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Abstract

The set-based design process diLerk from the traditional point-based design
approach as several designs are produced and evaluated simultaneously, which
contributes to a more e [cieht design phase. In order to study the utilization of
this modern design procedure, a design tool was developed which included several
evaluation criteria and verification steps. As a continuation of a previous project
(Lofgren, 2020), where the original design tool was created, a study for the
potential of development with respect to implementation of fatigue assessment was
conducted. Thus, in order to optimize the designs generated by the design tool
even further, fatigue verification was thereby implemented to the FE-analysis to
see if this could be beneficial in a preliminary design phase.

A parametric study was conducted in order to identify important aspects in
determining the fatigue capacity to the generated bridge designs. Additionally,
aspects which are especially important to the fatigue assessment and potentially of
interest to choices done prior the design phase was investigated. Furthermore,
comparisons between optimized designs based on the initial preliminary designs
criteria and the fatigue verification were conducted in order to establish the
influence of fatigue to the design tool.

The utilization of the design tool was investigated further by analyzing the
selection procedure. Additional measures proved to be of interest in order not to
miss potential bridge design in the process. Also, the idea of being able to find
standardized bridges which could be suitable for multiple situations was
investigated further with the aid of the developed design tool.

The conducted investigations in this project showed that the implementation of
fatigue verification can be beneficial in order to increase the quality of the final
design proposals from the design tool. Also, comparisons showed great potential
for such a design tool, when making decisions regarding various design parameters.

Keywords: frame bridge, set-based design, fatigue, optimization, FE-modelling,
parametric design, python, Lambda method, Cumulative Damage method, concrete
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Sammanfattning

Den set-baserade designprocessen skiljer sig fran den traditionella punktbaserade
designmetoden da flertalet design-alternativ produceras och utvarderas samtidigt,
vilket bidrar till en mer e [eltiv projekteringsfas. For att studera anvandningen av
denna moderna designprocedur utvecklades ett designverktyg som innehdll flera
utvarderingskriterier och verifieringssteg. Som en fortsattning pa ett tidigare
projekt (Lofgren, 2020), dar det ursprungliga designverktyget skapades,
genomfdrdes darfor en studie angaende dess utvecklingspotential med avseende pa
en tillférd utmattningsbedémning. For att optimera designen som genereras av
designverktyget annu mer, implementerades utmattningsverifiering i FE-analysen
for att se om detta kunde vara fordelaktigt for ett preliminart designférfarande.

En parametrisk studie genomfordes for att identifiera viktiga aspekter vid
bestdmning av utmattningskapaciteten for de genererade brokonstruktionerna.
Dessutom undersoktes aspekter som &r sarskilt viktiga for
utmattningsbeddmningen och potentiellt av intresse for beslut som fattas fore
designfasen. Dessutom gjordes jamforelser mellan optimerade broar baserat pa de
initiala prelimindra kriterierna och utmattningsverifiering for att faststalla
utmattningens paverkan i designverktyget.

Anvandningen av designverktyget undersoktes ytterligare genom att analysera
urvalsforfarandet. Ytterligare atgéarder visade sig vara av intresse for att inte missa
potentiell brokonstruktion i processen. Idén att kunna hitta standardiserade broar
som kan vara lampliga for flera situationer undersoktes aven med hjalp av det
utvecklade designverktyget.

De genomférda undersokningarna i detta projekt visade att implementeringen av
utmattningsverifiering kan vara fordelaktig for att 6ka kvaliteten pa de slutliga
designforslagen fran designverktyget. Jamforelser visade ocksa pa en stor potential
for ett sadant verktyg, nar man fattar beslut om olika designparametrar.

Nyckelord: plattramsbro, set-baserad, utmattning, optimering, FE-modellering, parametrisk
design, python, Lambdametoden, Delskademetoden, betong
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1

Introduction

The need for optimization and e ciency in a design process is constantly increasing
and due to regulations and recommendations within the building industry, parame-
ters such as cost and the desire for a low environmental footprint highly a ects the
design process and its working procedure (Uppenberg et al., 2017). In order to avoid
late and crucial changes to the design and the amount of re-work it entails, a set-
based working procedure makes it possible to evaluate several parameters through
out the entire design process, which generates a more satisfactory design solution for
everyone involved. Unlike the more common design procedure where one speci ed
design undergo continuous development, the set-based design procedure focuses on
keeping a larger set of design possibilities available and under consideration for as
long as possible to minimize the need of re-work (Parrish et al., 2007).

In order to reach a satisfactory result by using the set-based design method, the
number of designs are reduced successively along with the designing progress. Veri-
cation and design checks based on building codes or regulations are implemented to
direct the design process towards feasible and valid alternatives. There are several
veri cation and building rules to take into account, including both short and long
term perspectives. Veri cation for bridge constructions with regards to their long
term use need to be considered in the design process and fatigue is one of many
aspects which can have a large impact on the nal design due to the occurrence of
cyclic loading from vehicles that passes the carriageway throughout the lifetime of
the bridge.

If one wants to make full use of a set-based design process, it is important to be able
to establish a design alternative which is satisfactory for the majority of stakeholders
involved. In larger projects, it might not be the case that the process has resulted in
one single alternative (Parrish et al., 2007). As the civil engineering industry evolves
by focusing on sustainability and standardized solutions, a set-based design process
may be a viable option which could bene t the development of this area (Mathern

et al., 2018).



1. Introduction

1.1 Purpose and objectives

The main purpose of this thesis is to investigate the in uence of when fatigue as-
sessment is applied to frame bridges in reinforced concrete, and how it a ects the
preliminary design process in terms of evaluation and choice of design. This is
achieved through the following de ned objectives:

N

Determine parameters which can be of signi cance to fatigue assessment for a
frame bridge.

Implement the corresponding calculations for the fatigue assessment into a
parametric design process.

Study a set-based design method and the possibilities to identify the best
design alternatives based on carbon dioxide equivalents (@@q), material
costs and fatigue veri cation.

Evaluate how a set-based design method can be used to group design situations
of bridges in a larger road/railway project.

1.2 Limitations

The purpose and objectives in this thesis are limited to the following:

Design is based on the European building regulations in Eurocode and design
rules provided by the Swedish Transport Administration (Tra kverket) and
the Swedish Transport Agency (Transportstyrelsen) for reinforced concrete
frame bridges.

The contribution to the existing design tool consists of veri cation of fatigue
for reinforced concrete road bridges.

The included structures are limited to one span frame bridges in reinforced
concrete to reduce complexity and because of compatibility with the existing
script.



2

Methodology

This project started with a theoretical literal study where knowledge of the theory

of fatigue in reinforced concrete was obtained from several sources of acknowledged
research and articles. The theory which was derived from both literature and build-
ing codes led to an idea of how the implementation could be done using BRIGADE
Plus (Scanscot Technology AB, 2018) through a script written in Python 2.7. The
focus of the literature study was the implementation of fatigue as the research area
of set-based design as a concept was already investigated in previous research (Lo6f-
gren, 2020, Mathern et al., 2018, Parrish et al., 2007, Tarazon Ramos and Luis
Fernandez, 2014). However, a short introduction to the concept was needed in order
to present the principle of this design process.

After investigating how fatigue in reinforced concrete bridges should be assessed
based on building codes and regulations by Swedish building rules, the modelling
of the load models were introduced to the frame bridge FE-model. As the idea of
this model was to be able to run analysis on several bridges, the cyclic loading from
a moving load model had to be simplied. This was done by analyzing the load
e ects from a moving load model, and then locating the positions which generated
the worst load e ects for each studied section of the bridge. These positions where
then translated into static loads applied to the FE-model in order to result in shorter
run-time for each bridge analysis.

The original script from the previous master thesis, on which this work is based on,
was then further developed by the implementation of a fatigue assessing process.
The results from the analysis with the corresponding fatigue load models was then
put through the fatigue assessment checks, in order to determine if the design was
appropriate with respect to fatigue.

The fatigue assessing script also returned results for the utilization of each bridge
design with respect to fatigue. The results were gathered and compiled into a large
set of data, on which a parametric study was conducted. The di erent bridge designs
and parameters included in the fatigue assessment were then compared and analyzed
in order to nd parameters on which the fatigue damage was most in uenced by.
The information from the parametric study was then utilized to contribute to ful ll

the purpose of this thesis and to draw conclusions from the investigation.
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3.1 Set-based design

The set-based design concept is well known within the manufacturing industry but
in structural engineering, there is an increasing interest to investigate the bene ts
of applying a method of this kind (Mathern et al., 2018).

The standard method for structural design is the point-design design approach,
where the design is based on the prerequisites of the stakeholders and continuously
improved and developed to reach the nal design (Parrish et al., 2007). This method
results in a process which cannot manage several parallel alternatives and can rather
manage one alternative at a time, which may end up costing time and eventually
money if major changes is needed (Parrish et al., 2007). The starting point in this
procedure is an estimated design which the engineer makes on the information that
Is available at that time, the nal design therefore become highly dependent on the
initial design parameters. This does not result in a exible process regarding sus-
tainability because information regarding these question may be insu cient at an
early stage (Mathern et al., 2018). Figure 3.1 shows a common way to illustrate a
point-based design method.

Figure 3.1 lllustration of point-based design procedure (Tarazon Ramos & Luis
Fernandez, 2014).
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In set-based design, the starting point di ers from the point-based design. In this
method the de nite prerequisites from the stakeholders lays a foundation of a large
number of alternatives instead of one initial alternative (Parrish et al., 2007). These
alternatives may go through the same veri cation process as the single alternative
but generates a large number of parallel designs. The purpose of generating a
large number of options is to progressively eliminate solutions and nally nd the
alternative which is best from di erent evaluation criteria. If changes are made

a in set-based design method the rework is usually less because there may be an
alternative which t the new requirement in the last elimination of options (Tarazon
Ramos & Luis Fernandez, 2014). Figure 3.2 shows common way to illustrate a point-
based design method.

Figure 3.2 lllustration of set-based design method (Tarazon Ramos & Luis
Fernandez, 2014).

When evaluating and investigating the solutions produced in the set-based design
method, a set of evaluation criteria is needed to be able to determine which alterna-
tive is the most suitable for the speci c project. Previous research show that there
Is two major areas that is identi ed in a structural engineering project, buildability
and sustainability. The term buildability represents the ease of construction for the
speci ¢ structure and includes many di erent aspects from planning the project,
workplace organization and production method (L6éfgren, 2020). A study performed
by L6fgren (2020) shows that criteria that correlate to buildability are di cult to
quantify to the degree that it is usable in a set-based design tool. Evaluation crite-
ria for sustainability however is easier to quantify. Two criteria that is implemented
in the existing set-based design tool is, material cost and material Gequivalent.
These two criteria refer to two of the three pillars in sustainability, economy and
environmental impact (Lofgren, 2020).
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3.2 Frame bridge

The slab frame bridge is a commonly used bridge types in Sweden for smaller cross-
ings and is most common for span length shorter than 20 meters. The structural
complexity is fairly simple and easy to build and understand (Uppenberg et al.,
2017). However, for even longer span lengths, the designer needs to consider if the
frame bridge is the suitable option as the bridge type becomes far more complex
and expensive if a continuous span is required (Vagverket, 1996).

The bridge deck is constructed as a one-way slab structure which is rigidly connected
to the frame legs that transfer the vertical and horizontal loads down to the foun-
dation (Rashem & Swahn, 2018). The pressure from the earth is also carried down
to the foundation by the frame legs. In each corner, four wing walls are xed to the
frame legs, see Figure 3.3-3.4. The purpose of the wing walls is to control the slope
of the embankment caused by the di erence in elevation between the underlying
road or railway (Vagverket, 1996).

Figure 3.3 Principal plan view of a frame bridge.
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Figure 3.4 Principal elevation view of a frame bridge.

A haunch may be located where the bridge deck connects to the frame leg, see
Figure 3.4, to transfer the shear force and bending moment between the compo-
nents (Swedish Transport Administration, 2021a). The size, extent and design of
the haunch is dependent of the span length both for technical and aesthetic reasons
(Vagverket, 1996). In this stage of the design process and the purpose of this design
method, the bridge deck is assumed to have the same thickness along the whole span
length.

To adjust and adapt the alignment of the frame bridge according to the connecting
road network, it may be required to use a skewed angle of the carriageway, this is a
common case for bridges in Sweden (Vagverket, 1996). According to Lofgren (2020)
and supported by Vagverket (1996) this results in a more complicated reinforcement
arrangement and material-intensive bridge design but that it's possible to perform
an alternative design for certain spans where it may be more bene cial to not skew
the angle and instead construct the bridge as perpendicular but with a longer span.
The recommendations for the angle is depending on the quality of the soil and
Vagverket (1996) states that at good condition the angle should not reach below 50
degrees and at worse condition it should not reach below 75 degrees.
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3.3 Fatigue

3.3.1 Background

The concept of fatigue and fracture stretches back to 19th century when this phe-
nomena rst was observed in steel structures. Since then, several experiments and
tests of this behaviour in steel structures have been made (Gylltoft, 1983). One
of the most mentioned investigations regarding fatigue was conducted by August
Wholer, which in the 1860s suggested a theory on the limited number of load-
ing cycles a material could withstand. In further research, the Goodman-diagram
was established which suggested that a maximum and minimum stress in a loading
sequence could be translated into a sinus function in order to describe the cyclic
loading on a structure. This could then be utilized in order to determine fatigue life
of a structure. With a more realistic approach based on the varying load amplitudes
that occurs during the lifetime of a structure, the Swedish engineer Arvid Palmgren
de ned the Palmgren-Miner's rule which describes failure when the cumulative dam-
age from cyclic loading reaches the fatigue loading capacity in maximum number of
load cycles, see Equation 3.1.

X n
— =D (3.1)
iz Ni
where n; is the actual number of cycles for a certain load interval,
N is the ultimate number of loading cycles for a certain load
interval,
D is the fatigue damage.

The concept of fatigue in plain concrete is a relatively limited eld of research
which started in the beginning of the 20th century. With an increasing desire for
more slender constructions and the need for constructions in extreme conditions,
the knowledge regarding fatigue is especially important. In more slender struc-
tures, stress variations increase which contributes to a higher risk of fatigue failure
(Gylltoft et al., 1979). Also, structures exposed to conditions such as wind, waves,
machinery or temperature and moisture changes have a larger risk of failure due to
fatigue damage (Elfgren & Gylltoft, 1997).

The process of fatigue damage can be explained with the three stages of a crack;
crack initiation, crack propagation and fracture. Crack initiation starts in disconti-
nuities or stress concentration within a material. As a structure is exposed to cyclic
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loading, the crack propagates through the member successively. When the crack has
developed to a length where the uncracked section no longer has the load bearing
capacity, failure occur (Elfgren & Gylltoft, 1997). As the strength of a material
thereby successively decrease with time, it is important to evaluate the load bearing
capacity of a structure based on fatigue due to long term cyclic loading and not only
the initial loading conditions (Elfgren & Gylltoft, 1997).

Due to the di erent properties of the involved materials, it is needed to study plain
concrete and the reinforcement steel separately in order to determine the fatigue
capacity for a structure (SIS, 2005). The veri cation methods for the separate
materials are based on their behaviour and response to cyclic loading, which will be
presented in the following chapters.

3.3.2 Fatigue in concrete

3.3.2.1 General behaviour

To establish the fatigue resistance for concrete, several experiments have been con-
ducted to obtain empirical data which could be translated into general formulas for
fatigue resistance in concrete (Gylltoft et al., 1979). In an experimental study con-
ducted by H.A.W Cornelissen at Delft University, results from a conducted splitting
tension test presents the in uence of stress ranges and concrete conditions (Cor-
nelissen, 1984). The study consisted of a concentric tensile test where the stress
ranges varied from being just in tension to alternate between tension and compres-
sion. The results indicated that the fatigue life is greater for concrete where the
stresses varies in just compression compared to the case where the stresses varies
between tension and compression. The interest of tensile strength of plain concrete
is especially regarded when studying the cracking behaviour and thereby exposure of
the embedded reinforcement steel. The study also presents the in uence of moisture
levels of the concrete, and concluded a clear relation between a higher fatigue life
and dry conditions when exposed to cyclic loading (Cornelissen, 1984).

3.3.2.2 Fatigue in concrete according to Eurocode

According to Eurocode, veri cation of fatigue in concrete can be conducted by sev-
eral methods. On the basis of Cumulative Damage Method, a more explicit veri -
cation can be done by estimating an ultimate number of constant load cycles until
failure. This can then be compared to the actual load cycles of which the bridge is
being exposed to and con rm su cient capacity if the "Cumulative Damage Method"
rule is satis ed, see Equation 3.3.

Alternatively, a veri cation based on a simpli ed stress comparison is often used
to quickly control the fatigue resistance. This implies that a compressive stress
range based on a fatigue load model is acting on the same point in a structure, and
then compared to the fatigue strength of the material. If the condition stated in
the Eurocode is satis ed, fatigue resistance may be assumed su cient according to

10
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EN1992-1-1 6.8.7. The condition according to Eurocode is stated in Equation 3.2.

8
fcd;fat . . fcd;fat : 0:8 for f > 50MPa .
where  ¢max is the maximum compressive stress in a cycle [MPa],
c:min is the minimum compressive stress in a cycle [MPa].
f cd:tat is the design fatigue strength of the concrete [MPa].

For both methods, the stress range should only takes the compressive stresses into
account. If the stress varies between tension and compression, the stress range is
only estimated by the stresses that are acting in compression. Thus, if a part of
the stress range is acting in tension, it is considered as zero. The stress ranges are
de ned as presented in Figure 3.5 where the red markings de nes the stress range
for the corresponding stress variations.

Figure 3.5 De ned stress ranges for veri cation of fatigue in concrete.
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3.3.2.3 The cumulative damage method

In this project, the method used for all fatigue assessment for concrete is the Cu-
mulative Damage Method. The fatigue resistance can thereby be assumed to be
su cient if the condition according to Equation 3.3 is ful lled.

X“ni

R 3.3
iz1 Ni (3:3)

When assessing the fatigue resistance for concrete exposed to compression, the abso-
lute number of loading cycles before failure can be calculated according to Equation
3.4 where the maximum and minimum compressive stress is taken from a speci ed
interval, often recommended by the national authorities in EN1992-1-1. However,
the results from fatigue assessment in compressed struts due to to shear (in rectan-
gular cross sections) has proven to be very rarely governing for the design (Svenska
betongféreningen, 2012). This check is therefore neglected in the analysis done in
this thesis.

cd;max;i
N, =10 "1/ (3.4)
E i
where R, = —cdmini
Ecd;max;i
Ecamini = de;mm;l
cd;fat
Ecd;max;i - ;:d;max;l
cd;fat
where cd:mini is the lower stress in a cycle [MPa],
cd:maxi is the upper stress in a cycle [MPa],
f cd:fat is the design fatigue strength of the concrete [MPa].

3.3.2.4 Fatigue resistance due to shear

In order to verify fatigue resistance due to shear forces, a similar method is presented
in the Eurocode where the maximum and minimum shear in the same location is
compared to the shear capacity of the studied section (EN1992-1-1 (6.8.7)). How-
ever, this check is only valid for sections which do not require shear reinforcement.
The check is conducted according to Equation 3.5-3.6.

12
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for VEd;min O

VEd;max
8
. . . <
J\./Ed;ma>.<] 05 + 0:4 J\./Ed;m.n.j | 0.9 up to C50/60 (3.5)
JVRdic JVRdie) - 0.8 greater than C55/67
Vi ;min
for VEZ;max < 0
jVEd'maxj jVEd'min J
ol o5 MU 3.6
JVRd;cJ JVRd;cJ ( )
where  Vegmax is the maximum shear force in a loading cycle [kN],
VEd:min is the minimum shear force in a loading cycle [kN],
VRd:c is the design shear capacity of the plain concrete [KN].

3.3.3 Fatigue in reinforcement

3.3.3.1 General behaviour

The general knowledge in fatigue of reinforcement is considerably more recognized
than for plain concrete as the research on fatigue for steel constructions has been
of interest for a longer period of time. What separates the behaviour in terms of
fatigue in reinforcement from concrete is that the steel have a fatigue limit. Unlike
for concrete, if the stress variations are kept below a certain limit, no fatigue damage
is considered to be applied to the steel. Also, generally the stress range of which the
reinforcement is exposed to is considerably larger (Gylltoft et al., 1979).

3.3.3.2 Fatigue in reinforcement according to Eurocode

Due to the fact that the steel does experience a fatigue limit, below which the mate-
rial does not accumulate fatigue damage, the veri cation method for reinforcement
and prestressed steel varies from concrete. For standard reinforcement bars a simple
veri cation for fatigue can be achieved by comparing the worst applied stress range
in a loading cycle to a set value of 70 MPa. This value corresponds to the limit
under which the steel does not accumulate any fatigue damage. According to EN
1992-1-1 it can be assumed that the fatigue resistance is su cient if the stress range
is below this value.

For standard cases with known loads, an equivalent stress range veri cation is of-
ten used for road and railway bridges. This method consists of an equivalent stress
range based on the corresponding fatigue load model and a number of loading cycles
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that is representative for the type of reinforcement. The relationship between num-
ber of representative loading cycles and a reference stress range based on the type
of reinforcement, are presented in S-N curves and tables in the Eurocode. When
the resisting stress range is established for the corresponding reinforcement type,
it is compared to the equivalent stress range based of load e ects from the appro-
priate load model, see Equation 3.7. If the condition presented in the Eurocode is
ful lled, fatigue resistance can be assumed to be su cient according to EN 1992-1-1.

F;fat S;equ(N ) M (3-7)
s;fat
where sequ(N ) is the equivalent stress range from a
fatigue load model [MPa],
rRsk (N ) is the reference stress range for reinforcement

determined by the S-N Curves and reinforcement
type [MPa],

Ffat partial factor for reinforcement fatigue assessment,

sifat partial factor for uncertainties in the action/model.

When assessing fatigue for bent reinforcement bars, the reference stress ranggy
should be reduced with a reduction factor .

D
= 0:35+ 0:026— (3.8)

where D is the bending diameter for corresponding reinforcement [m],
is the reinforcement diameter [m].

Unlike the stress range estimation for concrete, the stress ranges for assessing fatigue
damage in reinforcement allows both tensile and compressive stresses to be part of
the estimated stress range. However, if the stress variation consists of compressive
stresses only, the stress range for fatigue assessment in reinforcement is non-existent
and put equal to zero. See Figure 3.6 for an illustrative explanation where the red
markings de nes the stress ranges for the corresponding stress variations.
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Figure 3.6 De ned stress ranges for veri cation of fatigue in reinforcement.

3.3.3.3 The Lambda method

To establish the equivalent stress range for superstructures of road and railway
bridges, Eurocode de nes certain simpli cations in order to take important condi-
tions into account, also known as the Lambda-method. This means that additional
parameters such as span length, tra ¢ volume, design life, number of tra c lanes,
tra c type and surface conditions are considered. However, for bridges built accord-
ing to the regulations and guidelines provided by the Swedish Transport Adminis-
tration, factors which takes span length and materials into account are adjusted and
replaced with established simpli cations valid for structures in Sweden.

The Lambda-Method consist of several combined lambda factors which is applied
to the equivalent stress range according to Equation 3.9. This nal and adjusted
stress range is then used in the comparison with the reference stress range according
to Equation 3.7. However, the lambda method is not described equally for road
and railway bridges. For road bridges, the lambda method is only valid for when
assessing fatigue in the reinforcement of the structure and can only be applied for
when fatigue load model 3 is utilized in the analysis. For when assessing fatigue
in railway bridges, the method can only be utilized for load model LM71 with
restrictions according to Eurocode and is also de ned for assessment of fatigue in
compressed concrete (SIS, 2005).

s — fat s;1 s;2 s;3 s;4 (39)
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where ¢4 damage equivalent impact factor controlled by the surface

roughness,

sl factor which takes the element and reinforcement type into
account based on the critical length of the in uence line,
this factor is presented as adjusted according to the
speci cations stated in the national authorities,

2 factor which takes tra ¢ volume into account,

3 factor which takes the design life of the bridge into account,

s factor which takes into account if the structure is loaded
from more than one tra c lane.

The factors which constitutes Equation 3.9 is calculated as below according to
Eurocode (SIS, 2010b):

fat =1:2 for surface of good roughness,
fat =1:4 for surface of medium roughness.

- 1
4= L
s;1 1 Q1 10
where L is the critical length of the element in uence line,

o1 adjustment factor dependent on the tra c amounts which is
stated by the national authorities,

1 factor chosen from EN1992-2 Annex NN, Figure NN.2
for eld and carriageway,

S
ko Nobs
2.0

s2=Q

where N obs number of lorries per year according to EN 1991-2,
ko slope of the appropriate S-N curve,
Q factor for tra c type,

16



3. Theory

S
_ ko N years

s;3 — 100

where Nyears is the design life of the bridge,

sp___

ko NObS,I

si4 =
N obs1

where N obs:i is the expected lorries per year on lane
N obs1 is the lorries per year on the slow lane.

3.3.4 Regulations and requirements

In a case of a new bridge construction on the behalf of the Swedish transport adminis-
tration, there are rules and guidelines that dictate how a construction product should
be designed as a basis for contracts (SIS, 2010a). In the design process these have a
speci c order in which they should be prioritized, see Figure 3.3. The application of
Eurocode is regulated by TSFS 2018:57 (Transportstyrelsens forfattningssamling)
published by the Swedish Tranport Agency (Transportstyrelsen). This regulates
national parameters that di ers from the values in Eurocode (Swedish Transport
Agency, 2018). Together with TSFS 2018:57, the Swedish Transport Administra-
tion (Tra kverket) provides three documents with requirements and guidelines for
the dierent aspects in general, design and maintenance. These documents give
additions to the rules from Eurocode. Within the Eurocode standards there are
di erent rules which apply in general or for speci c structures, such as bridges.

Figure 3.7 lllustration of how the documentation apply.
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4.1 Previous work

This master's thesis is a continuation on a set-based design tool (L6fgren, 2020). The
previous tool generates for several frame bridges a preliminary design of bending and
shear reinforcement in ULS according to Eurocode. This includes calculating and
distributing reinforcement amounts in the all components of the bridge with some
simpli cation regarding the wing walls and foundation. The tool also veri es the
bridge deck for the demand of de ection in SLS (Lofgren, 2020).

To maintain as much compatibility and possibility to use both implementations to-
gether, similar simpli cations are used for the fatigue veri cation which is controlling
the reinforcement and concrete amounts from the initial tool.

This chapter describes what has been included when implementing fatigue assess-
ment to the existing script (Lofgren, 2020). Therefore, the parts that already existed

in the set-based design tool will not be presented further unless these parts is utilized
in the implementation of fatigue.
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4.2 Loads

In the design of the frame bridge with regard to fatigue, not only the cyclic loads need
to be taken into account. In addition to these, other variable loads and permanent
loads will in uence the structure. The coordinate system presented in Figure 4.1
was used when assessing the loads in BRIGADE Plus.

Figure 4.1 Sketch showing the coordinate system used in the BRIGADE Plus
model.

4.2.1 Permanent loads

The permanent loads are the loads that constantly act on the frame legs and on
the carriageway throughout the whole service life of the structure. In this project,
permanent load as self-weight and the earth pressure was included in this analysis.
The self-weight correspond to the weight of each material that the bridge consist of,
such as reinforcing steel and concrete. A combined value for these were used and
determined according to EN-1991-1-1, which states that for normal weight concrete
with reinforcing steel, the nominal density is 25 kN/ni. This load was applied on

all parts as a gravity load (Lofgren, 2020).

The second permanent load is earth pressure which acts on the frame legs and
the wing walls of the bridge. The magnitude of this load was calculated and imple-
mented with Equation 4.1, where the weight of the soil is 18 kN/fhand the earth
pressure coe cient was set to 0.34, (L6éfgren, 2020).

q= ko z (4.1)

where weight of the soil [KN/m?],
Ko coe cient for earth pressure at rest [-],
z depth of the soil [m]
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The magnitude therefore varies depending on the depth. This correspond to an
linear in uence on the frame legs, see Figure 4.2

Figure 4.2 Earth pressure acting on the frame legs.
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4.2.2 \Variable loads

The variable loads which should be considered in the combination with the cyclic
load are mainly the temperature loads which should be considered at the same time
as the wind load. However, according to a study performed by (Lofgren, 2020), both
the temperature loads and the wind loads had a low in uence to the overall e ect
on the combination of actions. According to (Swedish Transport Agency, 2018) the
snow load can be neglected for this type of structure when the possibility for snow
removal is at hand.

Taking the above mentioned consideration into account, it was possible to reduce the
number of load cases that were needed to be performed in the analysis, which was
bene cial as the analysis that was be performed in this thesis was rather extensive.

4.2.3 Fatigue load

The veri cation of fatigue requires an analysis from a di erent set of load models
compared to the preliminary static design of the frame bridge. The reason is that
these load models would be too conservative and therefore not representative in the
case of fatigue veri cation. Eurocode provides ve fatigue load models which may
be used depending on the desired veri cation level and the type of structure that
Is analyzed (Gulvanessian et al., 2009). For a frame bridge in reinforced concrete,
certain fatigue load models are less relevant to use. These are fatigue load model 1
and 2, which are only applicable for steel structures and fatigue load model 5 which
is based on real tra c data and therefore more relevant in a case of an existing
bridge, where this data is known (SIS, 2010b).

4.2.3.1 Fatigue load model 3

Fatigue load model 3 consist of one vehicle and is suitable for veri cation of a con-
crete frame bridge and applicable when performing the di erent methods for both
reinforcement and concrete.

The model is built up by assuming, that instead of many di erent stress ranges
that corresponds to a real tra c situation, a single vehicle produces a stress range
that over many cycles builds up to a damage that could be compared to a real life
situation (SIS, 2010b).

The model composes of four axle loads of 120 kN in an arrangement according to

Figure 4.3. It's recommended to take into account the possibility that there might

be several vehicles on the bridge at the same time (SIS, 2010b). However, because
of the required distance of 40 meters between the centre of the vehicles, it requires a

certain span length to t both vehicles. As previously mentioned, it's not common

to design single span frame bridges with span length over 20 meters. Therefore, this

wasn't included in this project at this time.
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Figure 4.3 Fatigue load model 3 vehicle, reproduced from EN1991-2 with
permission from SIS.

To take into account that the load model constitutes an estimation of a real tra c
situation, a numerous of factors such as annual tra c volume and material de-
pendency needs to be handled with fatigue load model 3 in combination with the
Lambda method (SIS, 2008). For an early stage of the design phase, as in this
project, fatigue load model 3 was deemed to be su cient for the purpose of quickly
be able to perform fatigue veri cation of many frame bridges.

4.2.3.2 Fatigue load model 4

Another fatigue load model that is relevant for this bridge type and material is model
4, which is based on ve dierent standard lorries (‘equivalent lorries') similar to
load model 2. These standard load models occur in di erent proportion to corre-
spond to a real life tra ¢ situation (SIS, 2010b). This results in a model, where in
combination with a more complex fatigue damage calculation, gives a more accurate
estimation of the damage caused by the trac. However, for the purpose of this
tool it was deemed su cient to only implement fatigue load model 3.
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4.2.4 Combination of actions

The permanent and variable loads are combined in a basic combination, similar to
the frequent load combination. The load which is induced by the axle loads from
the fatigue load model is added to this combination (SIS, 2008), see Equation 4.2.
According EN1992-2 Annex NN, a factor of 1.40 should be multiplied to the axle
loads for the veri cation of reinforcement when using fatigue load model 3. In the
tool the basic combination and the axle loads were created separately in the model
and combined in post-processing where the factor also was applied to the relevant
bending moments and shear forces induced by the axle loads. By constructing the
script in this way, it was possible to reduce the number of steps in the analysis and
thereby reducing the computational time.

0 1
X n n " n 1] n X n n
@ Gyi"+"P"+" 11Qk1"+ 2i Qi A " +" Qrar (4.2)
i1 i1
where Gy characteristic value of the permanent loadl,
P value of the prestressing force,
Qx:1 characteristic value of the main variable load,
Qx:i characteristic value of the accompanied variable load
Qfat value of the fatigue load,

1;1

2;i

frequent value factor for the main variable load,
guasi-permanent value factor for variable loadl.

The fatigue load should be combined with the unfavorable basic combination ac-
cording to EN-1992-1-1, 6.8.3. With the conclusions drawn in section 4.2.2, this
resulted in one basic combination containing only two di erent permanent loads.
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4.3 Studied sections and sectional design

This chapter contains the framework for the fatigue veri cation part of the script
and presents how the sectional design was performed. It sets the foundation to what
information required from the FE-analysis and how this is processed by the script.

4.3.1 Sectional forces and reinforcement

The superstructure of the frame bridge consist of a one-way slab which transfers
sectional forces and moments in both longitudinal and transverse direction. These
sectional forces are obtained from a linear elastic FE-analysis in BRIGADE Plus
(Scanscot Technology AB, 2018) and needs to be transformed to design moments
and shear force. In a slab element, these sectional forces are calculated as force per
unit width (Engstrém, 2014).

4.3.1.1 Bending moment

The design of resisting moments for the reinforcing steel was calculated according to
(Engstrom, 2014) by combining the bending moments, and my with their coun-
terpart of m,, separately, according to the directions indicated in Figure 4.3. The
sectional moments were obtained from the FE-analysis where a negative moment
indicate that the top side of the slab is in tension and the bottom is compressed.
It is important to keep this consistent throughout the calculation process to get
the correct corresponding resisting moment for the reinforcement design. The same
principle was used when calculating the design moment of the cyclic loads, which
will produce a maximum and minimum for every cycle, which is another aspect to
why it is important to be consistent with the sign conventions.

For the calculations of the support moments, Equation 4.3 - 4.4 were used for x- and
y-direction, taking into account the contribution of the torsional moment according
to Engstrom (2014).

md = m j myj (4.3)
m?y = mS j My (4.4)

Similarly, the eld moments were calculated using Equation 4.5 - 4.6.

My = My + jmxyj (4.5)

3
1

My + jMyyj (4.6)
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4.3.1.2 Bending reinforcement

The process of generating a preliminary reinforcement design for analyzed bridge
models was already developed in previous work by Lofgren (2020) where the script
utilizes the resisting bending moments obtained from the FE-model. The pre-
liminary reinforcement design was then calculated according to ULS as stated in
Equation 4.7 provided by Engstrém (2014) unless a minimum allowed reinforcement
amount was necessary, which was then calculated according to Eurocode 2 (Lofgren,
2020). This was applied for both the slab and for the frame legs The preliminary
reinforcement designs are then veri ed with respect to fatigue in the parts of the
script that was developed for this study.

my

4.7)

where  m, resisting design moment [kNm],
fya design yield stress for the reinforcement [MPa],
z internal lever arm in the ultimate limit state[m].

The reinforcement was then arranged as presented in Figure 4.4 in order to estimate
the total reinforcement amounts, where the longitudinal reinforcement is distributed
in the transverse direction by partitioning the slab into two edge strips of 20% and
a middle strip as 60% of the slab width. This arrangement was also implemented to
the original script version by Léfgren (2020).

Figure 4.4 Principle sketch of slab proportions and reinforcement distribution.
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4.3.1.3 Shear force

The design value for the shear force in a slab is similarly to the bending moment
calculated by combining di erent direction from the FE-analysis, whereas the shear
force is performed by calculating the resultant of the force in longitudinal and trans-

verse direction (Pacoste et al., 2012). The procedure for this transformation was
performed according to Equation 4.8.

q
Vo= VitV (4.8)

When performing a FE-analysis on slabs where there is a concentrated load acting
on the slab, there is also a risk of obtaining large shear force peaks caused by the load
acting on a small area. This was resolved in this project by distributing the force
over an area in the perpendicular direction of the force, according to the procedure
proposed by Pacoste et al., 2012. This resulted in an average shear force within a
width indicated in Figure 4.5.

Figure 4.5 Distribution of shear force over a transverse section.

Eurocode does not provide any guidelines on how to calculate the width of the
distribution and this was therefore performed according to BBK04, see Equation
4.9.

8

< 7d+ b+t
= 4.9
b ©10d+1:3x (4.9)
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where x distance from transverse section to the centre of the
concentrated load,
d e ective height of the plate,
thickness of the road surface,
b width of the surface for the concentrated load.

4.3.1.4 Shear reinforcement

Just like the preliminary bending reinforcement design, the procedure for generat-
ing the preliminary shear reinforcement according to ULS was already integrated
to the developed script in previous work by Lofgren (2020). The preliminary shear
reinforcement is designed according to EN1992-1-1 (SIS, 2008) where the shear ca-
pacity of the concrete was compared to the applied shear force. If the shear force
exceeds the shear capacity in the studied section, preliminary shear reinforcement
was considered necessary and thereby applied to the section. This was applied for
both the slab and the frame legs. The shear reinforcement was then veri ed with
respect to fatigue in the parts of the script that was developed for this study.
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4.3.2 Critical sections

An aspect in this project is the computational time for the analysis which is highly
a ected by the number of steps in the FE-model. To reduce this time some simpli -
cation was needed regarding the load positions and the exibility of checking every
sections in the bridge. A study was performed on the sectional forces with the ba-
sic combination of actions to determine which sections in the longitudinal direction
are critical. The e ects was obtained in the middle of the bridge deck, see Figure 4.6

Figure 4.6 BRIGADE Plus model showing the paths which were used to extract
values for studying the critical sections.

The sectional moments in the frame were as expected large in the support sections
where the frame legs connects to the bridge deck and in the eld section, see Figure
4.7. Therefore, it was of interest to verify the bending moment in these sections of
the bridge. In the middle section of the frame legs, the bending moment seemed
to be relatively small, which indicated that this section may not be that decisive.
However, according to Eurocode EN1992-2, some exceptions can be made regarding
where to verify fatigue resistance. Also, Eurocode states that components that are
rigidly connected to the superstructure should be controlled. This means that both
frame legs and bridge deck are of interest regarding fatigue assessment. Therefore,
the middle section of the frame legs was also veri ed to ensure that it's not decisive.

29



4. Design
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Figure 4.7 Sectional moment,m, and mQ, in longitudinal direction, obtained in the
middle of the bridge deck and frame legs.

The shear forces were also large in the support sections where the cyclic loads were
expected to be large regarding the shear force variations, see Figure 4.8. For the
middle sections of the frame legs, the dominate force will be the earth pressure and
self-weight. The cyclic load on top of the bridge deck is thereby expected to have a
small in uence on this section. In this early stage of the design phase it is deemed
su cient that this section only will be checked regarding bending moment.
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Figure 4.8 Sectional shear forceyy, in longitudinal direction, obtained in the
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The critical sections that are of interest to implement and verify with regard to
fatigue were therefore deemed to be the sections according to Figure 4.9.

Figure 4.9 Critical sections and considered e ects for each section when verifying
fatigue.

The sections closest to the frame leg and bridge deck connection were placed at a
distance of0:9d from the support, whered is the e ective height of the cross-section,
because the shear force capacity is not needed to be controlled closer to the support.
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4.3.3 Inuence of creep

The inuence of creep in concrete structures is usually included when analyzing
structures exposed to long term loading. Thereby, it is suitable to include the long
term e ect of creep when assessing the fatigue capacity of a structure. However, due
to the limitations of this study, simpli cations have been applied to the calculations
and the in uence of creep was neglected. It is therefore important to have in mind
that the results would have been di erent if creep would have been included in the
calculations, whereas the Young's modulus is reduced when the in uence of creep is
included.

4.3.4 Sectional design

When assessing fatigue resistance in a reinforced concrete member, the studied sec-
tion should be assumed to be in a cracked stage (SIS, 2008). As the members are
not entirely in pure bending and normal forces are contributing to the sectional
forces in the structure, the neutral axis cannot directly be found by equilibrium of
sectional areas (EI-Emrani et al., 2011). Instead, the sectional constants were estab-
lished by an iterative procedure where the compressed zone rst was assumed and
then controlled by calculating the stresses in the neutral axis according to Navier's
formula, see Equation 4.10. When the assumption was correct, the stress in this
point should be close or equal to zero. The iterative procedure was implemented
in the script and performed until the assumption was correct and thereby enabled
the establishment of the correct sectional constants, see Equations 4.12-4.14. When
the correct sectional constants was determined, the stresses in the reinforcement
and in the most compressed bre could be established by the Navier's formula, see
Equation 4.10.

Nea . Neg e+ M
(D)= o (4.10)
I 1

where Negg design normal force [N],
MEeg design moment [Nm],
e eccentricity of the normal force [m]
z distance from the neutral axis to
the compressed concrete bre [m],
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The stresses in the reinforcement were also calculated according to Navier's formula,
except that z corresponded to the distance from the neutral axis to the reinforcement
level. In order to establish the stresses in the reinforcement, the calculated equivalent
concrete stress at the level of the steel was multiplied with the modular ratio of
concrete and steel, see Equation 4.11.

where

s = o(Zs) (4.11)

ratio between the Young's modulus of the steel and concrete,

«(zs) concrete stress at steel level [MPa],

and the sectional constants calculated as:

b x3

12

where b

ti

Al = b Xeet( 1)A2+ As (4.12)

2
Cb Xl Xp) H( DA P+ A(d xp) (413)

_bxtE+( DAY+ A d

A (4.14)

Is the width of the considered section,

height of the compressed zone,

ratio between the Young's modulus of the

steel and concrete,

amount of reinforcement in the compressed zone,
amount of reinforcement in tension,

distance from compressed side to the top reinforcement,
distance from compressed side to the bottom
reinforcement.
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In the assessment of fatigue in the shear reinforcement due to shear forces, the shear
stress was calculated with respect to the identi ed shear reinforcement amount and
the angle of the compressive strut in each studied section, see Equation 4.15.

VEd
. (4.15)
s;shear Ase 7 colf far)

sw

where is the amount of shear reinforcement

m2
per bar distance[ﬁ],

z is the distance between the top and bottom bending
reinforcement [m],
fat is the adjusted angle of the compressive strut,
\ is the design shear force[kN].

The angle of the compressed strut was adjusted to be more suitable for calculations
regarding fatigue assessment according to (Svenska betongfdreningen, 2012), see
Equation 4.16.

cot( 4 ) = ! cot( ) 1.0 (4.16)

where is the angle of the compressed strut.
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4.4 Modelling and script development

This section treats the speci cs regarding the implementation in BRIGADE Plus.

It includes placements of loads that are the basis for the analysis, how the forces
were obtained with respect to the critical sections and how they were applied in the
veri cation of the existing reinforcement arrangement.

4.4.1 Longitudinal placement of fatigue load models

In the longitudinal direction, the e ects from the fatigue load model was analyzed
when the load model was moving along the carriageway. This will give each section
of the bridge an amplitudinal variation in bending moment, shear and normal force,
which resulted in a maximum and minimum stress for each studied section (SIS,
2010b). With the critical sections located for the basic load combination, which
consist of only permanent load, it was possible to estimate which position of the
vehicle that produces the largest variation in force and moment when passing the
bridge.

In BRIGADE Plus, a module called Live Loads is included. This module contain
the possibility to simulate the passing of a vehicle which is prede ned in the design
codes. However, because of the fact that this module signi cantly increases the time
it takes to run an analysis, this module was not utilized in the script. However, it
was used to estimate simpli ed positions to be modelled as point loads at specic
positions for maximum and minimum forces corresponding to the critical sections.

Several di erent span lengths were studied with only the live load corresponding
to fatigue load model 3 applied, in order to isolate the e ect of the vehicle. The
di erent span length were then chosen depending on if the vehicle was completely
on the bridge or partially on the bridge. The results were analyzed with the built

in BRIGADE Plus tool Live Loads Axle Position (Scanscot Technology AB, 2017),
which utilizes in uences lines to determine the maximum and minimum position of
the axles corresponding to a chosen element (Scanscot Technology AB, 2017). This
position was noted with a speci c distance from the frame leg corresponding to a
proportion of the span length which coincided for the di erent length with only a
small di erence.

Analyzing the critical sections with respect to each sectional component generated
many di erent combinations which needed to be simpli ed. This was done by run-
ning all positions and study which positions that gave similar load e ects in the
critical sections. The positions could then be narrowed down to ve positions to
utilize in the analysis. To enable di erent skewed angles and di erent geometries
which results in a non-symmetric frame bridge, the positions presented below were
mirrored in the script, which resulted in a total of ten positions.
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For a one-span frame bridge, many position constituted a variation which only uc-
tuate between the basic combination, i.e. the vehicle was not placed on the bridge,
and the worst position when the vehicle was placed on the bridge.

Figure 4.10 shows the vehicle position for maximum positive sectional moment SM1
and SM2 for critical eld section 1. The position for torsional moment did not
become governing for any sections and therefore the value for SM3 was the accom-
panied value corresponding to the same position as to SM1 and SM2. The variation
uctuates between this position and the basic combination.

Figure 4.10 Position of vehicle for maximum positive sectional moment SM1+SM3
and SM2+SM3, critical section 1.

Figure 4.11 - 4.12 shows the vehicle position for maximum and minimum sectional
moments. The negative moment produces the largest moment and the variation
uctuate between a large negative moment and a small positive moment. These
positions apply for critical support section 2 and 3.

Figure 4.11 Position of vehicle for maximum negative sectional moment SM1+SM3
and SM2+SM3, section 2 and 3.
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Figure 4.12 Position of vehicle for minimum positive sectional moment SM1+SM3
and SM2+SM3, section 2 and 3.

Figure 4.13 shows the maximum position for sectional shear force SF4 and SF5 in
critical support section 2 and 3. The shear force uctuate between this position and
the basic combination.

Figure 4.13 Position of vehicle for maximum sectional shear force SF4 and SF5,
section 2 and 3.

The positions for the frame legs did not di er much compared to each other, see
Figure 4.14. These positions were therefore simpli ed to include all e ects which
are controlled in the frame legs. The variation for both shear force and sectional
moments uctuate between this position and the basic combination.
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Figure 4.14 Position of vehicle for maximum negative sectional shear force SF4 and
SF5 and sectional moment SM1+SM3 and SM2+SM3, section 4, 5, 6
and 7.
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4.4.2 Transverse placement of fatigue load models

For global veri cation, the general approach is to place the fatigue load model cen-
trally in the notional lanes. However, this may lead to a more conservative result
which might not be representative to the fatigue damage. Therefore, the placement
of the fatigue loads model may be based on a distribution that corresponds to the
physical lanes according to EN1991-2. The physical lanes are de ned according to
national regulations and are dependent on the allowed speed limits for di erent road
bridge sections (Swedish Transport Administration, 2021b).

When assessing the fatigue capacity of a frame bridge in this project, the fatigue
load model was placed centrally in the slow lane. The slow lane was de ned as the
lane which is predominantly used by heavy tra ¢ such as lorries, which is on the
lane to the most right in the direction of travel (SIS, 2010b). The nal placement
of the fatigue load model in the transverse direction is shown in Figure 4.15.

Figure 4.15 Positioning of fatigue load model 3 centered in a slow lane.

If the carriageway consists of two travelling directions, one slow lane would be placed
on each direction with the same distance from the edge as shown in Figure 4.15.
This would also a ect the number of cycles that the bridge is exposed to. According
to EN1991-2 this is managed by calculating the sum &f,,5 in one direction and the
sum in the other direction. The transverse placement on each side could be sym-
metrical but they would cause di erent stress ranges and therefore di erent fatigue
damage depending on where on the bridge the veri cation is performed. This case
would a ect the veri cation which is performed with Palmgren-Miner's principle ac-
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cording to Chapter 3, which in the script was utilized for the veri cation of concrete
in compression. When using the Lambda-method, this can be incorporated when
calculating the factor which takes into account if the structure is loaded from more
than one tra c lane. However, due to time limitation this was not included in the
script and the analysis was only performed on a single slow lane.

4.4.3 Obtaining forces from FE-analysis for fatigue veri ca-
tion

The sectional forces are obtained from transverse paths which correspond to the
critical sections presented in Chapter 4.3.2. For section 2 and 3, which refers to the
support sections of the slab, multiple e ects such as shear force and bending mo-
ment were analyzed. However, for some cases these sections do not always match.
As mentioned before, the shear force only needs to be controlled at a certain dis-
tance from the frame legs which results in that it is dependant on the thickness of
the slab. When performing an analysis in a set-based design procedure, many di er-
ent geometrical combinations occur, even some which may normally be disregarded
right away. This creates design alternatives where the path for section 2 and 3 is
located far towards the middle of the span. If the bending moment and shear force
would be obtained from the same path in this design, the bending moment would
result as less representative to the actual behaviour at the support. Therefore, the
bending moment was always obtained with a distance of an element size from the
frame legs, see Figure 4.16. The same argument applies to the sections in the top
of the frame legs.

Figure 4.16 Placement of transverse paths in BRIGADE Plus where e ects are
obtained.
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In fatigue veri cation, the e ects that need to be obtained always consist of a max-

imum and minimum force that will generate a stress range. Therefore, the script
always needs to nd and isolate the two load e ects that creates the largest stress
amplitude. As the purpose of this fatigue veri cation was to check the existing ge-
ometry and reinforcement in a design, the script utilized the existing arrangement
assumptions to determine where to obtain the e ects.

As described in Section 4.3.1.2, the deck slab is divided in three longitudinal strips in
order to distribute the bending reinforcement, as presented in Figure 4.4. The width
of each edge strip is 20% of the total width and is applied for both the plate and
for the frame legs. The two edge strips contains the same reinforcement amounts
and the middle strip is provided with a di erent amount depending on the design
bending moment from the preliminary design. The e ects were therefore obtained
in each strip to be able to verify the reinforcement. In post-processing, the script
ltered and determine in which strip the greatest di erence between maximum and
minimum was located and chose to proceed with the worst a ected strip.

The bending reinforcement that is placed in the longitudinal direction is controlled
in a similar manner, but the arrangement in this direction is designed directly from
the design value of the bending moment that varies along the bridge. This gener-
ates di erent reinforcement amounts in many sections. Therefore, the reinforcement
that was veri ed for fatigue consisted of the amount that was located at the specic
critical section of the current bridge design.

Regarding the shear reinforcement, the frame legs are distributed and managed in a
similar manner. However, for the bridge deck, the distribution of the shear reinforce-
ment is based on the spread of the shear force which correlates to the concentrated
loads in the FE-model. The shear force for the bridge deck was obtained as a single
value for the maximum and minimum shear force, which corresponded to the largest
amplitude along the transverse paths in the critical sections.

4.4.4 Modifying reinforcement amounts

As the fatigue veri cation proved to be sensitive depending on stresses and minor
changes to the sectional design, i.e. cross-sectional height and amount of reinforce-
ment, the design tool was designed to either show fatigue damage or utilization
ratio for every veri cation of the included materials. This creates the possibility to
analyze options that are close to the fatigue limit and thereby identify alternatives
which may become better options with small adjustments in reinforcement quan-
tities. Therefore, the selection process will also include alternatives which exceeds
the limit with 10%. By identifying in which veri cation the fatigue was not ful lled,

it was possible to modify the script in such a way that it provides the option to
increase the reinforcement in the relevant part of the structure. As an example, a
modi cation might consist of increasing the bottom transverse tensile reinforcement
in the close proximity to the sections that fails. This close proximity was determined
by an estimated distance which corresponded to 4/of the span length and reaches
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across the entire width of the frame bridge, where the choice afdepends on what
type of reinforcement should be increased and the dimensions of the structure. For
the support section, the distance was estimated away from the frame legs into the
slab structure. For the eld section, this distance is added on each side of the stud-
ied section, see Figure 4.17. The increase of reinforcement was performed in steps of
2.5% until it ful lled the requirement of the fatigue veri cation. The same principle

was utilized for the reinforcement increase in the frame legs. However, this process
was not automated in the script but was conducted for each studied case.

Figure 4.17 Principle sketch of slab proportions which can be increased.
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4.5 Script structure

In the set-based design method, the purpose is to generate many unique combina-
tions of di erent parameters which sets the outline of each frame bridge. The script
therefore takes parameters such as dimensions of the components in the structure,
material properties, type of foundation, tra c situation, service life and combines
them into a list of data which will be the basis for modelling and analysis.

The script was constructed by modules with separate assignments to keep the script
easy to maintain and make additions. These modules were designed in such a way
that they are managing one bridge at a time and then performing the same pro-
cedure for every desired combination. Figure 4.18 illustrates the foundation of the
script.

Keeping the structure of the script based on modules also eased the transfer of
variables and results between the separate modules within the script. This was es-
pecially helpful as the implementation of fatigue utilized the reinforcement which
was designed in one module and veri ed for fatigue in another. This also proved to
be an e cient way to achieve further control over the calculations and minimize the
risk of hidden errors when handling large amounts of data.

Since the script is interacting with BRIGADE Plus, it should be stated that even

if the commands are put in di erent modules, there is still possibility for interfer-
ence problems. An example of when a problem of this kind could occur was when
extracting XY-data from the FE-model in the post-processing. The code that ex-
ecutes this action utilizes a list of steps in BRIGADE Plus where they are sorted
in an alphabetical order and the step that should be extracted is determined by a
single number. If other modules create additional steps that are included in the
same analysis, this number which corresponds to the position in this list changes
and there is a substantial risk that the code is extracting and assigning the wrong
data to a variable.
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Figure 4.18 Flow-chart over the script structure of the set-based design tool.
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Application of the design tool

5.1 Evaluation criteria

Part of this study is to investigate the in uence of fatigue to a preliminary design
process and how the evaluation and design choices made in early stages of larger
projects could be aected. Using a parametric set-based design tool when estab-
lishing design alternatives for future projects could result in a simple procedure of
distinguishing cost e cient and environmentally friendly options. This could result

as bene cial for contractors or designers when submitting design solutions to cos-
tumers with ambitions to reduce the environmental impact of the project or material
costs.

The evaluation criteria that is studied in this thesis and included in the design
tool, consists of estimations of material cost and CQequivalents for each bridge
design produced by the design tool. In order to make comparisons of when fatigue
is implemented, the estimations of material cost per fnand CO,-equivalents are
the same as when introduced in the master thesis to which this project originates
from (L6fgren, 2020). The CQ-eq for both material was obtained from the environ-
mental product declaration (EPD) documentations from Svenska Betong, 2017 and
Celsa Steel Service AS, 2015 respectively, which includes the product stage in the
LCA of the speci c product. The quanti cation of costs and environmental impact

Is thereby as stated below:

Concrete C35/45
Estimated cost: 1 985 [SEK/nd]
Estimated CO,-eq: 388 [kg CG-eq/m?]

Reinforcement steel

Estimated cost: 14 400 [SEK/tn]
Estimated CO,-eq: 370 [kg CQ-eqg/tn]
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5.2 Case study

In order to investigate the utilization, bene ts of a set-based design method and the
aspect of being able to design multiple bridges autonomously, the ongoing project
North Bothnia Line was chosen as a reference project where multiple and similar
bridges are planned within the same project. The North Bothnia Line consist of
a 270km railway connection in the northern part of Sweden and includes over 100
crossings (Swedish Transport Administration, n.d.). This type of project was there-
fore considered as an inspiration to the idea of being able to utilize a set-based
design method, to produce several suitable frame bridge designs for a project where
a larger number of similar designs within the project might be needed.

Another aspect which was introduced by the master's thesis on which this work
originates from, is the idea of creating sets of standardized frame bridge designs
suitable for multiple situations. This could be of great interest in projects like
the North Bothnia Line as multiple standardized bridge designs could serve as cost
e cient and thereby desirable proposals for tenders in procurement (Léfgren, 2020).

5.3 Parametric study

A parametric study was conducted based on a set of input data for potential bridges
in the project described in the case study. The results from the design tool was
summarized to a large set of data for all of the bridges that were analyzed. Based
on this large set of data, parameters could then be isolated for further evaluation
and comparison. Also, the in uence of when fatigue is implemented to a preliminary
design while creating similar and standardized bridge designs was investigated. The
results from the parametric investigations are presented in Chapter 6.2.

5.3.1 Parameters of interest in fatigue assessment

A parameter which is included in the calculations for the fatigue assessment is the
established "Annual daily tra c" (ADT) amount for a speci c bridge. The ADT
describes the expected yearly tra c amount per day and is chosen based on the
expected amount of tra ¢ at the location of the bridge whereas the established traf-
c category then is determined based on additional regulations from the national
authorities (Swedish Transport Administration, 2020). The tra ¢ category is gov-
erned by the ADT accordingly:

" Trac category 1 should be applied if 6000< ADT 24000
Tra c category 2 should be applied if 1500< ADT 6000
" Trac category 3 should be applied if 600< ADT 1500
Tra c category 4 should be applied if ADT 600

46



5. Application of the design tool

The determined tra ¢ category governs the values for expected passing lorries per
year according to Table 5.1 (SIS, 2010b). The value dfys is then applied in the
calculations for estimating the fatigue capacity.

Table 5.1: Number of expected passing lorries per year.

Tra c category  Ngps

1 266

2 0:5e*®

3 0:125="6
4 0:05e"6

The design life for a structure is decided based on regulations from the national
authorities and the responsible designer. It constitutes an important parameter for
estimating fatigue capacity in a new bridge design whereas the chosen design life
a ects the expected loading cycles to the structure.

The design life is decided based on the following (Swedish Transport Administra-
tion, 2020):

" If a construction is unable to be repaired or replaced without disrupting nearby
railway tra c the design life should be chosen as at least 120 years.

" If a construction is able to be repaired or replaced without disrupting nearby
railway tra c the design life should be chosen as at least 40 years.

" For other constructions the design life should be chosen as at least 80 years.

Additionally, a service life of 150 years is added to be able to the determine e ects
from the fatigue in a case that is not a regulated design situation.
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5.4 Set-based design method

As mentioned in Chapter 3.1, the purpose of the set-based design method is to
produce a large number of di erent design alternatives and narrowing it down to

a suitable design. This section presents the prerequisites and input data that were
analyzed by the design tool and describes how the set-based design tool is utilized.

5.4.1 Set-based design selection procedure

To demonstrate how the tool could be used with the procedure of eliminating al-
ternatives regarding fatigue and de ection, a data-set with a speci ed annual daily
tra c amount and design life, but with several unique combinations of geometries,
was created for two predetermined span lengths. The parameters used for the anal-
ysis are presented in Table 5.2. In this example the height of the frame legs, the
size and type of foundation was set to the same for both sides of the bridge. The
intention of choosing these two span lengths was to be able to explore di erent be-
haviour in optimization based on de ection and fatigue.

Table 5.2: Design parameters used in the analysis to showcase an example of a
set-based design procedure.

Design parameter Variation of alternatives Unit
Span length 8.0, 14.0 m
Width 7.5 m
Thickness slab 02-14 m
Height frame legs 6.0 m
Thickness frame legs 0.2 - 1.0 m
Skewed angle 60, 70, 80, 90

Foundation Slab on ground -

Tra c situation Tra c category 1 -

Design life 120 years

5.4.2 Applying set-based design method to evaluate di er-

ent design alternatives
Another way of utilizing the tool is to nd and evaluate potential standardized so-
lution through quick comparison of the evaluation criteria, when producing a set of

frame bridges with their speci c geometries or by performing the design with fewer
unique solutions for the same prerequisite.
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According to Chapter 3.1, Vagverket, 1996 proposes that there may be bene ts to
increase the span length of the frame bridge to reach the required alignment to the
tra c line that connects under the bridge instead of skewing the angle of the bridge,
see Figure 5.1 - 5.3 for an example.

Figure 5.1 Principle sketch of a skewed frame bridge with an alignment of 60
(Vagverket, 1996).

Figure 5.2 Principle sketch of a perpendicular frame bridge which is adjusted
according to an alignment of 60 (Vagverket, 1996).
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Figure 5.3 Principle sketch of the same frame bridge that is adjusted for 6®ut
which also ful lls alignment for 70 .

To investigate the potential di erences in cost and environmental impact in per-
forming the above mentioned design situations, a data-set containing the minimum
required increase in span length to allow the same alignment underneath the skewed
frame bridge was created for. Because the skewed angle already exist in the previ-
ous data-set, two span lengths, 8.0 and 14.0 m was utilized in this analysis. The
perpendicular angled span lengths is calculated by adding the length of the adjacent
side of the skewed width of the bridge. This produced a number of new span lengths
correlated to each skewed angle of 6070 and 80, see Table 5.3 where the lengths
were rounded up to even half-meter lengths. Table 5.4 shows the nal parameters
in this data-set.
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Table 5.3: Table showing the alternative design for skewed angled bridges if they
were designed as perpendicular.

Skewed design Perpendicular counterpart
[Span length, angle] [Span length, angle]

8 meter, 60 12.5 meter, 90

8 meter, 70 11.0 meter, 90

8 meter, 80 9.5 meter, 90

14 meter, 60 18.5 meter, 90

14 meter, 70 17.0 meter, 90

14 meter, 80 15.5 meter, 90

Table 5.4: Design parameters for perpendicular skewed frame bridges used in the
analysis to compare evaluation criteria with skewed angled frame bridges.

Design parameter Variation of alternatives Unit
Span length 9.5,11.0, 125, 155, 17.0,185 m
Width 7.5 m
Thickness slab 02-14 m
Height frame legs 6.0 m
Thickness frame legs 0.2 - 1.0 m
Skewed angle 90

Foundation Slab on ground -

Tra ¢ situation Tra c category 1 -

Design life 120 years
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Results and Discussion

Results presented in this chapter are generated from running multiple bridge de-
signs through the developed set-based design tool. Several bridges designed by the
design tool were controlled by comparing sectional properties with the commercial
software Concrete Section 6.5 (StruSoft, 2021) and analytical calculations based on
Eurocode in order to validate and ensure the scripts credibility. Examples of ana-
lytical comparisons and calculations procedures are presented in the Appendix A-B.
Additionally, discussions regarding the results are presented in this chapter.

6.1 Executing the script

The script for this project was executed within BRIGADE Plus (Scanscot Technol-
ogy AB, 2018) with the graphical interface running. The analysis were conducted
on a personal computer with an Intel i7 processor which resulted in that the com-
putational time for each analysis including the fatigue veri cation was around 90
seconds. When only running the part of the script that generates the actual model
and preliminary design, the run-time was around 45 seconds. This approximate
run-time remained throughout the entire process. This results in the possibility to
perform around 50 bridge analysis per hour, which approximately can be expressed
in 950 analysis in a day. However, the computational time varied some depending
on the parameters and as the bridge was wider, the amount of computational steps
increased because of an increased amount of load placements.

Depending on what was of interest, the script was executed with di erent parame-
ters and intentions. The data-set that was the basis of the parametric study focused
mainly on the fatigue parameters; annual daily tra c and design life. This gener-
ated 480 unique combinations of geometries, which were combined with the fatigue
parameters and thereby produced a total of around 7700 unique combinations of
parameters. For the data-set which was used to study the set-based design method,
focus was instead set to di erent geometries which generated around 2000 unique
bridge designs.

Combining the data sets for the parametric study and the set-based analysis, a
compiled data-set of almost 10 000 combinations of design parameters for these
frame bridges took around a week of idle work to produce.
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6.2 Parametric study

In the parametric study, multiple parameters were analyzed in order to conclude
the response to fatigue in frame bridges and identify parameters which could prove
to be of larger signi cance to the results. The results from the parametric analysis
refer to di erent choice of tra ¢ category which is dependent on the expected tra c
amounts, as explained in Section 5.3.1. Additionally, results based on chosen design
life, also described in Section 5.3.1, are presented in this section to describe di er-
ences and similarities to the choice of tra c category. The denoted critical section
numbering is based on the explanation in Figure 4.9.

6.2.1 Daily tra c amounts and design life

In this section, the in uence of the chosen annual daily tra ¢ (ADT) and design life
is presented for several bridge designs in di erent critical sections of the generated
frame bridge designs.

6.2.1.1 Inuence of tra c category and design life

This section describes how fatigue damage in the reinforcement and the compressed
concrete is in uenced by the di erent tra ¢ category and design life. Figure 6.1-
6.4 show the fatigue damage obtained in the midsection of the carriageway slab
for various choice of tra c category and design life. The gures refer to results
obtained in the longitudinal direction in a frame bridge with a span length of 14

m with a slab thickness and preliminary reinforcement design that satisfy ULS and
de ection requirements. Failure due to fatigue occur if the utilization or fatigue
damage exceeds 1.0.
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Figure 6.1 Fatigue damage in the longitudinal tensile reinforcement with respect to
the choice of tra ¢ category for a chosen bridge design.

Figure 6.2 Fatigue damage in compressed concrete with respect to the choice of
tra c category for a chosen bridge design.
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Figure 6.3 Fatigue damage in the longitudinal tensile reinforcement with respect to
the choice of design life for a chosen bridge design.

Figure 6.4 Fatigue damage in compressed concrete with respect to the choice of
design life for a chosen bridge design.
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6.2.1.2 Results of varying tra c category and design life in a set-based
design set

In this section, results from a set-based design procedure for di erent choices of
tra c category and design life are presented for multiple bridge designs with vary-
ing span lengths. The design of the slabs, from which the results were obtained,
were designed according to ULS and their de ection in comparison to the de ection
limits, stated by the national authorities and as implemented in the original script
version by (Lofgren, 2020). The slab thicknesses for the studied span lengths are
presented in Table 6.1

Table 6.1: Table showing the slab thickness for each studied span length in the
parametric study. Each slab thickness ful lls the de ection requirement and has a

preliminary reinforcement design according to ULS. Additional dimensions for the

bridge design are stated in each corresponding gure.

Span length [m] Slab thickness [m]
6 0.22

8 0.265

10 0.31

12 0.355

14 0.395

16 0.435

18 0.47

20 0.51

22 0.55
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Figure 6.5 Fatigue in the longitudinal tensile reinforcement for bridges with
di erent span lengths and tra c category.

Figure 6.6 Fatigue in compressed concrete for bridges with di erent span lengths
and tra c category.

58



6. Results and Discussion

Figure 6.7 Fatigue in the longitudinal tensile reinforcement for bridges with
di erent span lengths and design life.

Figure 6.8 Fatigue in compressed concrete for bridges with di erent span lengths
and design life.
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6.2.1.3 Analysis of results for varying tra c category and design life in
a set-based design set

When studying the extracted result, it was possible to distinguish a di erence in
behaviour between the choice of tra ¢ category and design life. As seen in Figure
6.1 and 6.2, the increase of fatigue damage between the choice of tra ¢ category
seems to be larger in comparison to the di erent choice of design life as in Figure
6.3 and 6.4.

When comparing with a full set of bridge designs with varying span lengths, see
Figure 6.5-6.8, the response to the di erent choice of tra ¢ category or design life
remains similar for all studied span lengths, whereas the change in fatigue damage
seems to be larger for varying tra ¢ categories than for di erent choice of design
life. Additionally, the increase of fatigue damage due to di erent tra ¢ categories

is larger for tra c situations which correspond to tra ¢ category 2 and 1. On the
contrary, the fatigue damage between the di erent choice of design life seems to
reduce with a higher choice of design life.

Looking closer to the behaviour of the tensile reinforcement for di erent span lengths,
see Figure 6.5 and 6.6, it can be observed that the utilization of the fatigue capacity
has a peak at a 10 m span length. An explanation to this can be correlated to the
Lambda-method where the factor which takes the type of structure into account is,
according to EN1992-2 Annex NN, increasing for spans shorter than 10 m. In com-
bination with the adjustment factor, which is interpolated from 0.9 to 1.0 for span
lengths up to 10 m according to Swedish Transport Administration, 2020, these two
factors may cause the slightly lower utilization of fatigue for the shorter spans. How-
ever, because the designs are based on the de ection requirement, this peak may also
be explained by the amount of tensile reinforcement from the preliminary design in
relation to the generated stresses in the studied section. Additionally, the placement
of the fatigue loads may have an impact to the behaviour. Similarly to the tensile
reinforcement, the compressed concrete also experience a local peak around 10 m,
which could be explained by similar arguments regarding reinforcement amounts
and optimized thickness with respect to the de ection limits. Additionally, an in-
creasing fatigue damage was observed for the compressed concrete for longer span
lengths, see Figure 6.7-6.8.

The estimation of the fatigue capacity utilizes the Navier's formula in order to cal-
culate the stresses based on the tensile reinforcement amount, normal force and
bending moment. As the FE-model could include deviations while calculating the
load e ects and that the stress calculations were conducted by an automated itera-
tive procedure, the utilization of Navier's formula ended up to be rather sensitive to
these deviations which a ected the stresses and thereby the results. In the combina-
tion with the veri cation of fatigue in compressed concrete, which is calculated in a
logarithmic scale, values for the fatigue damage could vary to a large degree even for
minor changes. Therefore, the shifting magnitudes of the resulting fatigue damage
for the compressed concrete may be explained by a combination of the logarithmic
scale and the sensitivity of the automated stress calculations.
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6.2.2 Sectional comparisons

This section presents the comparison of sectional dimensions for generated bridge
designs satisfying ULS and that are veri ed based on de ection and fatigue limits

in the bridge deck, respectively. The studied bridge designs were chosen as designs
with a bridge deck that just ful lled the de ection limits and were then compared

to a bridge deck design that ful lled the fatigue veri cation. For simplicity, the
frame legs were ignored in this part and prescribed with a thickness of 0.6 m for all
bridges. The tra ¢ category and design life for this comparison are set to Category

1 and 120 years to be able to obtain comparative results.

6.2.2.1 Results for fatigue in preliminary bridge designs

This section presents the resulting fatigue damage for preliminary bridge designs
according to ULS, where the de ection and fatigue limits in the bridge deck are
just ful lled. For bridge deck designs, where the fatigue capacity was exceeded, the
slab thicknesses were adjusted in order to ful ll the fatigue limit in the the worst

a ected section in the slab, which was for the support section with respect to fatigue

in compressed concrete. The bridge deck dimensions for when based on ULS and
veri ed to de ection or fatigue limits, are presented in Table 6.2. The resulting
fatigue damage in the longitudinal reinforcement and the concrete, for both when
the bridge deck designs are adjusted with respect to fatigue or if only based on
de ection limitations, are shown in Figure 6.9-6.12 for the various critical sections.

Table 6.2: Table showing the corresponding slab thickness for each studied span
length in this section for when the bridge deck design is based on de ection and
fatigue, respectively.

Span length [m]  Slab thickness basedSlab thickness based
on ULS and de ection on ULS and fatigue

[m] limits [m]

6 0.22 0.25
8 0.265 0.3

10 0.31 0.38
12 0.355 0.45
14 0.395 0.54
16 0.435 0.58
18 0.47 0.65
20 0.51 0.73
22 0.55 0.76
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Figure 6.9 Fatigue damage to the longitudinal tensile reinforcement, in the
midsection of bridges with bridge deck dimensions according to ULS
and veri ed for de ection limits and fatigue, respectively.

Figure 6.10 Fatigue damage to the longitudinal tensile reinforcement, in the
support section of bridges with bridge deck dimensions according to
ULS and veri ed for de ection limits and fatigue, respectively.
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Figure 6.11 Fatigue damage in the compressed concrete, in the midsection of
bridges with bridge deck dimensions according to ULS and veri ed for
de ection limits and fatigue, respectively.

Figure 6.12 Fatigue damage in the compressed concrete, in the support section of
bridges with bridge deck dimensions according to ULS and veri ed for
de ection limits and fatigue, respectively.
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The modi ed bridge deck dimensions and their corresponding utilization ratios of
the de ection limits are presented in Table 6.3, for when the bridge deck designs
satisfy ULS and are veri ed for fatigue in the most critical section in the carriage-
way slab. This was done to describe the in uence of the fatigue veri cation to the
resulting de ections, in comparison to if the bridge deck only was veri ed to the
de ection requirements. The resulting slab thicknesses, adjusted to ful ll the fa-
tigue veri cation, can also be observed in Figure 6.13 in a comparison to if only the
de ection limits were considered.

Table 6.3: Table showing the nal utilization of the de ection limits for when
bridge deck designs are based on fatigue requirements.

Span length [m] Slab thick- De ection De ection  Utilization ratio

ness [m] [m] limits [m]  of de ection lim-

its [%0]
6 0.25 0.01005 0.015 67.0
8 0.3 0.01387 0.02 69.4
10 0.38 0.0147 0.025 58.8
12 0.45 0.01612 0.03 53.7
14 0.54 0.01628 0.035 46.5
16 0.58 0.01976 0.04 49.4
18 0.65 0.02107 0.045 46.8
20 0.73 0.02186 0.05 43.7
22 0.76 0.02662 0.055 48.4

Figure 6.13 Comparison of required slab thickness for bridge deck designed
according to ULS and veri ed for de ection limits and fatigue,
respectively.
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Along with the adjusted slab thickness presented in Table 6.3, the shear reinforce-
ment in the frame legs is inuenced as in Figure 6.14 where the fatigue damage
is presented for a section in the top of the frame leg. The studied bridge designs
satis es ULS and the bridge decks are veri ed for both de ection and fatigue.

Figure 6.14 Fatigue damage in the frame legs shear reinforcement for when a

bridge design, according to ULS and de ection, is veri ed for fatigue in
the slab.
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Figure 6.15 presents the fatigue damage for the compressed concrete in the midsec-
tion of the bridge deck and how the fatigue damage is in uenced by an increased
frame leg thickness. The studied bridge designs have the dimensions required to
satisfy ULS and de ection requirements and presents how the di erent frame leg
thickness in uences the fatigue damage in the bridge deck.

Figure 6.15 Fatigue in compressed concrete in the midsection of the slab for
di erent thickness of the frame legs.

66



6. Results and Discussion

6.2.2.2 Analysis of fatigue in preliminary bridge designs

In the results for the preliminary bridge designs it was noticeable that the fatigue
limit was exceeded for the compressed concrete and not for the reinforcement, see
Figure 6.9-6.10 and Figure 6.12. This can be explained by the relatively low slab
thickness required to ful Il the demands of de ection for each bridge design. This
will lead to larger stresses in the carriageway slab which generates higher fatigue
damage in the concrete. Therefore, the need for larger dimensions, compared to the
ones obtained based on the de ection limits in the script, was therefore necessary
in order to ful Il the requirements for fatigue in the compressed concrete.

As mentioned, it was possible to observe that the fatigue in the reinforcement rarely
exceeded the fatigue limit and thereby can be interpreted as seldom governing in
the slab of perpendicular bridge designs. When studying the adjusted bridge deck
designs, the overall fatigue damage in the reinforcement is reduced as seen in Figure
6.9 and Figure 6.10. This is reasonable as the amount of reinforcement is increased
along with the slab thickness. This leads to lower stresses in the reinforcements
which contributes to a lower fatigue damage. Observing the sections in the slab,
the behaviour of the tensile reinforcement is quite di erent when the sections are
compared to each other. The fatigue damage in the support section follows a gen-
eral descending trend against the increased span lengths, see Figure 6.10, which
corresponds to a similar behaviour as in midsection of the slab. However, as the
span length exceeds 14 m, another axle load from the load model is applied on the
carriageway which might explain the peak in fatigue damage that can be seen in
Figure 6.10.

The comparison of the fatigue damage in concrete subjected to compression for
di erent frame leg thickness proved to be especially interesting as a thicker frame
leg resulted in a lowered fatigue damage for longer span lengths. The comparison
presented in Figure 6.15 implies that thicker frame legs enables a bridge design to
have a thinner slab thickness. Furthermore, this supports that an inclusion of the
bridges every component would also increase the quality in the optimization with
the set-based design tool.

As seen in Figure 6.14, the fatigue limits were exceeded in veri cation of the shear
reinforcement in the frame legs for bridge designs with span lengths between 10 m
and 18 m. This suggests that in order to optimize a bridge design, all of its com-
ponents and multiple parameters need to be evaluated and compared in order to
ful Il the satisfactory requirement for fatigue. This is further described in section
6.3 regarding set-based design selection.
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6.2.2.3 Comparison to previous research

In order to support the arguments for the behaviour of fatigue damage for di erent
span lengths, other similar research were studied and compared to the results ob-
tained for this thesis. The particular results which were put in comparison to are
gathered from a master's thesis written by Karin Olsson and Josef Pettersson at the
Chalmers University of Technology in 2010 (Olsson & Pettersson, 2010). This the-
sis presents a comparison between the di erent fatigue assessment methods which
includes the lambda method and cumulative damage method, which also are used
in this project. Therefore, a comparison of the fatigue behaviour was conducted for
the same type of frame bridges and methods. In order to obtain comparative values
and to see if the developed script for this master thesis worked as intended, the
same dimensions as in (Olsson & Pettersson, 2010) was used for analyzing the fa-
tigue capacity estimated by the design tool developed in this project. However, it is
important to have in mind that the thesis by Olsson and Pettersson (2010) is based
on railway bridge designs while this thesis focuses on analysing road bridges. Thus,
this means that the loads are considerably smaller while analyzing road bridges
in comparison with railway bridges. Also, as the script is taking the full bridge
structure into account by FE-analysis, this could have an impact on the compari-
son. Additionally, simpli cations such as load placement and long term e ects di er
between the two theses. The comparison of the fatigue capacity for reinforcement
and concrete are presented in Figure 6.16 and 6.17, respectively. The span lengths
and corresponding slab thickness for the frame bridge designs that were used in this
comparison is presented in Table 6.4. The tra c category was set to Category 1
and the design life to 120 years for the bridge designs analyzed by the design tool
developed in this project.

Table 6.4. Table showing the dimensions for the bridge designs used in the com-
parison to previous research.

Span length [m] Slab thickness [m]
2 0.2

2.5 0.2

3.5 0.27

5 0.39

7.5 0.58

10 0.77
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Figure 6.16 Fatigue damage for longitudinal tensile reinforcement for the
midsection of a frame bridge analyzed in this project and compared to
other research.

Figure 6.17 Fatigue damage for compressed for the midsection of a frame bridge
analyzed in this project and compared to other research.

69



6. Results and Discussion

The comparison shows that the fatigue behaviour correlates well between the two
theses, but with an obvious di erence in magnitude of the fatigue damage. This is
reasonable as the train load model consists of larger loads which would in ict more
fatigue damage on the bridge structure.
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6.3 Set-based design method

In this section, an example of the selection procedure is presented for two chosen
span lengths. This method is used to evaluate di erent design alternatives to further
investigate how the design tool can be used as an aid in selecting an appropriate
design solution. While the previous section focused on analyzing the behaviour of
fatigue regarding the slab, this section will take a holistic approach by including
additional dimensions for the design and the possibility of di erent skewed angles.
Additionally, this process also includes an extensive fatigue veri cation, i.e. ten-
sile reinforcement in longitudinal and transverse direction, concrete in compression,
shear in concrete and shear reinforcement. These were veried in every critical
section.

6.3.1 Results for set-based design selection procedure

The results presented in this section are based on the data-set presented in Section
5.4. The selection is illustrated as a scatter analysis where each dot represents a
unique frame bridge. Figure 6.18 shows the elimination of alternatives designed
according to ULS and then veri ed for de ection and fatigue. This was done for
bridges designs with a span length of 8 m and a skewed angle of.90he analysis

is performed on 159 di erent combinations of varying slab and frame leg thickness,
see Table 5.2. The alternative which has a su cient design for every veri cation
and has the lowest material cost and total C@eq is indicated in Figure 6.18. This
alternative represents the options which is most suitable in this data-set.
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Figure 6.18 Scatter plot showing the elimination of frame bridges which doesn't
ful Il the de ection and fatigue requirement for a 8 m span length.

The elimination in the selection procedure was performed according to the order
de ned in Table 6.5. The verication is performed in separate steps in order to
illustrate the accumulated number of eliminated alternatives after each step.

Table 6.5: Table showing the elimination order, the accumulated number of elim-
inated bridges and the corresponding percentage in relation to the total number of
159 bridges. Table contains values for 8 m span length.

Veri cation order Accumulated number of Percentage
eliminated alternatives

1. De ection 21 13%

Fatigue

2. Tensile reinforcement 21 13%

- longitudinal

3. Tensile reinforcement 30 19%

- transverse

4. Concrete in compression 43 27%

5. Shear reinforcement 43 27%

Number of alternatives 116

satisfying all veri cations
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Figure 6.19 illustrate the same elimination of alternatives as Figure 6.18 but with
the inclusion of the alternatives that just exceeded the fatigue limit. These alter-
natives were analyzed further to identify in which critical section the fatigue limit
was exceeded. Then this critical section was reinforced according to the procedure
explained in section 4.4.4, see Table 6.6.

Figure 6.19 Scatter plot showing the elimination of frame bridges which do not
ful Il the de ection and fatigue requirement but also indicating
interesting alternatives where the fatigue limit is exceeded by just
under 10%, for a 8 m span length.

Table 6.6: Table showing the alternative within the 10% fatigue limit before and
after modi cation in comparison to the selected option which ful lled the fatigue
veri cation. Shows alternatives correlated to the 8 m span length.

Frame bridge Maodi cation Price [SEK] CO,-eq [kg CO-€]
Alternative A

Selected - 300370 42551
Alternative B

Original - 302319 41566

Modi ed Section 1, Transverse 302379 41567

Tensile reinforcement
5% Increase
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Utilizing the same data-set as for the 8 m span length, the same procedure was per-
formed on a frame bridge with a 14 m span length. See Figure 6.20 for the selection
procedure with indication of alternatives that just exceeded the fatigue limit. Table
6.7 - 6.8 shows the elimination percentages and modi cations for the frame bridge
closest to the fatigue limit.

Figure 6.20 Scatter plot showing the elimination of frame bridges which do not
ful Il the de ection and fatigue requirement but also indicating
interesting alternatives where the fatigue limit is exceeded by just
under 10%, for a 14 meter span length.
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Table 6.7: Table showing the elimination order, the accumulated number of elim-
inated bridges and the corresponding percentage in relation to the total number of
162 bridges. Table contains values for 14 m span length.

Veri cation order Accumulated number of Percentage
eliminated alternatives

1. De ection 43 27%

Fatigue

2. Tensile reinforcement 43 27%

- longitudinal

3. Tensile reinforcement 56 35%

- transverse

4. Concrete in compression 101 62%

5. Shear reinforcement 115 71%

Number of alternatives 47

satisfying all veri cations

Table 6.8: Table showing the alternative within the 10% fatigue limit before and
after modi cation in comparison to the selected option which ful lled the fatigue
veri cation. Shows alternatives correlated to the 14 m span length.

Frame bridge Modi cation Price [SEK] COs-eq [kg CO-€]
Alternative A

Selected - 578794 79686
Alternative B

Original - 550932 75453

Modi ed Section 4 and 6 550986 75454

Shear reinforcement
5% Increase
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6.3.2 Analysis of set-based design selection procedure

Analyzing the elimination procedure further indicates that the preliminary design
were su cient for fatigue regarding the tensile reinforcement in longitudinal direc-
tion, which correlates to the results from the parametric study. This was a behaviour
that also could be observed for the frame legs when investigating thinner dimensions.
However, when studying the transverse direction, several alternatives indicated an
insu cient design regarding the tensile reinforcement, but with a ful lled de ec-
tion requirement which occurred more often for the slab. Investigating this further
showed that the cases that failed were those that just ful lled the requirement of
de ection. When studying the reinforcement arrangement of these bridge designs,
they revealed that it was often only minimum reinforcement applied to the critical
section that failed. This indicates that the preliminary design sometimes produces
an insu cient design for the tensile reinforcement in the transverse direction. By
applying the possibility to detect the cases where the fatigue limit was exceeded
by a small percentage made it possible to identify and increase the reinforcement
amount of such alternatives where the tensile reinforcement in transverse direction
failed. As an example, the studied frame bridge with the 8 meter span only ex-
ceeded the fatigue limit limit by 4% in the critical section 1. The adjustment of the
reinforcement amounts resulted in an insigni cant increase in environmental impact
or material cost and can therefore be identi ed as a better design alternative, see
Table 6.6. Therefore, one could suggest that if a fatigue veri cation were to be
implemented in a set-based design environment, it would be necessary to include
a procedure to identify and adjust the preliminary design proposals which satisfy
ULS and the veri cation for de ection, but just exceeds the limit for fatigue. This,

in order not to mistakenly eliminate suitable alternatives.

Using the same data-set in both analysis resulted in, as expected, several addi-
tional alternatives that were eliminated for a studied bridge with 14 m span length.
However, the behaviour of tensile reinforcement was similar for both span lengths,
which again indicate that the preliminary design that the script generates is su -
cient regarding the fatigue veri cation for this type of reinforcement. The largest

di erence in number of eliminated bridges between the two span lengths was found
in the fatigue veri cation of concrete in compression. The reason for this is that
the reinforcement is designed according to the bending moment which results in a
higher reinforcement amount for longer spans because of larger load e ects. The
concrete in compression is more dependent on the cross-sectional height which is
predetermined correlated to which design alternatives the user wants to analyze.
Investigating which critical sections that failed due to fatigue for concrete in com-
pression showed that it was often the compressed zones, as shown in the parametric
study, that failed. When including additional options for the frame leg thickness,
this behaviour was also observed in the compressed zone located in the thinner frame
legs.

By investigating the frame legs closer, it was noticeable that the design alternatives
that failed for longer span lengths were those with thinner frame legs and the fatigue
failed mainly in the critical section 4 and 6. Failure in the midsections of the frame
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legs, critical section 5 and 7, proved to be very rare. It could therefore be assumed
that the fatigue capacity will not be governing in these sections. However, if these
sections would fail, the probability is high that other sections would already have
failed. For the design alternative of 14 m, it could be observed that the frame legs
had an important role as an increased span length demanded further capacity in the
frame legs because of the increased load from both self-weight and the placement
of the fatigue load. This enabled the possibility for additional design alternatives
to be close to the fatigue limit and thereby require a minor change to ful ll the
fatigue veri cation. By investigating the cases where the fatigue limit was exceeded
with less than 10%, it was possible to nd a design which had a signi cantly lower
material cost and environmental impact compared to the selected case, as seen in
Table 6.8. This particular design only exceeded the limit by 4% for the shear rein-
forcement in critical section 4 and 6, i.e. the top of the frame legs. As the amount
of shear reinforcement in this section proved to be very small, an increase of only
5% of the reinforcement amount in the close proximity of the section was required
to ful Il the fatigue veri cation.

In general, the fatigue veri cation for the shear reinforcement had no in uence for
the shorter span length compared to the longer span lengths where several alter-
natives were eliminated by insu cient shear reinforcement amounts. The sections
that failed regarding the shear reinforcement was located both in the slab and in
the frame legs. This implies that a longer span will put more demand on these parts
regarding the fatigue strength in the shear reinforcement.

By implementing the fatigue veri cation, the design tool includes and analyzes more
parts of the bridge. This is important in a set-based design method because the
implementation creates the possibility to eliminate combinations that ful lls the re-
quirement for de ection but not for fatigue. As the veri cation based on de ection
do not a ect the frame legs as much as for the slab, the fatigue veri cation includes
the frame legs in the selection process. Therefore, by implementing fatigue veri ca-
tion for both the frame legs and the slab makes the optimization of an entire bridge
design even more accurate and realistic.

In order to obtain a bridge design that is optimized through a set-based design pro-
cedure, it is therefore needed to specify as many design combinations as possible for
the tool to analyze. In this way, the accuracy of the optimization is increased and
also the quality of the set-based design procedure. In the examples investigated in
this section, it showed that only two cases of alternatives where the fatigue limit
exceeded within the 10% for each span lengths existed. If the parameters would
have been re ned to smaller intervals, the probability for additional cases would be
higher which might result in better options.
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6.3.3 Results of design alternatives for skewed angled frame
bridges

This section presents results with the purpose of comparing the consequences of
choosing di erent design alternatives for the same design situation. Therefore, this
part focuses on the comparison of a skewed angled and a perpendicular frame bridge.
With the objective to investigate the in uence of fatigue, a perpendicular frame
bridge, where the slab thickness was optimized based on the fatigue in compressed
concrete, was initially analyzed. The same dimensions were then analyzed but with
the skewed angle of 60instead. The comparison of the fatigue damage due to the
skewed design is presented in 6.21.

Figure 6.21 Fatigue damage in the compressed concrete for a bridge with a 14 m
span when perpendicular and when skewed by an angle of .60he
diagram shows the fatigue damage in every critical section of the frame
bridge.
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Even if the tensile reinforcement seldom proved to be governing in the parametric
study, it was of interest to investigate if the skewed angle had an e ect on the uti-
lization of fatigue in the tensile reinforcement, see Figure 6.22.

Figure 6.22 Utilization of the fatigue capacity in the tensile reinforcement for a
bridge with a 14 m span when perpendicular and when skewed by an
angle of 60 . The diagram shows the utilization in every critical
section of the frame bridge.
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To further determine the consequence of choosing di erent design alternatives re-
garding the di erent evaluation criteria, the same set-based design selection proce-
dure as in section 6.3.1 was studied to nd the most suitable frame bridge in the
data-set. Two span lengths of a skewed angled frame bridge were included in this
analysis to see potential di erences in behaviour between a shorter and longer span.
Figure 6.23 compares the evaluation criteria for a 8 m frame bridge of the di erent
design alternatives explained in section 5.4.2.

Figure 6.23 Comparison of evaluation criteria for di erent skewed angled of a 8
meter span length and its corresponding minimum required span
length designed with a perpendicular angle.

The same comparison of evaluation criteria is performed for a frame bridge with a
span length of 14 m, see Figure 6.24.

Figure 6.24 Comparison of evaluation criteria for di erent skewed angled of a 14 m
span length and its corresponding minimum required span length
designed with a perpendicular angle.
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6.3.4 Analysis of design alternatives for skewed angled frame
bridges

Analyzing the results closer, a descending trend can be observed when comparing the
material cost between the di erent span lengths, a trend that also can be found in
the comparison of CQ-eq for the longer span. However, for the shorter span lengths,
the di erences in material cost were only minor and the C@eq for a skewed frame
bridge of 70 was greater than for the other studied angles. Investigating this fur-
ther, the material cost for concrete was cheaper compared to reinforcement steel
which indicated that the frame bridge with the skewed angle of 7Qutilizes more
concrete than the other options while the dimensions remains very similar. This
situation is an ideal example of where a re nement of the input parameters may be
needed to achieve an even more accurate comparison.

Comparing the di erences between the adjusted and the original design, it is clear
that the e ect of designing a frame bridge with a greater angle as perpendicular had
a larger impact than the other skewed angles. This behaviour was expected because
the amount of material is increased for alternatives with a skewed design. It can
also be observed that the di erence was smaller for the longer span option which
could be an indication that the frame legs is a ected more regarding the material
increase than the slab in a skewed design. For the longer span length, the slab con-
stitutes a larger part of the structure compared to the frame legs. This resulted in a
small e ect to the evaluation criteria regarding changes in material in the frame legs.

In further comparison between skewed and perpendicular bridge designs, the fa-
tigue in compressed concrete was exceeded when a perpendicular bridge design with
a certain span length was studied as skewed. Figure 6.21 shows the damage for
all section and indicates that the fatigue damage was increased in sections on one
side of the bridge. The reason for this is because of the asymmetrical load case
when assuming one slow lane on the bridge. If the frame bridge would be designed
with respect to fatigue, the load e ects would have been mirrored to handle all load
situations, which for a skewed bridge means that it's mirrored diagonally to the
opposite side. Observing Figure 6.21 closer, it can be seen that there was a small
di erence in results for section 6 compared to section 4 for a perpendicular bridge
design, even if this was analyzed for a symmetrical design. This may be explained
by the sensitivity of the fatigue veri cation in combination with the sensitive stress
calculation mentioned in the parametric study, where small di erence in the normal
force and bending moment from the BRIGADE Plus model and small di erences in
the reinforcement amounts, ends up making a noticeable impact to the result.

The fatigue behaviour of the tensile reinforcement was as expected in line with

previous results, where the fatigue veri cation was not governing. However, a slight

increase in fatigue damage could be observed for the two critical sections in the slab
closest to the supports as seen in Figure 6.22.
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6.4 Applying set-based design on North Bothnia
line

One purpose of this master thesis is to investigate how a set-based design method
may lead to an easier way of reviewing and overlooking di erent design alternatives.
A large project where such method can be utilized is as previously mentioned the
North Bothnia line with over 100 crossings with similar design situations. This
creates the possibility to evaluate if there may be benets of grouping di erent
design alternatives. In order to present an example of how to apply the method,
a scenario is set up which consists in 10 frame bridges with di erent prerequisites,
where every frame bridge has the same width of 7.5 m. The purpose was to evaluate
the total e ect regarding the criteria when these 10 frame bridges are designed
within di erent groups, instead of individually. Each frame bridge in this analysis
was selected according to the same set-based design method as presented in previous
sections. The designs in Table 6.9 represent the bridges that needs to be designed,
with the dimensions that are the most suitable for their situation.

Table 6.9: Table showing the most suitable designs for the initial design scenario
including span length, skewed angle, material cost and Gequivalent.

Frame bridge Span length [m]  Angle Price [SEK] Cfeq [kg CO-€]

Bridge 1 8.0 60 347900 47229
Bridge 2 8.0 70 347114 48882
Bridge 3 8.0 80 330022 46835
Bridge 4 9.5 90 383915 54209
Bridge 5 11.0 90 459555 64401
Bridge 6 14.0 60 610071 83562
Bridge 7 14.0 70 595238 81497
Bridge 8 14.0 80 569112 78054
Bridge 9 14.0 90 550986 75454
Bridge 10 155 90 583103 79129
Total 4777020 659256

Nr. of designs 10

Taking a closer look at the bridges, there are many bridges with the same span
length but with di erent alignments. If these bridges could be grouped in such way
that the skewed angled bridges are replaced with perpendicular angled frame bridge,
it may save time designing all the alternatives. A conservative option would be to
set up a design group based on perpendicular designs corresponding to the angle of
60, see Table 6.11. If the group is compared to the original execution in terms of
material cost and environmental impact, the adjusted design group resulted in an
signi cant increase of almost 30% for both criteria. Grouping them in this manner
would result in the need to produce only 3 di erent frame bridge designs. However,
the large increase in both material costs and C&e might constitute the argument

to reconsider a di erent design group.
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Table 6.10: Table showing group alternative 1, which results in 3 di erent designs
for all 10 design situations and presents the material cost and environmental impact
compared to the initial execution.

Frame bridge Span length [m] Angle Price [SEK] Coeq [kg CO-€]

Bridge 1 12.5 90 542153 75522
Bridge 2 12.5 90 542153 75522
Bridge 3 12.5 90 542153 75522
Bridge 4 12.5 90 542153 75522
Bridge 5 12.5 90 542153 75522
Bridge 6 18.5 a0 759676 101630
Bridge 7 18.5 90 759676 101630
Bridge 8 18.5 90 759676 101630
Bridge 9 15.5 90 583103 79129
Bridge 10 15.5 90 583103 79129
Total 6156006 840765
Increase 29% 28%

Nr. of designs 3

The increase for group alternative 1 is quite extensive. Therefore, other options
might be more suitable to adapt. As shown in section 6.3.3, the largest di erence
between the evaluation criteria when executing the bridge in a perpendicular design
is found when the skewed angle is 60Keeping these alternatives according to the
original execution may therefore be more bene cial. Another proposal for a design
group could therefore be that the perpendicular option could instead be adapted
based on an angle of 70which would result in shorter span lengths for the other
frame bridges. Changing these alternatives accordingly results in a total increase of
10% for material cost and environmental impact. This group alternative resulted in
the need to design 5 di erent frame bridges.
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Table 6.11: Table showing group alternative 2, which results in 5 di erent designs
for all 10 design situations and presents the material cost and environmental impact
compared to the initial execution.

Frame bridge Span length [m] Angle Price [SEK] Coeq [kg CO-€]

Bridge 1 8.0 60 347900 47229
Bridge 2 11.0 90 459555 64401
Bridge 3 11.0 90 459555 64401
Bridge 4 11.0 90 459555 64401
Bridge 5 11.0 90 459555 64401
Bridge 6 14.0 60 610071 83562
Bridge 7 17.0 90 647240 86617
Bridge 8 17.0 90 647240 86617
Bridge 9 15.5 90 583103 79129
Bridge 10 15.5 90 583103 79129
Total 5256881 719891
Increase 10% 9%

Nr. of designs 5

Even if it is clear that the group alternatives will result in an increase in both ma-
terial cost and environmental impact, the knowledge of how much a whole group
of bridges is a ecting the nal result may be valuable in decision regarding pro-
duction methods. According to a study performed by Rashem and Swahn, 2018,
which presented two case studies with the purpose to compare prefabricated and
in-situ cast frame bridges, the results indicated that prefabricating a frame bridge
would results in both savings and improvements regarding material cost, transport,
working environment and environmental impact but could also result in reduced
construction time and tra ¢ delay. This could possibly be put in comparison to the
total cost and CO,-eq of the group alternatives to determine if the savings in time
and material are possible to achieve by producing groups of similar prefabricated
frame bridges and reduce the number of designs. If the savings could outbalance the
10% increase it would be bene cial to design these frame bridges as groups. It is
valuable to be able to do this assessment as early in the design phase as possible and
as the tool can quickly create a range of designs and evaluate these, this method
can be done with ease and be of aid in the decision making. A set-based design
tool may therefore be a valuable asset in a large project where standardizing several
bridge designs might be bene cial.

As shown above, by utilizing the method in a large project to create a data-set of
several bridge designs, it is easy to analyze and compare not only individual design
but rather whole groups. This gives the possibility, in an early design phase, to get
an overview of which alternatives can benet from di erent production methods.
However, further research is needed to be able to conclude possible consequences in
term of savings when utilizing di erent production methods.
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6.5 General observations

Throughout the generated results of fatigue damage in the critical sections studied in
this analysis, a general behaviour in fatigue damage for concrete frame road bridges,
with di erent span lengths, can be observed. It is noticeable that the fatigue damage
in the midsection increases along with an increasing span length until a point where
it starts to decrease. This response is especially noticeable for designs with shorter
span lengths. At the support sections, the response for di erent span lengths seem
to di er from in the midsections where the fatigue damage can be assumed as more
constant. This constant increase of fatigue damage can be due to to the fact that
the reinforcement amounts remains constant as a minimum allowed reinforcement
amount. In combination with an increasing load and ampli cation of the lambda
method, this would generate an increasing fatigue damage in designs with di erent
span lengths. For support sections, the moments are larger and the reinforcement
amounts may change even for bridges with shorter spans. This would explain why
the fatigue damage remains constant, as loads and reinforcement amounts both in-
crease.

Additionally, a noticeable change in the results for the reinforcement occurs for
bridges with span lengths shorter than 10 m. A possible explanation could be that
the Lambda-method that is used in the calculations for the reinforcement contains
factors which di ers between shorter and longer span lengths. This suggests, in line
with the inadequate instructions in (SIS, 2005) for spans shorter than 10 m, that
the lambda method would be more suitable for assessing bridges with spans longer
than 10 m.

6.6 Sources of error and deviations

In order to reduce run-time in the analysis, simpli cations where made for load
placements as described in chapter 4. These simpli cations could result in an ap-
proximation of the load e ects that governs the maximum and minimum limits in a
stress cycle, which thereby a ects the estimated fatigue damage. If the load place-
ments could be developed further for each bridge design analyzed in the set-based
design procedure, the quality of the fatigue assessment would be improved.

The purpose of set-based design is to analyze large amount of di erent geometrical
combinations. To get the script working for all possible combination has been one of
the most challenging aspects of the project. One simpli cation that reaches across
the modules in the script that designs the shear reinforcement and veri es it for fa-

tigue, was regarding the connection between slab and the frame legs. In the current
state of the script, the arrangement of the shear reinforcement close to the this con-
nection is generated in such a way that the large di erences in thickness of the slab
and the frame leg becomes problematic regarding how BRIGADE plus analyzes the
load e ects. This part needs to be further developed so that the arrangement can
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be more accurate and generate the shear reinforcement in a more realistic way. This
problem translates to the veri cation of fatigue in the shear reinforcement. Solving
this would increase the accuracy for extreme combinations.

As the calculation of sectional stresses is conducted through an automated iterative
process, the quality of the results could be a ected by the accuracy of the calcu-
lations. In order to reduce the run-time for the analysis, the increments in the
iterative process in the script was kept to a certain length. However, if the iterative
process would be even further developed by increasing the number of iterations, the
accuracy of the stress calculations might be improved.
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7.1 Concluding remarks

As the tra c category and choice of design life proved to have an in uence to the
nal fatigue damage in the generated bridge designs from the set-based design tool,
the actual choice of tra ¢ category could result in bene cial consequences for the
bridge design. Not only would the design choices a ect how the bridge performs
when built, but also enable the designer to prevent future problems if the trac
conditions of the bridge would change. Therefore, the design would bene t from a
choice of tra ¢ category which could withstand this possible change of tra c situ-
ation.

During this project, several comparisons of bridge designs generated by the design
tool were conducted in order to determine the in uence of an inclusion of fatigue to
the preliminary designs according to ULS generated by the design tool. This proved
to be of signi cance as several of the initially proposed designs, which ful lled the
de ection requirement, failed when assessing the fatigue capacity, especially for the
concrete subjected to compression. The fatigue limit was rarely exceeded for the
bending reinforcement in the majority of the designs.

Implementation of the fatigue veri cation resulted in that several more parts of the
frame bridge was included in the design veri cation process and thereby to the se-
lection procedure, which in the end in uenced the nal results for the material costs
and CO,-eq. By investigating cases for which the fatigue limit was exceeded by a
small degree, it was possible to identify and reinforce these bridge designs. This
resulted in additional frame bridges that were even better regarding the evaluation
criteria. Thus, the result suggested that it is important to optimize geometry and
reinforcement based on fatigue rather than just verifying if the fatigue is ful lled.

Applying the principle of a set-based design method to a large infrastructure project,
it was possible to quickly compare and evaluate di erent alternative designs in an
early phase. It was shown that the tool can be used as an aid to the decision making
of production methods in the projects to determine and standardize designs which
then can be produced as groups. The evaluation based on material costs and en-
vironmental impact suggested that standardization could be bene cial in terms of
costs related to design work. However, in order to conclude if a standardized bridge
design could be bene cial with respect to environmental impact, further research
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with a wider perspective in LCA and how the choice of production method may
a ect the evaluation criteria need to be explored.

7.2 Further studies

This section presents parts that may need to be further studied in order to generate
more reliable results and develop the design method.

The e ect from the tra c situation proved to have an in uence to the fatigue ver-

| cation. Because this project only included one slow lane and only considers road
bridges, it may be interesting to further study additional tra ¢ conditions. This
may include investigating the e ects of additional lanes and railway bridges. By
investigating this, the width of the frame bridge could be of more importance when
analyzing the possibility of standardizing di erent alternatives.

As mentioned in the report, the design is a ected by the alignment from the passing
underneath and the connection to the network that crosses over the frame bridge.
What was not considered in the project however, was that in Sweden there is a hi-
erarchy regarding priority between waterways, railway tra ¢ and road tra c. The
waterway is the highest prioritized tra ¢ type and road tra c is the least prior-
itized, which means that in a case where railway tra c and road tra c overlap,

the road is adapted according to the design of the railway. Therefore, it might be
necessary to include this in the set-based design method to be able to consider what
tra c type the frame bridge is designed for.

An automated adjustment of the reinforcement amount for bridge designs which
fatigue limit is exceeded by just a smaller percentage could be implemented in order
to identify additional design alternatives which could be perceived as suitable design
proposals, as described in Section 6.3. A possible solution to achieve this could be
to implement a parametrization of the reinforcement which takes the fatigue assess-
ment into account.

In this project, the selection procedure was based on evaluation criteria where ma-
terial costs and CQ-equivalents were quanti ed. Further research regarding LCC
and LCA analysis could be implemented in order to achieve an even more accurate
evaluation of the bridge designs with respect to aspects beyond the product stage.
This would contribute to an even more realistic evaluation in the set-based design
tool.

If further development of the existing evaluation criteria but for additional concrete

classes and reinforcement types would be implemented in the tool, the possibility to
draw conclusions regarding di erent alternatives would increase.
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A

Result of analytical comparison

This appendix presents the analytical comparison between hand calculations and
the extracted results produced by the script of the calculation process for fatigue
capacity utilized for this project. The calculations are based on sectional forces and
dimensions obtained from the FE-model produced by the developed Python script.
The reinforcement amounts are also extracted from the preliminary design gener-
ated by the same script.









A. Result of analytical comparison




B

Analytical calculation procedure
for fatigue

This appendix includes the hand calculations used in order to validate the results
generated from the script with respect to the calculation process for fatigue accord-
ing to Eurocode. The calculations are based on sectional forces and dimensions
obtained from the FE-model produced by the developed Python script. The rein-
forcement amounts are also extracted from the preliminary design generated by the
same script. The structure of the analytical calculation is set up in a way which
makes is possible to control speci c variables and easily compare it to speci ¢ vari-
ables in the script.
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