span model.

Material | Density = Young’s | Poisson's Ratio = Expansion Coefficient
[kg/m3] | modulus [] [1/°C]
[GPa]
Concrete | 2400 33 0.2 1-107°

Since the main span of the Alvik bridge is connected to a pillar and box girder spans on
each side, the boundary conditions for the simplified bridge span model were given as a
coupling connected to a reference point at the cross-section’s centre of gravity, as

illustrated in Figure 4.11.

Figure 4.11: Boundary conditions applied to the model.
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To establish shrinkage in a finite element model, equivalent temperature loads as
described in Chapter 3.2 were implemented. To analyse non-uniform shrinkage, the
model was subjected to different temperature loads depending on the thickness of each
part of the cross-section. The applied temperature change was chosen to correspond with
the thickness of each respective cross-section part. Thinner cross-section segments have
larger shrinkage strains compared to thicker cross-section segments. Therefore, the
temperature change should be larger in thin cross-section segments compared to thicker
cross-section segments. The bottom slab was given a temperature change of 10 °C. The
webs, which had roughly 50 % of the thickness of the bottom slab were given a
temperature change of 20 °C. The top slab which had roughly 35% of the thickness of
the bottom slab was given a temperature change of 40 °C. The change in temperature
applied to the cross-section with uniform shrinkage was chosen by applying a constant
temperature change over the cross-section. Therefore, a temperature change of 25 °C
was applied to all parts of the cross-section. In Abaqus, the temperature loads were
applied with the tool predefined field. The chosen mesh size was 3 m since a detailed
analysis was not required. Only the general behaviour of the model was analysed. The
obtained results are presented in Chapter 4.4.1.

4.4.1Simplified bridge span

The deformation due to non-uniform and uniform shrinkage is presented in Figure 4.12.
The difference in displacement indicated that non-uniform shrinkage does result in larger
deformations, in comparison with uniform shrinkage. The results show that it is
important to consider non-uniform shrinkage. However, the equivalent temperature
changes for this simplified model were not based on shrinkage strain values normally
occurring in concrete. This means that the size of the difference in deformation may not
be entirely representative.

Displacement due to shrinkage
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0.01
0 g ——— -
001 0 20 40 60 80 100 120 140
£ \ :
E 0.02 : /
~+ \ .
g -0.03 . .
-0.04 \ .
S . /
< -0.05 \ .
2 -0.06 N e
. /
-0.07 N .
C - e
-0.08 -
-0.09
= < +Non-uniform =+ = Uniform

Figure 4.12: Displacement due to non-uniform and uniform shrinkage.
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Chapter 5

Case study - the Alvik bridge

5.1 Geometry and general description

The case study used in this thesis was based on the Alvik bridge. It is located in central
Stockholm, connecting Stora Essingen with Alvik. The bridge was taken into traffic in
the year 2000 and is used as a means of travelling for pedestrians, cyclists, and light rail
traffic. The bridge consists of 7 supports that carry the 6 spans, as illustrated in Figure
5.1. The length of the spans varies from 33 m, between supports 1 and 2, to 140 m at the
midspan between supports 4 and 5. The total length of the bridge is 430 m, and the
width is 13 m (Ericsson et. al, 2002).

Stora Essingen =~ ——#=—

e T —
North-west : :"//—\ ﬁuuﬂwa;l
‘ig._'l.

i

33.0 40,0 70,0 140.0 70,0 420

—aw——— Alvik

@ @ ® ® 0]

Figure 5.1: Spans and piers of the Alvik bridge. (Appendix B.1).

The cross-section of the bridge is a box girder section with roughly % of the bridge’s
width used by light rail traffic and %5 by pedestrians and cyclists. The cross-section has
different thicknesses between the top and bottom flange, as illustrated in Figure 5.2. The
thickness and height of the cross-section also varies in the spans where balanced
cantilevering construction was used, namely between support 3 to 4, 4 to 5 and 5 to 6.
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Figure 5.2: Box girder cross-section of The Alvik bridge (Appendix B.1).

The variation of the span lengths, the thickness of the top and bottom flanges, thickness
of the web as well as height of the cross-section is presented in Table 5.1, which were
acquired from the original structural drawings of the bridge (Appendix B.2). The values
for thickness and height of the cross-section are largest near the supports and decrease
gradually with the lowest values at midspans. Balanced cantilever construction was not
used for spans between support 1 to 3 and 6 to 7. However, they also have box girder
cross-sections, where the cross-section is constant throughout the spans.

Table 5.1: Summary of the variation of the span lengths, thickness and height of the
cross-section.

Between Span Maximum Thickness Total height = Thickness
supports length | thickness top = bottom flange of cross- of web
flange section
[m] [m] [m]
[m] [m]
3-4 70 0.305 - 0.240 1.35-0.384 8.017 - 3.202 0.386
4-5 140 0.305 - 0.240 1.35-0.384 8.017 - 3.202 0.386
5-6 70 0.305 - 0.240 1.35-0.384 8.017 - 3.202 0.386

An important aspect of the bridge structure is the prestressed tendons. During the
construction phase, tendons are prestressed in the top flange to create an upwards
camber. When the construction phase is complete and the centre segment has been cast,
tendons in the bottom flanges are post-tensioned. The arrangement and number of
tendons in the top flange is illustrated in Figure 5.3, where the numbers are the amount
of tendons on one side of the bridge, over support number 5. The arrangement and
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number of tendons in the bottom flange is illustrated in Figure 5.4, where the numbers
are the amount of tendons on one side of the bridge.

ELEVATION 1200

Figure 5.3: Arrangement and number of tendons in the top flange (Appendix B.2).
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Figure 5.4: Arrangement and number of tendons in the bottom flange (Appendix B.2).

Each tendon consists of 16 wires, where a wire has a diameter of 12 mm. The tendons
are placed throughout the cross-section of the top flange and bottom flange, as illustrated
in Figure 5.2 for the tendons in the top flange.

The main supports 4 and 5 are constructed on moraine (Appendix B.2). The two main
cantilevering supports 4 and 5, have two pillars at each support, as illustrated in Figure
5.5. The individual pillars have dimensions of 1x6 m. The pillars have a height of 25 m
above the waterline (Appendix B.2).
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Figure 5.5: Illustration of the twin pillars at support 4 (Appendix B.1).

5.2 Material properties

In general, the Alvik bridge consists of two main materials which comprise the structural
components: concrete and steel. The properties of the concrete and steel are presented
in and Table 5.2 and Table 5.3, respectively.

The majority of the Alvik bridge was constructed with concrete strength class K45,
where some segments were constructed with K50 and K55 (Appendix B.2). To simplify
the analysis, only strength class K45 was used. According to Malm & Sundquist (2010),
concrete strength class C35/45 is equivalent to K45. The values for concrete presented
in Table 5.2 are the 28-day values for concrete strength class C35/45.

Table 5.2: Concrete material properties

Parameter Value | Unit Source

Density 2500 | kg / (Eurocode 2, 2002)
m3
(Reinforcement included)

Poisson’s ratio 0.2 - (Eurocode 2, 2008)
Elastic modulus 34 GPa | (Eurocode 2, 2008)
Mean cylinder compressive strength =~ 43 MPa | (Eurocode 2, 2008)
Water-cement ratio 0.45 - (Appendix B.2)
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CHAPTER 5. MODELLING OF THE ALVIK BRIDGE

Table 5.3: Prestressed steel material properties.

Parameter Value  Unit | Source

Density 7850 | kg / (Eurocode 2, 2008)
m3

Poisson’s ratio | 0.3 - (Eurocode 2, 2008)

Elastic modulus | 195 GPa | (Eurocode 2, 2008)

Relaxation class 2 - (Appendix B.2)

5.3 Construction phase

The Alvik bridge was built according to the cast in-situ balanced cantilevering method.
The bridge span was segmentally and symmetrically cast, from piers 4 and 5, towards
the centre of the spans. Each segment was cast with the help of a form traveller. The
newly cast concrete was allowed to harden for roughly one week, where the form traveller
was subsequently moved forward to cast the next segment (Ericsson, 2002). As each
segment was cast, the cantilevered bridge segments were given an upward camber with
the help of the prestressed steel tendons. Between segment H12 and V32, the connecting
segment, H13, was cast which created a continuous span between pier 4 and 5. All the
segments are 5.1 m long, except for the connecting segment, which is 4.6 m, and the
segments at the supports, which are 6.5 m. The tendons in the bottom slab were post-
tensioned after the connecting segment had been cast (Malm & Sundqvist, 2010).

5.4 Loads

Self-weight

The effect of the self-weight is applied due to the density of the materials in the Alvik
bridge. The gravitational acceleration was assumed as 9.82 m/s?.

Ballast and asphalt

The ballast and asphalt are applied on the bridge deck after the completion of the
construction phase. The ballast and asphalt are applied to different parts of the bridge,
where the ballast is applied on the area reserved for the light rail and the asphalt is
applied on the area reserved for the pedestrian and cycle path, as illustrated in Figure
5.2.
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Figure 5.6: Railway and pedestrian & cycle path area, as well as the height of ballast
(Appendix B.2).

The magnitude of the load for ballast and asphalt is determined by the density and
height of the material, see Table 5.4. The height of the ballast was measured from the
drawing illustrated in Figure 5.6. The average height of the ballast, from the
measurements in Figure 5.6, was 0.41 m. Therefore 0.41 m was chosen as the height of
the ballast on the bridge deck.

Table 5.4: Ballast and asphalt load properties.

Density Height Equivalent load

k Source

[ g/ m3] [m] [kN/ mz]
Ballast =~ 2600 @ 0.41 10.7 Eurocode 2 (2002)
Asphalt 2200 0.1 2.20 (Appendix B.2)

Form traveller

According to Malm & Sundqvist (2010), the load from the form traveller is 480 kN. The
load was given by the design company for a similarly constructed bridge. Therefore, the
same load magnitude was assumed for the Alvik bridge.

The form traveller load acts on the most recently cast segment. The four spans
constructed with balanced cantilever construction method each have an equivalent form
traveller load, during the construction phase.

Prestress

The tendons were tensioned with different loads. Where, the arrangement, loads and
equivalent stress are presented in Table 5.5 for the top tendons and Table 5.6 for the
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bottom tendons. The numbers describing the placement of the tendons, from segment to
segment, corresponding to the numbers in Figure 5.3 and Figure 5.4.

Table 5.5: Placement, applied force, and equivalent stress for the tendons in the top
flange (Appendix B.2).

Placement (segment to segment) = Force applied on each cable = Equivalent stress

[KN] [MPa]

VO-HO 9242 929
V21-H21 2204 950
V22-H22 2345 972
V23-H23 2377 985
V24-H24 2377 985
V25-H25 2377 985
V26-H26 2377 985
V27-H27 2377 985
V28-H28 2377 985
V29-H29 2377 985
VO0-H29 2377 985
V30-H10 2377 985
V30-H10 2377 985
VO0-H30 2377 985
V31-H31 2377 985
VO0-H31 2377 985
V32-H32 2377 985
V32-H32 2377 985
V32-H32 2377 985
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Table 5.6: Placement, applied force, and equivalent stress for the tendons in the
bottom flange (Appendix B.2).

Placement (segment to segment) = Force applied on each cable = Equivalent stress

[KN] [MPa]
V25-H25 2377 985
V26-H6 2377 985
V27-H27 2377 985
V28-H28 2377 985
V29-H29 2377 985
V30-H30 2377 985
V31-H31 2313 958

5.5 Cracking and strengthening

About two years after the Alvik bridge was constructed, significant crack propagation
was noticed in the webs of the bridge, as illustrated in Figure 5.7 (Malm & Sundqvist,
2010).
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Figure 5.7: Cracks on the Alvik bridge (Appendix B.1).

To ensure that further crack propagation was stopped, strengthening procedures were
conducted. The strengthening was conducted during 2003 by Skanska Teknik AB
according to the design instructions by Lulea Technical University. The strengthening
was performed as described in SBUF (n.d.), see Figure 5.8. Smaller cracks were taped
with strips of carbon fibre laminate glued perpendicular to them. Larger cracks were
treated by drilling tie rods through the web inside the box girder (SBUF, n.d.). Certain
cracks were filled after the strengthening work.
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Figure 5.8: Strengthening of the Alvik bridge (SBUF, n.d.).

According to Malm & Sundqvist (2010), cracks and creep cannot be modelled
simultaneously in Abaqus. Malm & Sundqvist (2010) also mention that ignoring the
effects of creep could have a large impact on the final deformation. For the Alvik bridge,
cracks were found in the webs meaning that webs should either consider cracking or
creep in the modelling for this thesis. According to Malm & Ansell (2009), only minor
differences in deformation were obtained when cracking in webs was regarded compared
to disregarded. Therefore, this thesis only focused on modelling with creep and
disregarded the contribution of cracking.

5.6 Measurement observation of the Alvik bridge

After discovering cracks on the Alvik bridge, the owners, Stockholm Public Transport
(SL), decided to monitor the bridge deformation over time to determine if the
strengthening solutions were sufficient. The dynamic measurement of the variation in
crack width was conducted by Malm et.al. (2006). The monitoring of the bridge was
conducted by Bro och Stalkontroll (2020) starting in March 2002. As illustrated in
Figure 5.9, the long-term deformation measurements were obtained along several points
along the bridge from Bro och Stélkontroll, BSK (2020). The numbers corresponding to
the points along the bridge correspond to the numbers along the horizontal axis in Figure
5.10. Figure 5.10 illustrates the measured displacement over time along the northern and
southern edge of the Alvik bridge.

58



5.6. MEASUREMENT OBSERVATION OF THE ALVIK BRIDGE

Figure 5.9: Measurement points along the Alvik bridge Bro och Stalkontroll (2020).

Measured deformation along The Alvik bridge

0.02

(0.13)

(0.18)

Measured net deformation from 1998 [m]

(0.23)
Measurements points along The Alvik bridge
----- 2002-01-21, south span — - =2020-06-30, south span
----- 2002-01-21, north span — - =2020-06-30, north span

Figure 5.10: Displacement along the north and south edge of the bridge span from 2002
and 2020 (Bro och Stalkontroll, 2020).
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The measured deformations illustrated in Figure 5.10 shows deformation in 2002 and
2020 compared to the original measurements from 1998: by subtracting the measured
height in 2002 and 2020 from the measured height in 1998. This was implemented to
acquire a net deformation that would be simpler to compare with the results from
Abaqus. Similarly, the behaviour of net deformation from the year 1998 to 2020 for
midspan, is illustrated in Figure 5.11.

Measured deformation from year 1998 to 2020
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Figure 5.11: Measured deformation for southern and northern midspan from the year
1998 to 2020 (Bro och Stalkontrol, 2020).

60



6.1. MODEL CONSTRUCTION

Chapter 6

Modelling of the Alvik bridge

6.1 Model construction

The Abaqus model of the Alvik bridge was defined with three different element types:

1. Shell elements to represent the box girder segments of the span between supports
3to4,4to5andbto6.

2. Beam elements to represent the piers at supports 4 and 5, as well as the box girder
segments of spans between supports 1 to 2, 2 to 3 and 6 to 7.

3. Truss elements represent the tendons in the top and bottom flanges.

The shell element segments were simplified from the structural drawings by disregarding
curves, simplifying edges and assuming a constant thickness in the web and flanges along
each segment. The edges were simplified by disregarding the edge beams. The edge
beams do not need to be considered when assessing the structural capacity of the bridge
(Trafikverket, 2019). An example of simplification is given in comparison between Figure
6.1 and Figure 6.2.
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Figure 6.1: Example of cross-section before simplification (Appendix B.2).
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The modelled cross-sections had different length, height and thickness depending on
their placement in the bridge span. The variation in geometry is illustrated in Figure
6.2. The cross-section on the right represents segment H0/VO0 (above the supports), while

the left represents segment H13 (the connecting segment), where the numbering is
illustrated in Figure 5.3 and Figure 5.4.

, 5.98 m , 5.98m ,
/ 1
0240m g1 | 1{£0410m
I
3.20m 0.386 m | 0.386 m

I

) L 140384m

f— 8.02 m
3.15m |
I
H13 | HO0/VO
|
1.35 m[

)

3.15m

Figure 6.2: Cross-section of segment H13 (left) and HO/VO (right).

Fach segment was divided into three parts: top flange, web, and bottom flange, as
illustrated in Figure 6.3. All the segments, except for the segments above the supports
and the connecting segment, were given a length of 5.1 m. The segments above the

supports were given a length of 6.5 m. The connecting segment was given a length of 4.6
m.
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Figure 6.3: The different parts of a bridge segment.

To represent the box girder spans between supports 1 to 2, 2 to 3 and 6 to 7, an
equivalent I-profile was assigned to the beams, as illustrated in Figure 6.4. The piers at
supports 4 and 5, were modelled as beams with equivalent twin pillars, as illustrated in
Figure 6.4.

Equivalent I-beam for
cross-section, between
spans 1 to2 and 2 to 3

Twin pillars at support 4

Figure 6.4: Beam profiles for span and support at the northwest end of the Alvik
bridge.

The geometry of the truss elements representing the tendons was modelled according to
Figure 5.3 and Figure 5.4. The trusses were assigned an equivalent cross-section area
corresponding to the number of tendons in each truss. The placement of tendons was
simplified by placing the tendons at the intersection of top flange and web for the top
tendons, and at the intersection of bottom flange and web for bottom tendons.
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Interactions

Tie constraints were used to connect the box girder cross-sections and to connect the
tendons to the box girder segments.

Coupling constraints were used to connect the box girder cross-sections to the piers at
support 4 and 5. Coupling constraints were also used to connect the box girder cross-
sections to the spans between supports 1 to 2, 2 to 3 and 6 to 7.

Boundary conditions

The boundary conditions between the piers and the soil foundation were modelled as
fully restrained in rotation and translation.

The boundary conditions at piers 1, 2, 3, 6 and 7 allowed rotations. Translation in the
direction of the span was not allowed until the spans were joined with the cantilever
sections. After the spans were joined, translation along the span was allowed at piers 1,
2,3,6,and 7.

6.2 Material properties

Concrete

The piers at supports 4 and 5, as well as the box girder segments of spans between
supports 1 to 2, 2 to 3 and 6 to 7, were assigned concrete material values according to
Table 2.1. The rest of the values used are presented in Table 6.1.

Table 6.1: Material input data for concrete used in Abaqus.

Parameter Value | Unit

N (EC2)
Cement type R (B4)

Aggregate-cement ratio | 5.03 -

Other input variables used in the calculations were relative humidity, which was set to
70% and water-cement ratio, which was set to 0.45. The material property values from
Table 6.1 were also assigned to the shell element box girder segments. However, the shell
element box girder sections were assigned an elastic modulus with a developing strength
over time, where the concrete reached a strength of 34 GPa after 28 days. As mentioned
in Chapter 5.3, the load was applied on the box girder segments after seven days. It was
therefore important to capture the strength of the concrete from seven days. The
concrete strength will continue to develop after 28 days, and this development was also
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captured and implemented as a material property. The development of the elastic
modulus was calculated with Eq. (2.64) and is presented in Figure 6.5.

Elastic modulus over time with Eurocode 2
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35.50

—Elastic modulus
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Elastic modulus (GPa)

33.50

33.00

32.50
1 10 100 1 000 10 000 100 000

Time (days)

Figure 6.5: Development of elastic modulus over time.

To simulate non-uniform creep and shrinkage, each of the respective segment’s parts
were given individual relaxation data curves and temperature changes. Each segment
was divided into three parts: top flange, bottom flange, and webs, as illustrated in Figure
6.3.

To simulate uniform creep and shrinkage, each bridge segment was analysed as one
whole part, where the whole segment was given an individual relaxation curve. This
allows the entire cross-section to have the same behaviour regarding creep and shrinkage
and disregards the effect of the geometry of the segment’s individual parts.

Relaxation data input was implemented in Abaqus to capture the viscoelastic creep
behaviour for the shell element box girder sections. Relaxation data was implemented
with the normalized shear modulus and normalized bulk modulus, using Eq. (3.7) and
Eq. (3.8) respectively. The creep coefficient used in Eq. (3.7) and Eq. (3.8) was either
calculated with Eq. (2.40) when the B4 model was used or by Eq. (2.42) when Eurocode
2 was used.
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As arepresentation of the relaxation data input, the average value of the creep coefficient
overtime for all the segments and parts is given in Figure 6.6 and Figure 6.7. Detailed
values for each segment and part are given in Appendix A.1.

Creep coefficient over time with B4 model
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Figure 6.6: Creep coefficient value as an average between all segments, with B4 model.
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Creep coefficient over time with Eurocode 2
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Figure 6.7: Creep coefficient value as an average between all segments, with Eurocode
2.

Shrinkage was implemented in Abaqus as a temperature change over time. The
temperature change was implemented with the Abaqus tool predefined field. The
temperature change was calculated with Eq. (3.11), where the total shrinkage strain was

either calculated with Eq. (2.36) when the B4 model was used or by Eq. (2.53) when
Eurocode 2 was used.

As a representation of the temperature change, the average value of the shrinkage strain
overtime for all the segments and parts is given in Figure 6.8 and Figure 6.9. Detailed
values for each segment and part are given in Appendix A.2.
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Shrinkage strain over time with B4 model
0
1 10 100 1 000 10 000 100 000
-50
————— Top flange
-100 - pe
NN
SN — — Bottom flange
RSN
-150 TS
N — - Web
. \\\ _\ ~N ¢
% 200 NN
g N NN N
£ -250 N
& N AN 5 N
%) \\\ \ AN
= -300 R N
.E \\\ \ \
(% \\ E \
-350 N AN
N i \\
NN \\
-400 N <
RSN N
-450 B
-500
Time (days)

Figure 6.8: Shrinkage strain value over time value as an average between all segments,

with B4 model.
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Figure 6.9: Shrinkage strain value over time value as an average between all segments,
with Eurocode 2.
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Steel

The tendons in the top and bottom flange were assigned steel material values according
to Table 5.3. Relaxation data input was implemented in Abaqus to capture the
relaxation behaviour of the tendons. Relaxation data was implemented with the
normalized shear modulus and normalized bulk modulus, using Eq. (3.12) and Eq. (3.13)
respectively. The absolute value of relaxation loss and initially applied stress used in Eq.
(3.12) and Eq. (3.13) was calculated with Eq. (2.62). Detailed values of the relaxation
data input for the tendons are given in Appendix A.3.

6.3 Construction phase

The Abaqus tool model change was used to simulate the construction phase of the
balanced cantilever method. In the initial stage, all the bridge parts were deactivated
from the analysis. Parts of the bridge were then activated and included in the analysis
following the plans given in the structural drawings. The description of when each part
was included is presented in Table 6.2. Each change in stage represents one week. The
segments described in Table 6.2 represent the subsequent segment included in each
stage, where segment 0 is the segment directly above the pier and segment 1 is the
subsequently cast segment. When the segments were included in the analysis, their
starting age was seven days. Therefore, the tendons were included and stressed in the
same stage as their respective segments were included.
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Table 6.2: Inclusion of parts for the bridge construction.

Stage Included part
Initial All parts deactivated
(0)
1 Piers 4 and 5
Segment 0, Tendons for segment 0
) Segment 1
Tendons for segment 1
3 Segment 2
Tendons for segment 2
4 Segment 3
Tendons for segment 3
5 Segment 4
Tendons for segment 4
6 Segment 5
Tendons for segment 5
7 Segment 6
Tendons for segment 6
8 Segment 7
Tendons for segment 7
9 Segment 8
Tendons for segment 8
10 Segment 9
Tendons for segment 9
11 Segment 10
Tendons for segment 10
12 Segment 11
Tendons for segment 11
13 Segment 12
Tendons for segment 12
14 Connecting segment 13
All bottom tendons. Spans between supports 1 to 3 and 6 to 7
15 Long-term analysis, see Chapter 6.6
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An example of the age difference for the segments during the construction is presented
in Figure 6.10. The presented values are given in weeks.

11E+00

10E+00
9E+00
8E+00
7E+00
6E+00
5E+00
5E+00
4E+00
3E+00
2E+00
917E-03
OE+00

Figure 6.10: Age difference of the segments during the construction phase. Values are
given in weeks.

6.4 Considered loads

Self-weight

The self-weight load was modelled as a gravity load in Abaqus. The load was therefore
applied to all the parts of the model, where the magnitude of the load is dependent on
the geometry and density of the part, as well as the gravitational acceleration.

Ballast and asphalt

The ballast and asphalt load were applied in Abaqus as a pressure load on the bridge
deck for spans 3 to 4, 4 to 5 and 5 to 6. The remaining spans, which were modelled as
beams had an equivalent /ine load applied on them. The magnitude of the line load was
the pressure load multiplied by the width of the bridge deck. The load was applied after
the completion of the construction phase. The magnitude of the loads from ballast and
asphalt are described in Table 6.3.

Table 6.3: Magnitude of load for ballast and asphalt.

Parameter | Pressure load  Line load

KN/ o] [KN/m

Ballast 10.7 97.3

Asphalt 2.20 6.22
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Form traveller

The form traveller load was applied as a concentrated load in Abaqus. As described in
Chapter 5.4, the total load of the form traveller was 480 kN. The load was divided into
four concentrated loads, each load had a magnitude of 120 kN. Two of the loads were
applied at the intersection of the top flange and web. The other two loads were applied
at the intersection of the bottom flange and web.

Prestress

The stress applied on the tendons was applied as predefined field stress in Abaqus. The
stress was applied in the longitudinal direction of the tendon. The magnitude of the
stress applied to the tendons is given in Table 5.5 and Table 5.6.

6.5 Parameter study

To achieve a greater understanding of how different parameters affect the long-term
deformations due to creep and shrinkage influenced the bridge, a parametric study was
performed. The influence of four parameters was investigated regarding their effect on
creep and shrinkage: relative humidity, the height of ballast, water-cement ratio and
considered cross-section perimeter.

The influence of relative humidity was based on testing one value lower and one value
higher than the original value. The values were chosen from relative humidity data
acquired from SMHI (Swedish Meteorological and Hydrological Institute). According to
SMHI (2020), the average relative humidity in the bridge’s geographical area between
1996 and 2020 is around 60-70 % in July, and 85-95 % in January. The chosen values for
the parameter study were then 60% and 90 %, as well as comparing with the original
value of 70 %, used in the main analysis.

The influence from the water-cement ratio was investigated based on three different
values, representing one higher and one lower than the original value. The chosen values
for the parameter study were a water-cement ratio of 0.4 and 0.5 in comparison to the
value of 0.45 used in the main analysis. The B4 model uses water-cement ratio as an
input variable for creep and shrinkage, Eurocode 2 does not. Therefore, the water-cement
ratio parameter study was only conducted with the B4 model.

The influence of the load from the ballast on the long-term deformation was studied for
different ballast heights. The height depended on the information given from the
structural drawings. As illustrated in Figure 5.2, the ballast may vary from 0.39 m to
0.45 m. The height of 0.41 m corresponds to the calculated average value of the measured
value from the structural drawings, as illustrated in Figure 5.2. According to Malm
(2020), the height of ballast on a bridge constructed with the same method as the Alvik
bridge had a ballast height of 0.30 m. The chosen values for the parameter study were a
ballast height of 0.30 m and 0.45 m.

The size of the cross-section perimeter is a variable presented in Eurocode 2. The
perimeter was described as the part of the cross-section in contact with air. As illustrated
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in Figure 5.2, the bridge deck was covered with ballast by the railway, and with asphalt
mastic on the pedestrian path-way. The parameter study for the cross-section perimeter
was then conducted to investigate the effect of including the bridge deck in the perimeter.
The summary of the tested parameter values is presented in Table 6.4: Tested values of
the parameter study.

Table 6.4: Tested values of the parameter study.

Ballast
Relative humidity =~ Water-cement = Self-weight = Height = Pressure  Line load
(%) ratio
[N /m3] [m] | [kN/m?] [kN/m]
60 0.45 26 0.45 11.8 108
70 0.5 26 0.41 10.7 97.2
90 0.4 26 0.30 7.80 71.2

6.6 Service life

According to Trafikverket (2019), the bridge should be designed with a service life of 120
years. This requirement is defined for all bridges where potential maintenance, repairs
or replacement of the bridge would influence the railway traffic. The period used in the
Abaqus analysis was therefore defined as 120 years to investigate the behaviour of the
deformations throughout the technical lifetime of the bridge.

6.7 Mesh control test

As mentioned in Takdcs (2002), analysis should be performed to reduce the possibility
or error due to element size. According to Malm (2016), a mesh control with the following
rule should be performed to ensure verification of accurate results from a finite element
model: an increase in element size should only lead to a marginal difference in the result.
The Alvik bridge was then tested according to this rule. An element size of 1.5 m and
0.75 m were tested. The results are illustrated in Figure 6.11.
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Deformation comparison for different element sizes
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Figure 6.11: Result of mesh control test.

The result from the mesh control test shows that there was not any noticeable difference
in deformation when using an element size of 1.5 m and 0.75 m. Therefore, an element
size of 1.5 m was used for all the analyses with the Alvik bridge model.
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Chapter 7

Results from finite element analyses

This chapter summarizes the results obtained from the modelled bridge. The results are
divided into four parts:

General

Effect of calculation models

Parameter study for non-uniform creep and shrinkage
Stress state

Ll

The first part shows the general deformation obtained from the model. The purpose is
to show the overall deformation of the bridge after 120 years. Here a comparison is shown
for the deformation on the north and south edges as well as the deformation along with
the span.

The second part compares the resulting deformation when using the calculation models:
FEurocode 2 with a non-uniform and uniform approach as well as the B4 model with a
non-uniform approach. Comparisons are also drawn between the resulting values from
the model and the measured deformations. The results are divided into two approaches:
deformation along with the span and deformation over time at midspan. The
deformation along the span is only shown for the parts of the bridge that are built with
the cantilever construction method. The horizontal axis value from 0 to 70 m refers to
the span between pier 3 and 4. The horizontal axis value from 70 to 210 m refers to the
span between pier 4 and 5, whereas the value from 210 to 280 m refers to the span
between pier 5 and 6. Results from different periods are also shown to analyse the
behaviour change over time. This part also compares how much influence creep and
shrinkage individually have on the resulting deformation with the different calculation
models.

The third part compares the results from the parameter study. In this part, the B4 model
and Eurocode 2 are compared with a non-uniform approach. Similar to the second part,
the results are also divided into two approaches: formation along the span and
deformation over time at midspan. The period is 120 years for the representation of
results.

The fourth part compares the stress state acquired from the different calculation models
such as Eurocode 2 with a non-uniform and uniform approach as well as the B4 model
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with a non-uniform approach. The stress state is shown after 3 years from which the first
measurement was taken on the Alvik bridge. The purpose of this was to compare what
difference the approaches have on the expected stress state and conclude the effect it
could have on cracking.

7.1 General

The general behaviour of the deformation after 120 years with Eurocode 2 and a non-
uniform approach, is illustrated in Figure 7.1. The figure shows that the north edge had
larger deformation compared to the south edge. The maximum deformation occurred at
the midspan of the bridge. The final deformation at midspan on the north edge had about
0.21 m deformation at midspan, whereas the south edge had 0.19 m deformation at
midspan.

+1.1e-02
-6.9%e-03
-2.5e-02
-4.4e-02
-6.2e-02
-8.0e-02
-9.9e-02
-1.2e-01
-1.4e-01
-1.5e-01
-1.7e-01
-1.9e-01
-2.1e-01

Figure 7.1: General behaviour of the deformation after 120 years with Eurocode 2, non-
uniform approach. The measurements are given in meters, where U is the vertical
displacement.
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7.2 Effect of calculation models

7.2.1 Deformation along the bridge span

The total deformation along the bridge span was plotted after 3 years, 22 years and 120
years. These timespans were chosen in consideration of the measured deformation and
the lifespan of the bridge. The first deformation measurement was recorded about 3 years
after the construction of the Alvik bridge. The latest recorded deformation was in the
year 2020 which is about 22 years after the Alvik bridge was constructed. The period of
120 years was chosen since that is the expected lifespan of the bridge.

The deformation along the bridge span at the north edge after around 3 years is
illustrated in Figure 7.2, for non-uniform and uniform analysis with Eurocode 2, and
non-uniform analysis with the B4 model. Figure 7.2 shows that deformation midspan
varied between the different calculation models. The simulation showed higher
deformations at midspan compared to the measured deformation. The measured
deformation at midspan was 0.132 m, whereas the midspan deformation calculated with
the B4 model was 0.165 m. The midspan deformation for Eurocode 2 was 0.153 m and
0.161 m with the uniform and non-uniform approach, respectively. The shape of the
simulated deformation was not an accurate resemblance to the measured deformation.

Deformation after around 3 years for non-uniform versus
uniform creep and shrinkage with Eurocode 2 and B4

model
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Figure 7.2: Deformation after around 3 years for non-uniform and uniform analysis
with Eurocode 2, and non-uniform analysis with B4 model.
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The deformation along the bridge span at the south edge after around 3 years is
illustrated in Figure 7.3, for non-uniform and uniform analysis with Eurocode 2, and
non-uniform analysis with the B4 model. Figure 7.3 shows that the deformation results
varied between the different calculation models. The simulation showed larger
deformations at midspan compared to the measured deformation. The measured
deformation at midspan was 0.131 m, whereas the midspan deformation calculated with
the B4 model was 0.142 m. The midspan deformation for Eurocode 2 was 0.130 m and
0.137 m with the uniform and non-uniform approach, respectively. The shape of the
simulated deformation is not an accurate resemblance to the measured deformation.

Deformation after around 3 years for non-uniform versus
uniform creep and shrinkage with Eurocode 2 and B4
model
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Figure 7.3: Deformation after around 3 years for non-uniform versus uniform creep and
shrinkage with Eurocode 2 and B4 model.
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The deformation along the bridge span at the north edge after around 22 years is
illustrated in Figure 7.4 for non-uniform and uniform analysis with Eurocode 2, and non-
uniform analysis with the B4 model. The value of the measured deformation at midspan
was in between the deformation values from the simulated models. The measured
deformation at midspan was 0.210 m, whereas the midspan deformation calculated with
the B4 model was 0.216 m. The midspan deformation for Eurocode 2 was 0.202 m and
0.203 m with the uniform and non-uniform approach, respectively.

Deformation after around 22 years for non-uniform versus
uniform creep and shrinkage with Eurocode 2 and B4
model
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Figure 7.4: Deformation after around 22 years for non-uniform and uniform analysis
with Eurocode 2, and non-uniform analysis with B4 model.
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The deformation along the bridge span at the south edge after around 22 years is
illustrated in Figure 7.5 for non-uniform and uniform analysis with Eurocode 2, and non-
uniform analysis with the B4 model. The value of measured deformation at midspan was
closer to the value calculated with the B4 model compared to Eurocode 2. The measured
deformation at midspan was 0.190 m whereas the midspan deformation calculated with
the B4 model was 0.187 m. The midspan deformation for Eurocode 2 was 0.174 m with
the uniform and non-uniform approach.

Deformation after around 22 years for non-uniform versus
uniform creep and shrinkage with Eurocode 2 and B4
model
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Figure 7.5: Deformation after around 22 years for non-uniform versus uniform creep
and shrinkage with Eurocode 2 and B4 model.
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The deformation was plotted along the north and south edge of the bridge span after 120
years, as illustrated in Figure 7.6. The north and south edge are illustrated in Figure 5.2.
The results are compared between non-uniform and uniform analysis with Eurocode 2.
Larger deformations were acquired at the north edge compared to the south edge. The
deformations did not show a significant difference between the non-uniform and uniform
analysis. The midspan on the northern edge had a deformation value of 0.208 m and
0.205 m for non-uniform and uniform analysis, respectively. The midspan on the
southern edge had a deformation value of 0.179 m and 0.176 m for non-uniform and
uniform analysis, respectively.

Deformation after 120 years for non-uniform versus
uniform creep and shrinkage with Eurocode 2
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Figure 7.6: Deformation after 120 years for non-uniform versus uniform creep and
shrinkage with Eurocode 2.
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The deformation along the span at the north edge after 120 years was plotted in Figure
7.7 for non-uniform and uniform analysis with Eurocode 2, and non-uniform analysis
with the B4 model. Larger deformations were acquired with the B4 model compared to
FEurocode 2. The deformations did not show a significant difference between the non-
uniform and uniform analysis with Eurocode 2. The midspan deformation value with
Furocode 2 was 0.208 m and 0.205 m for non-uniform and uniform analysis, respectively.

The midspan deformation is 0.237 m with the B4 model.

Deformation (m)

Deformation after 120 years for non-uniform and uniform

analysis with Eurocode 2, and non-uniform analysis with
B4 model.
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Figure 7.7: Deformation after 120 years for non-uniform and uniform analysis with

Eurocode 2, and non-uniform analysis with B4 model.
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7.2.2 Deformation over time at midspan

The deformation over time at midspan was plotted for 120 years, 22 years and 10 years
at the north edge. The period of 120 years was chosen since that was the expected lifetime
of the bridge. As mentioned in Chapter 7.1, the latest recorded deformation was in the
year 2020 which is about 22 years after the Alvik bridge was constructed. Therefore, a
period of 22 years was chosen. The period of 10 years was chosen to better investigate
the difference in early deformation when comparing the results from Eurocode 2 with
non-uniform and uniform analysis.

The deformation at midspan over 120 years is illustrated in Figure 7.8 for comparison
between simulation results and measured values. The simulated results were compared
between non-uniform and uniform analysis with Eurocode 2 and non-uniform analysis
with the B4 model. The deformation obtained from Eurocode 2 stopped increasing after
around 20 years, whereas the deformation continued to increase throughout the service
life with the B4 model. The measured deformation also indicated increasing deformation
up until 22 years which is the latest measured deformation value.

Deformation over 120 years, for non-uniform versus
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Figure 7.8: Deformation over 120 years, for non-uniform versus uniform creep and
shrinkage with Eurocode 2 and B4 model.
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The deformation at midspan over 22 years is illustrated in Figure 7.9 for comparison
between simulation results and measured values. Similar to Figure 7.8, the simulated
results were compared between non-uniform and uniform analysis with Eurocode 2 and
non-uniform analysis with the B4 model. The deformation obtained from Eurocode 2 did
not have a significant difference when using non-uniform or uniform analysis. The B4
model had larger early deformation compared to deformations obtained from Eurocode
2. The simulation deformation was in general larger in the early stage compared to the
measured deformation. After about 18 years the measured deformation value remained
in between the value obtained from the B4 model and Eurocode 2 and increased towards
the values from the B4 model.

Deformation over 22 years, for non-uniform versus
uniform creep and shrinkage with Eurcocode 2
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Figure 7.9: Deformation over 22 years, for non-uniform versus uniform creep and
shrinkage with Eurocode 2.
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The deformation over 10 years at midspan of the bridge is illustrated in Figure 7.10 for
non-uniform and uniform analysis with Eurocode 2. The results showed that larger
deformation was obtained with a non-uniform analysis compared to uniform analysis
during the early years.
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Figure 7.10: Deformation over 10 years, for non-uniform versus uniform creep and
shrinkage with Eurocode 2.
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7.2.3 Influence of creep versus shrinkage

To capture the influence of non-uniform versus uniform creep and shrinkage,
deformation plots with solely creep versus solely shrinkage against total deformation
were plotted. The effect of non-uniform versus uniform creep and shrinkage on
deformation over the span at north edge after 120 years is illustrated in Figure 7.11 for
non-uniform and uniform analysis with Eurocode 2, and non-uniform analysis with the
B4 model. The results showed that no significant differences were obtained from
Eurocode 2 with non-uniform and uniform analysis. The B4 model in general gave larger
deformation compared to Eurocode 2. Shrinkage gave larger deformation in the B4 model
compared to creep, whereas creep gave larger deformations compared to shrinkage in
Eurocode 2.

Effect of non-uniform versus uniform creep and shrinkage on
deformation after 120 years, with Eurcocode 2 and B4 model
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Figure 7.11: Effect of non-uniform versus uniform creep and shrinkage on deformation
after 120 years, with B4 model.
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7.3 Parameter study for non-uniform creep and
shrinkage

7.3.1Influence of relative humidity

The influence of relative humidity variation was plotted for non-uniform creep and
shrinkage, along the span at the north edge, after 120 years. The deformations calculated
with the B4 model and Eurocode 2 are illustrated in Figure 7.12 and Figure 7.13,
respectively. Larger deformation was acquired with the B4 model compared to Eurocode
2, as well as when relative humidity was at 60 %. The higher the relative humidity, the
smaller the deformation was.

Effect of RH variation on deformation along bridge
span, with B4 model
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Figure 7.12: Effect of relative humidity variation on deformation along bridge span,
with B4 model.
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Figure 7.13: Effect of relative humidity variation on deformation along bridge span,

The influence of relative humidity variation over 120 years was plotted for non-uniform
creep and shrinkage, at midspan along the north edge of the bridge. The deformations
over time, calculated with the B4 model and Eurocode 2 are illustrated in Figure 7.14
and Figure 7.15, respectively. Similar behaviour as the results obtained from Figure 7.12
and Figure 7.13 was found as the higher the relative humidity, the smaller the
deformation was. Deformation with higher relative humidity also increased quicker

with Eurocode 2.

compared to those with lower relative humidity.
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Effect of RH variation on deformation over time,

with B4 model
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Figure 7.14: Effect of relative humidity variation on deformation over time, with B4
model.
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Figure 7.15: Effect of relative humidity variation on deformation over time, with
FEurocode 2.
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7.3.2Influence of the water-cement ratio

The influence of the water-cement ratio was plotted for non-uniform creep and shrinkage
along the span at the north edge after 120 years, as illustrated in Figure 7.16. No
significant difference was found between the resulting deformation from the tested value
of the water-cement ratio.

Effect of water-cement ratio variation on deformation
along bridge span, with B4 model
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Figure 7.16: Effect of water-cement ratio variation on deformation along bridge span,
with B4 model.

The influence of the water-cement ratio over 120 years was plotted for non-uniform creep
and shrinkage, at midspan along the north edge of the bridge, as illustrated in Figure
7.17. Similar to Figure 7.16, no significant difference was found between the resulting
deformation from the tested value of the water-cement ratio. A slightly larger
deformation was obtained in the first 20 years with a water-cement ratio of 0.4.

Effect of water-cement ratio variation on deformation over
time, with B4 model

Time (years)

o

20 40 60 80 100 120

7

Deformation (m)
| IO | )
O
[\ ot = ot
—

~t..
— e | s S coccmm— oo comm— oo

s R —=
— - - B4, vet 0.45 — — B4, vet 0.4 — - =B4, vet 0.5

Figure 7.17: Effect of water-cement ratio variation on deformation over time, with B4
model.
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7.3.3 Influence of ballast

The influence of ballast variation was plotted for non-uniform creep and shrinkage, along
the span at the north edge after 120 years. The deformations calculated with the B4
model and Eurocode 2 are illustrated in Figure 7.18 and Figure 7.19, respectively. Larger
deformation was acquired with the B4 model compared to Eurocode 2 as well as when
the Ballast load was 11.8 kPa. The larger the ballast load the larger the deformations
were.
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Figure 7.18: Effect of ballast variation on deformation along bridge span, with B4

model.
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Figure 7.19: Effect of ballast variation on deformation along bridge span, with
Eurocode 2.
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The influence of ballast variation over 120 years was plotted for non-uniform creep and
shrinkage, at midspan along the north edge of the bridge. The deformations over time,
calculated with the B4 model and FEurocode 2 are illustrated in Figure 7.20 and Figure
7.21, respectively. Larger deformation was acquired with the B4 model compared to
Eurocode 2 as well as when the Ballast load was 11.8 kPa. The larger the ballast load
the larger the final deformation and deformation development was.
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Figure 7.20: Effect of ballast variation on deformation over time, with B4 model.
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Figure 7.21: Effect of ballast variation on deformation over time, with Eurocode 2.
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7.3.4Influence of cross-section perimeter exposed to air

The influence of cross-section perimeter exposed to air was plotted for non-uniform and
uniform creep and shrinkage with Eurocode 2 along the span at the north edge after 10
years, as illustrated in Figure 7.22. Larger deformations were obtained when the bridge
deck was included in the perimeter exposed to air. Larger deformations were also
obtained for calculation with non-uniform analysis.
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Figure 7.22: Effect of the perimeter on deformation with uniform- versus non-uniform
creep and shrinkage over 10 years, with Eurocode 2.

7.4 Stress state

The stress state was plotted using Eurocode 2 with non-uniform and uniform analysis as
well as the B4 model with non-uniform analysis, as illustrated in Figure 7.23. The stress
state is shown after 3 years from which the first measurements were taken on the Alvik
bridge. The purpose of this was to compare what difference the approaches have on the
expected stress state and conclude its effect on cracking. The regions shown in red are
where the tensile stress was higher than the design value of 3.2 MPa. The figure
illustrates three simulation results. Model a) was with uniform analysis and Eurocode 2.
Model b) was with non-uniform analysis and Eurocode 2. Model ¢) was with non-uniform
analysis and the B4 model. The results showed that the largest stress was obtained with
the B4 model compared to Eurocode 2. The stress was also higher for non-uniform
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analysis using Eurocode 2 compared to uniform analysis. All three methods indicate
areas that have tensile stress larger than the design value.
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Figure 7.23: a) Tensile stress state. Everything above tensile stress of 3.2 MPa is marked
red. a) uniform EC2, b) non-uniform EC2, ¢) non-uniform B4 model.
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8.1. EFFECT OF NON-UNIFORM VERSUS UNIFORM CREEP AND SHRINKAGE

Chapter 8

Discussion and Conclusion

8.1 Effect of non-uniform versus uniform creep and
shrinkage

The difference in deformations caused by non-uniform versus uniform creep and
shrinkage was larger in the first ten years of the lifetime of the bridge. After ten years,
the deformation values seemed to level out for non-uniform and uniform analysis. This
indicated that noticeable differences between non-uniform and uniform analysis were
obtained during the early stages of the total service life of the bridge. The results from
the analysis indicated that the deformation values calculated with non-uniform and
uniform analysis ultimately converged. This is illustrated in Figure 7.6, where no
significant difference in deformation between non-uniform and uniform analysis was
observed. The shrinkage rate for each part will ultimately reach the same value. The
effect of non-linear creep was not large enough in the earlier deformations to lead to
significantly larger long-term deformations, as illustrated in Figure 7.11.

The difference between calculations with uniform versus non-uniform analysis was not
as significant as expected even in the first 10 years, compared to the analysis performed
in the benchmark model for shrinkage. The difference in shrinkage results from the
benchmark models indicated a significant difference between non-uniform and uniform
analysis. This may depend on the relationship between thickness and perimeter exposed
to air for each part. In the main analysis, it was assumed that the bridge deck was not
exposed to air. This assumption meant that the top flange would only dry out on one
side. Therefore, despite the relatively small thickness of the top flange, the shrinkage
strain was not significantly larger than for the web or uniform cross-section. However,
for the bottom flange and web, both sides of the parts, outside and inside, were assumed
to be exposed to air. This assumption meant that a web of similar thickness as a top
flange would have larger shrinkage strain since the web could dry out on all sides. The
larger shrinkage rate for the web compared to the top and bottom flange could be an
influencing factor for why non-uniform analysis resulted in larger deformations
compared to uniform analysis.

The tensile stress state, after the first 3 years, which was when the first measurements
were performed, as illustrated in Figure 7.23 shows that a larger tensile stress state was
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obtained with calculations performed with non-uniform analysis compared to uniform.
Tensile stress larger than the design value indicates a risk of cracking. The non-uniform
analysis showed a larger stress state and a larger area where tensile stress was higher
than the design value, compared to uniform analysis. For the owner of the bridge, the
non-uniform analysis would be safer to use, as it is a more conservative approach for
predicting the risk of cracking.

8.2 Difference in deformation behaviour between B4
model and Eurocode 2

The results indicated that larger deformations were obtained with the B4 model
compared to Eurocode 2. A possible cause may be the definition of the perimeter in the
B4 model versus Eurocode 2. Eurocode 2 defines the perimeter as the cross-section
perimeter exposed to air. The B4 model defines the entire surface area, without
considering exposure to air. This difference in defined perimeter resulted in a higher
shrinkage strain rate for each part of the cross-section when calculating with the B4
model. Therefore, the larger difference in shrinkage strain rate resulted in larger
deformations for the B4 model compared to Eurocode 2. The difference in creep
coefficient between the B4 model and Eurocode 2 could be a reason for larger
deformations with the B4 model. The creep coefficient for the B4 model reaches a final
value of around 2.25, while Eurocode 2’s corresponding value is around 2. Another
important influencing factor for larger acquired deformations with the B4 model could
be that the final shrinkage strain for the B4 model was a lot larger than Eurocode 2. The
final shrinkage strain with the B4 model was a bit over 0.450 %o, whereas Eurocode 2’s
corresponding value was around 0.300 %o.

The calculated deformations behave differently over time with the B4 model and
Eurocode 2. In the calculations based on Eurocode 2, the total deformation increases
significantly for approximately the first ten years. After this, the deformation rate is
reduced which results in slowly increasing deformation. With the B4 model, the
deformations continue through the lifetime of the bridge, as illustrated in Figure 7.8. A
possible explanation for why deformations continue in the model using the B4 model
could be the difference in the convergence of the shrinkage strain rate. The shrinkage
strain rate indicated convergence after around 30 000 days (80 years) for the B4 model,
as illustrated in Figure 6.8. The shrinkage strain rate indicated convergence after around
10 000 days (30 years) for Eurocode 2, as illustrated in Figure 6.9. The B4 model’s
shrinkage strain rate converging slower could be the reason for deformation calculated
with the B4 model not reaching a constant value until late in the bridge lifetime. When
analysing the effect of creep and shrinkage, it was noticeable that calculations with B4
showed that shrinkage had a larger influence on deformations compared to creep. Unlike
the calculations performed with Eurocode 2, where creep had a larger influence on the
deformations compared to shrinkage. This could also be caused by the different
definition of perimeter and surface for the different calculation models.

Another factor contributing to different results could be the input accuracy. When
calculating with the B4 model, several different variables are needed in the calculation.
The variables however are not always provided in detail by the design and construction
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companies, which may lead to inaccurate assumptions of the variables. This was also
highlighted in the benchmark model for the cube, where the aggregate type gave varying
behaviour, as illustrated in Figure 4.6. Variables such as aggregate type and others
within the B4 model must be properly considered when using the model to ensure
accurate results.

The tensile stress state after the first 3 years, as illustrated in Figure 7.23, showed that
a larger tensile stress state was obtained with calculations performed with the B4 model
compared to Eurocode 2. Tensile stress larger than the design value indicates a risk of
cracking. The B4 model analysis showed a larger stress state and a larger area where
tensile stress was higher than the design value compared to Eurocode 2. A possible
explanation for that could be that shrinkage has a more dominant influence on
deformations compared to creep in the B4 model. Theory suggests that larger shrinkage
results in larger stress, whereas larger creep results in smaller stress value. Therefore, for
the owner of the bridge, the B4 model would be safer as it is more of a conservative
approach for predicting the risk of cracking.

8.3 Influence of parameters on deformation

The deformation behaviour was similar for analysis performed with the B4 model and
Eurocode 2, regarding relative humidity variation. Both models showed that higher
relative humidity resulted in smaller deformations, whereas lower relative humidity
resulted in larger deformations. This was expected, as the concrete should dry out
quicker in drier ambient air.

Varying the water-cement ratio did not affect the deformations significantly. However,
more detailed analysis with varying water-cement ratio should also consider that a lower
water-cement ratio will lead to stiffer concrete with a higher value of strength. This was
not considered in this thesis, which could have been an influencing factor (Ansell et.al,
2014)

The influence of the weight of the ballast was similar in calculation with the B4 model
and Eurocode 2 where a larger load from the ballast resulted in larger deformations. An
important factor to consider is that there is a significant difference in deformations when
the ballast height is assumed as 0.45 m compared to 0.41 m. The difference is only 4 cm
which indicates the importance of correct representation of the design loads in the
structural drawings, as well as at construction sites. More detailed information should
be provided on such a parameter due to its influence on the overall deformation.

Finally, larger deformations were obtained when the bridge deck was included in the
perimeter in the analysis with Eurocode. The real-life situation may however be
somewhere in between the analysis of including the bridge deck in the perimeter and not
including it. The bridge deck is most likely not exposed to air where the asphalt mastic
is placed. However, the bridge deck may be exposed to air where the ballast is placed.
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8.4 Validity of numerical analysis

After 3 years, the measurements from the case study model showed that the deformation
at midspan, at the northern edge was 13.2 cm, as illustrated in Figure 7.2. Figure 7.2
also shows that the deformation at midspan with the B4 model was 16.5 cm. However,
with Eurocode 2 the deformation was 15.3 cm and 16.1 cm for uniform and non-uniform
approach, respectively. The early difference between the measurement and the case
study model may be due to an overestimation of the initial elastic deformation in the
case study model. The measurements and results from the case study model were similar
for the south edge at midspan after 3 years. The measurements showed deformation of
13.1 cm, as illustrated in Figure 7.3, also illustrates that deformation of around 14.2 cm
was obtained with the B4 model, whereas Eurocode 2 gave values 13.0 cm and 13.1 cm
for uniform and non-uniform analysis, respectively. The similarity of results may be due
to more reliable estimation of the asphalt load, compared to the ballast load.

After 22 years, the deformation at midspan at the north edge was similar for the case
study model and the measurements, see Figure 7.4. The measured deformation at
midspan was 21.0 cm, whereas the deformation value was 21.6 cm for the B4 model. The
deformation value with Eurocode 2 was 20.2 cm and 20.3 ¢cm with a uniform and non-
uniform approach, respectively. This may be due to the results in the case study model
converging to more accurate deformations after the initial elastic deformation. The
measurements along the south edge after 22 years resulted in a deformation of 19.0 cm.
The deformation for the case study model along the south edge after 22 years resulted in
17.4 cm with Eurocode 2 and 18.7 cm with the B4 model, see Figure 7.5. Although both
the B4 model and Eurocode 2 showed similar results to the measurements, the B4 model
resulted in results more consistent with the measurements.

The simulated deformation was more accurate in the span between pier 4 and 5
compared to the span between pier 3-4 and 5-6. A possible explanation for that could be
the boundary condition difference as well as an overestimation of certain loads. The
simulated model overall had larger deformations along the north edge compared to the
south edge which is congruent with the measurement observation. A larger eccentric
load due to ballast was a direct cause since the north edge has ballast load whereas the
south edge has asphalt load.

8.5 Further research

Results from the analysis showed that the variable for the length of the perimeter
exposed to air was important. More information is required about which parts of the
bridge deck are exposed to drying and which parts are protected from drying. More
realistic simulations where the drying of concrete and detailed models based on
multiphysics should also be researched. This type of simulation could be important for
a better understanding of how non-uniform drying affects deformation behaviour.

Results from the study indicated that varying the ballast height corresponded with
significant changes in short- and long-term deformations. It is therefore important to
ensure that the ballast height at the construction site closely resembles the design height.
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If the height of the ballast changes during the lifetime of the bridge, it should be reported,
to provide an accurate prediction of the deformation behaviour.

Results from the study indicated that the B4 model could deliver accurate results for
estimating deformations caused by non-uniform creep and shrinkage. However, more
detailed information regarding the input variables, such as aggregate type, aggregate-
cement ratio, etc. needs to be provided.

Possible further research could also be to perform analysis like the ones performed in this
thesis on other bridges. This thesis has a case study of the Alvik bridge, but several other
cantilever bridges could also be studied to see what behaviour they show.

This thesis did not consider the effect of cracking that happened on the Alvik bridge and
the strengthening work that was performed. Detailed simulation considering cracking
and strengthening could be interesting to research and compare with this study to see
their effect on the deformation behaviour.
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Appendix A

Material input

A.1 Creep coefficient variation for each segment

Creep coefficient over time with B4 model for segment
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A.1. CREEP COEFFICIENT VARIATION FOR EACH SEGMENT
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Creep coefficient over time with B4 model for segment H5
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Creep coefficient

Creep coefficient over time with B4 model for segment H7
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Creep coefficient over time with B4 model for segment H9
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Creep coefficient over time with B4 model for segment
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Creep coefficient over time with Eurocode 2 for segment
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Creep coefficient over time with Eurocode 2 for segment
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Creep coefficient over time with Eurocode 2 for segment
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Creep coefficient over time with Eurocode 2 for segment
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A.1. CREEP COEFFICIENT VARIATION FOR EACH SEGMENT

Creep coefficient over time with Eurocode 2 for segment
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Creep coefficient
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

A.2 Shrinkage strain variation for each segment

Shrinkage strain over time with B4 model for segment HO
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Shrinkage strain over time with B4 model for segment H2
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain over time with B4 model for segment
H4
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Shrinkage strain (uS)

-50
-100
-150
-200
-250
-300
-350
-400
-450
-500

Shrinkage strain over time with B4 model for segment
H6

Time (days)

1 10 100 1 000 10 OOQFop ﬂangle()() 000

Y

A~
\h\ — -+ Web

— — Bottom flange

S)

Shrinkage strain (u

-50

-100

_
o
S

1
[\
o
)

1 1
w [\
o (@3
(e} (e}

-350

-400

-450

-500

Shrinkage strain over time with B4 model for segment

H7
Time (days)

1 10 100 1 000 10 000

100 000

----- Top flange

— - Web

— — Bottom flange

120




A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain over time with B4 model for segment H8
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Shrinkage strain (uS)
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain over time with B4 model for segment H12
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Shrinkage strain over time with Eurocode 2 for segment
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain over time with Eurocode 2 for segment
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Shrinkage strain over time with Eurocode 2 for segment
H4
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain (uS)

Shrinkage strain over time with Eurocode 2 for segment
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Shrinkage strain over time with Eurocode 2 for segment
HS8
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A.2. SHRINKAGE STRAIN VARIATION FOR EACH SEGMENT

Shrinkage strain over time with Eurocode 2 for segment
H10
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Shrinkage strain over time with Eurocode 2 for segment

H12
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A.3. RELAXATION DATA FOR TENDONS

A.3 Relaxation data for tendons

2242 kN 2294 kN 2345 kN 2377 kN 2312 kN
Normalized shear = Normalized shear = Normalized shear = Normalized shear = Normalized shear
moduli, gR(t) moduli, gR(t) moduli, gR(t) moduli, gR(t) moduli, gR(t)
0,9990 0,9988 0,9987 0,9986 0,9988
0,9987 0,9985 0,9983 0,9982 0,9984
0,9985 0,9983 0,9981 0,9979 0,9982
0,9979 0,9977 0,9974 0,9972 0,9976
0,9976 0,9973 0,9970 0,9968 0,9972
0,9973 0,9970 0,9967 0,9964 0,9969
0,9970 0,9967 0,9964 0,9962 0,9966
0,9968 0,9965 0,9961 0,9959 0,9964
0,9966 0,9963 0,9959 0,9957 0,9962
0,9965 0,9961 0,9957 0,9955 0,9960
0,9963 0,9959 0,9956 0,9953 0,9958
0,9962 0,9958 0,9954 0,9951 0,9956
0,9960 0,9956 0,9952 0,9950 0,9955
0,9959 0,9955 0,9951 0,9948 0,9954
0,9958 0,9954 0,9950 0,9947 0,9952
0,9946 0,9941 0,9936 0,9932 0,9939
0,9937 0,9932 0,9926 0,9923 0,9930
0,9930 0,9925 0,9919 0,9915 0,9923
0,9925 0,9919 0,9912 0,9908 0,9916
0,9920 0,9913 0,9907 0,9902 0,9911
0,9915 0,9909 0,9902 0,9897 0,9906
0,9911 0,9904 0,9897 0,9893 0,9902
0,9907 0,9900 0,9893 0,9888 0,9898
0,9904 0,9897 0,9889 0,9884 0,9894
0,9900 0,9893 0,9886 0,9881 0,9890
0,9897 0,9890 0,9882 0,9877 0,9887
0,9894 0,9887 0,9879 0,9874 0,9884
0,9891 0,9884 0,9876 0,9871 0,9881
0,9889 0,9881 0,9873 0,9868 0,9878
0,9886 0,9878 0,9870 0,9865 0,9875
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0,9883
0,9881
0,9879
0,9876
0,9874
0,9872
0,9870
0,9868
0,9866
0,9864
0,9863
0,9861
0,9840
0,9823
0,9808
0,9795
0,9783
0,9772
0,9766

0,9876
0,9873
0,9871
0,9868
0,9866
0,9864
0,9862
0,9860
0,9858
0,9856
0,9854
0,9852
0,9831
0,9813
0,9797
0,9784
0,9772
0,9761
0,9755

0,9867
0,9865
0,9862
0,9860
0,9858
0,9855
0,9853
0,9851
0,9849
0,9847
0,9845
0,9843
0,9821
0,9802
0,9787
0,9773
0,9761
0,9750
0,9743
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0,9862
0,9859
0,9857
0,9854
0,9852
0,9850
0,9847
0,9845
0,9843
0,9841
0,9839
0,9837
0,9815
0,9796
0,9780
0,9766
0,9754
0,9742
0,9736

0,9873
0,9870
0,9868
0,9865
0,9863
0,9861
0,9859
0,9857
0,9854
0,9853
0,9851
0,9849
0,9827
0,9809
0,9794
0,9780
0,9768
0,9757
0,9751



B.1. INSTRUMENTATION

Appendix B

Drawings

B.1 Instrumentation
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B.2. STRUCTURAL DRAWINGS

Structural Drawings

2020

jas0

TABELL

—4

FIR FLYTORP.

wﬂ‘g'mxuﬁ

S s anmm ATT DCH AT
STI0 & 005, SHAXASSIML BOTTIRLATIA MATT
5720 3 SAMKIASSLN TAX OCH VAGGAS, AT

703 & PELARE, GATETAM 1 - & WATT

FORESETER
AUMNA AWSNGAR (1 FETRFILR SE BTNG N0
S AVGGAAISTEONSK GESGOWG (EITDNK T3vgm.
ATTAD AV SCANDMCIONSULT, DATERAD T6-62-%, FEVOERAGS
mummmnn SCNOALINSAT, IATERAD 996-06-14 SaM1
wmw P DN
um wmon

SCHITIG UTFRS 1 SONT NGT % o0 12

LTHYS PED -GN BOTTEN AT 1A (RUALAD
TR AEAICE P o B W ST 4 iy S Stk D
GEOTDOWER VESRA 04 LAl
GANRAGONNG KA 5K S0 FLANGAT €118 O YTIR.GAE INDSH-
SONGAR SR ANTA MSHFTER BEMNER VETAS.
BHEENLNMG AL 9E HED BFNTLEA MASSIR

TILEASER SHOUSIANS I TAATIA SNL TS M0 BX SSTA
WVWGELSE | PN PR 50 MM VD STORSE EXCENTROITTT SKAL
MINSTRKIREN KOTAKTAS.

P e S

UPTNME VO RUTTNG 42 % DAPGIENET MSe v
Q79 7 D 106 LYFTKRFT
AEEISONG

U TR KASSIREN | £ TIROCOKA EMIGT BTN 16 €/5°03
VA PA nvvnm @ $1 vv'k I\
YOI SOl sihen 7 St
SITTE 0 o %0 1 St
FLOTTA WAG KASSINEN TLL BIPLAISIN
KA PR FORTASONS SR, UTIERA -S40
GAT £ SOTTRRLATIAN, EXGUSHE MTTIEX
FORTSATT AT GLEFORGITA KASSUE EX. dess 001 S
i RASSAGS 103 e 1 TS BTTORAT A T,
KASSUNDN SAMKS. MED IR AV VATTON LG THEELL

GRS FAROGT SANCS KASSNM M 94 BEFOMPLNTAH
Mvmswm FILLS LT PED VATTEX
FLYTIFFAR MRS, -

L

=

== A/ STID 4 00K 5 SAASIA, BCTTORATIA 43 1 @1
b ™ Cod gg;""‘m‘“’;“b"ﬂm GE AL S GAT LMER KASSINEN N Lv-3ET0N TUL VA 6500 BN STW06G 502
i i i -

5% VAGGAR GATTETA 7, A 1 @ >
! 1 I8 ! . e N e L 3 TAG UT BOAROY LR LV-GATAGEN DLGT SING W 4/511
5206 S SANKKASSLA, VAGGAR iamim
' L B 1 5 Bl YL KASSMN MED GRS TUL VA <225 m
5207 ST 5 SANCCASSIN, VAGGAR GAATTAR 1 AR 2
: : : : : : m z:mém;:'m;a TULSE ATT VATTENVTAN 16GER P 0N
H i i H 521 s;mimuwlmhmzmm T CHAR RN A ¥ e
8 SUTETP 1 00K 2, ABDRG
| 1 [ i B T Y i 1.3 D AT RURSKFIET D SITG W 514 - 1
| T ” : 520 STID & PELARE GUTERA 7 OCH B, ARMERNG
i | " i ' 71 SHD S SAMASSIN ONERSKT ARERG =
3 | 1 [ ' &
cuewe
| 1 4 } HARPED NTYGAS ATT EMNA STMAG OMENSSTAMMER VE9 VERLGT LTFRANE|
| " tH W -0
"
Wt AN FERSSON
| T : Ty
" : RELATONSATNAG
i | e
7 Istetest=
7 ARBETSRITNNG
f3 ¥R Ser T
Sl YNGR G T ARG
:uuu’n DL TRASTAUAS KPETRXTIRN = S
s 1
VRS STOND - SN
mig oty
1 serain
e ——— )
GORAN NYBERG
T

135



hETESHA | ETE, T A6 W B2
WAL FOR BELYING | LRECTIER S RING AR 20007
<
BELNSESSA FR FIRACK § NG % BT
SOUOT. NOTA GNTBRCK T TG W 101
U IR DTSN S TG R T
STAMGAE FIYDNC § OWSARY $ IWE W K0T
RO €0 MTSRGEL S SING W 0

TRV 1 S AN % S0 m L, 7w, 7 =

VY STOD &4 ETAPP 0 1%00
ANTBRX ) VAL

~ASERSE

LONLI I B S—
ol

L —+
ﬁ»m ® "4 oo stwe L e, 2w
:::.gqumr_lgrw 200 ) 7m0 R e o 020 lgotan ) golne- s mE

(3R | EI hene

‘ k ' gemxw | 2
e o ® o ® 22 ® 2w @ B T 1 : A1 1
- + FarEw -
3 = 1)
smwone  F s ( oy
L s Bl 2 }it 2 BET
- FY T SN | . . . -
TV I S s R T b
SN e ssR 18 8 \
SEATNG 8 O /= PN e
SEXTON A-03 1900
0.0 R TEDETHA (0 S0k
= = TG W BE
Wﬂ#g‘.& O QFGRATON MY e EEIETR
L2
Y E (B)  STAGNE 311906 § KNIy S ANC W B0
s YIS S ANG W mTS

ks () R R CNAMLDNESTA. § ENG W 0

+  IEEOUR ZRETASGA. om0 DUG! QUL 55001 OTW C-Suet T
WG ¥ @

AT WITISATING AY SOPSTAGHA. DT
TAMRTIE
AR NTYGAS 7T (5 RO NGDESTIER M ERGT STEOUME
.-
anvigecnas |1

e
DUGT TETAL (081
ATTSATIG MG
UG /5808

** MSER AIT | RTINS L0
e RV -OS OET TG 806

I_I_I_IJ:F]_I_I_I_'

136
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