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ERIC NILSSON

Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract

Railway bridges are highly susceptible to fatigue, which typically governs their de-
sign. By applying High Frequency Mechanical Impact (HFMI) treatment to enhance
fatigue strength, new opportunities arise to effectively utilize Higher Strength Steel
(HSS) without increasing dimensions for the cross-section. To evaluate this poten-
tial, a Parametric Design Model (PDM) was developed in MATLAB and combined
with a Genetic Algorithm (GA) to optimize simply supported, single-track, twin
I-girder railway bridges (10-40 m spans) across steel grades S355, S460, and S690.
The GA optimizes the cross-sectional geometry to minimize total initial produc-
tion costs taking encompassing material, welding, and painting in to account while
strictly verifying the designs against Fatigue Limit State (FLS), Ultimate Limit
State (ULS), and Serviceability Limit State (SLS) criteria.

This thesis then investigates whether it is profitable, and in which combinations of
HFMI and HSS, the potential for material and cost savings is greatest. The re-
sults demonstrate that the most significant cost savings are achieved using HFMI
in combination with steel grade S355. While steel grades S460 and S690 provide
some benefits compared to the As-Welded (AW) case for shorter span lengths of
10 m, its economic viability is severely restricted for longer spans. A key finding
regarding the failure modes is that while FLS strictly governs the AW that is used
as the reference designs case, the application of HFMI shifts the governing failure
mode to ULS for shorter spans, and entirely to SLS deflection for spans over 20 m.

To get representative results the optimization was done considering total investment
cost. Conversely, data was analysed comparing both impact on C'Os-emissions and
total Life Cycle Cost (LCC). These comparisons implied some even greater potential
for design optimization utilizing HFMI if full life cycle were to be considered. In
addition, an easier comparisons of fatigue design methods was made, which indicated
that the positive benefits from HFMI is method independent.

Keywords: HFMI, Fatigue, Railway bridges, Design optimization, Overload effects,
Genetic algorithm, HSS, ESR, Agrasr.
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Nomenclature

Below is the nomenclature of indices, parameters and variables that have been used
throughout this thesis.

Indices

i,] Indices for nodes, units, or specific stress cycles
Parameters

Areta Reference area of the structure for wind actions

Ce Shape factor of the structure for wind load calculations

Qtraf fic Load magnification factor for Load Model 71

Brs Rail shift factor to consider track eccentricity

YMf Partial factor for fatigue resistance

Vrf Partial factor for applied stress ranges Aog

VG, self Partial factor for permanent action (self-weight)

YQ.LMT1 Partial factor for variable action (Load Model 71)

YQ,nosing Partial factor for variable action (nosing forces)

YQ, traction Partial factor for variable action (traction forces)

YO, wind Partial factor for variable action (wind loads)

fi Factor for steel yield strength on fatigue strength of HFMI-treated

welds
f2 Factor for the effect of R-ratio on fatigue strength of HFMI-treated
welds

ks Reduction factor for fatigue resistance to account for size effects

k¢ Stress concentration factor for thickness taper

mi, Mo Slope parameters of a fatigue resistance curve

Lg Determining length of the structural element
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xii

Characteristic fatigue resistance in as-welded condition at 2 - 10°
cycles

Characteristic fatigue resistance for HFMI-treated detail at 2 - 106
cycles

Reference value for fatigue resistance of HFMI-treated detail (f, =
355 MPa, R =0.1)

Constant amplitude fatigue limit (knee point)
Cut-off limit

Characteristic constant amplitude fatigue limit (knee point) for
HEMI-treated detail

Reference value for constant amplitude fatigue limit of HFMI-
treated detail

Maximum stress range generated from Load Model 71 (used for
calculating ®)

Characteristic stress range at intersection of fatigue resistance
curves in as-welded and HFMI-treated state

Stress from permanent loads

Damage equivalent factor to account for mean stress effect in spec-
trum loading

Damage equivalent factors in the simplified A-coefficient method
Ratio of permanent stress to stress range of the load model
Dynamic factor for railway traffic loads

Characteristic vertical point load for Load Model 71
Characteristic vertical distributed load for Load Model 71
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Characteristic peak velocity pressure

Basic wind velocity
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1

Introduction

This chapter defines the aim, objectives, and limitations of the study, and provides
the necessary background for the thesis. It introduces the role of High Frequency
Mechanical Tmpact (HFMI) treatment as a tool to optimize the design of railway
steel bridges, specifically by enabling higher material efficiency and extending service
life. A twin I-girder railway bridge is evaluated across various spans to determine
the conditions under which HFMI treatment provides the most significant structural
and economic benefits.

1.1 Background

Bridges play a central role in public infrastructure and transport systems and are
important assets for the national economy. Therefore, effective maintenance and
repair strategies are crucial not only to minimise operational disruptions but also to
control the significant costs associated with infrastructure management. Unexpected
closures due to structural defects have serious economic consequences, including lost
revenue for freight operators and high direct costs for emergency repairs. An exam-
ple of this is the 2023 disruption of the Iron Ore Line (Malmbanan), where LKAB
claimed losses of 100 million SEK for every day trains were out of operation (Stern-
lund, 2023). Ensuring the reliability of these structures is therefore both a logistical
necessity and a matter of economic efficiency.

In Sweden, Trafikverket manages approximately 21,500 bridges, of which 4,500 are
steel railway structures (Trafikverket, 2025). These bridges are frequently subjected
to cyclical loading, which can lead to accumulation of damage over time, even at
stress levels well below yield limit of the steel (Al-Emrani & Akesson, 2020). This
phenomenon is known as fatigue.

In bridge design, the fatigue life of welded details is frequently the governing limit
state (Al-Emrani & Aygiil, 2014). When fatigue strength cannot be improved, de-
signers are forced to use heavier and more expensive sections to meet service life
requirements. This leads to increased material consumption and greater environ-
mental impact, highlighting the need for effective fatigue enhancement methods
such as HFMI. Post Weld Treatment (PWT) methods have been proven to be a
promising approach to address these fatigue challenges, which encompass various
techniques designed to enhance the local fatigue resistance of welded joints. Among
these, HFMI has emerged as a highly effective alternative. HFMI improves fatigue
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strength primarily by modifying the local weld geometry and introducing beneficial
compressive residual stresses at the weld toe (Al-Emrani et al., 2024; Marquis &
Barsoum, 2016). By mitigating the impact of surface weld defects and stress con-
centrations, HFMI allows more efficient utilization of steel structures.

In contrast to untreated (as-welded) details, the fatigue strength of HFMI-treated
joints is highly dependent on factors such as steel grade and specific loading condi-
tions. It is of significant interest to investigate the possible gains of using Higher
Strength Steel (HSS) in combination with HFMI. Especially since the second gen-
eration of Eurocode introduces allowance of design with steel grades up to S700
(Swedish Standards Institute, 2022). Although HFMI offers significant potential for
optimization, its effectiveness can be limited by high stress ratios (R-ratio) or peak
loads that can damage the positive effects of details treated with HFMI (Al-Emrani
et al., 2024). Despite these considerations, earlier research has demonstrated that
HFMI significantly improves the material efficiency of road bridges (Englund & Dag-
duk, 2022). Consequently, there is a strong incentive to investigate whether similar
benefits can be achieved for railway bridges, which involve additional factors that
need consideration. Both loading patterns differ and the risk of lateral torsional
buckling (LT-buckling) becomes a restrictive factor, due to the absence of restraint
for the compressed flange, for example a bridge deck of a composite bridge, sush as
a road bridge.

In this study, the type bridge will be based on an existing bridge in Sweden. The
bridge in question is a double I-girder bridge with two simply supported beams as the
main load carrying structure, see Figure 1.1. A study conducted by Hofstetter et al.,
2026 has shown I-girders to be the most materially efficient alternative for single-
track, simply supported railway bridges. This confirms that the reference bridge
used in this work is a highly relevant and efficient choice given the requirements
studied in this thesis. The stiffening system of the main girders consists of a truss
system connected to the top flange and the web of the main girders. The transverse
elements in the truss system are UPE-beams and the diagonals L-profiles. Transverse
bulkheads are also added to the supports. The initial design parameters are further
detailed in Chapter 3.

Figure 1.1: Principal model of the railway bridge type.
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As mentioned earlier, the thesis will investigate HFMI treatment as a tool to opti-
mize railway bridges. The optimization of the algorithm design performed in this
work will be conducted using a Genetic Algorithm (GA) (MathWorks, n.d.). GA
has earlier been successfully applied to structural engineering problems in similar
studies, for instance, to optimize material usage in high-speed railway bridges while
accounting for all relevant limit states (Hofstetter et al., 2026). GA is a method of
optimization based on natural evolution theory, a selection process where the most
adapted solutions will be propagated in the optimization process (Karvegard et al.,
2025). The method is a stochastic method which means that it will probably not
generate the exact same solution several times over, this is a result of the process
conducted by the GA. The stages of a GA include the generation of candidate so-
lutions, the evaluation of how they comply with the constraints and their fitness,
the selection of the most adapted individuals, and the creation of a new popula-
tion through mechanisms such as crossover and mutation among the best solutions.
This iterative process is repeated until a satisfactory solution is found or a predefined
termination criterion is met.

1.2 Aim

The aim of this thesis is to investigate the potential of HFMI treatment to improve
the material efficiency and service life of steel railway bridges. Based on the estab-
lished fact that HFMI increases fatigue strength in critical welded details, this study
investigates the implications of its application on the structural design of steel rail-
way bridges. In this study a double I-girder bridge is based on an existing bridge in
Sweden. The investigation includes a parametric study that considers variables such
as span lengths, steel grades, various cross-sectional dimensions and also comparing
HFEMI-treated with untreated design.

1.3 Objective

To meet the aim of the thesis, the following objectives have been established:

o Develop a Parametric Design Model (PDM) to evaluate and optimize
railway bridge configurations by integrating HFMI enhancement effects with
standard Eurocode requirements for:

— Fatigue Limit State (FLS),
— Ultimate Limit State (ULS),
— Serviceability Limit State (SLS).
o Perform a parametric study to identify the optimal combination of:
— Plate thicknesses,
— Steel grades,
— Cross-section geometry,
by exploiting the enhanced fatigue strength provided by HFMI treat-
ment.

o Quantify material weight savings and cost reductions by comparing op-

timized HFMI-treated designs with conventional untreated solutions.
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» Investigate the influence of the following considered parameters:
— Steel grades: 5355, S460 & S690,
— Span lengths: 10, 20, 30 & 40 m,
— Plate thickness: using available discrete plate thicknesses from Tibnor,
n.d. with a maximum thickness of 60 mm,
— HFMI treatment condition: factory-treated and untreated (as-welded),
— Lateral support of compressed flange,
— Spacing between transverse stiffeners,
— Weld sizes: within allowable limits (4-8 mm).
e Define the GA-optimization objectives as:
— Minimizing costs, including material, surface treatment and
manufacturing.

1.4 Limitations

Given the time constraints, specific limitations have been defined to ensure the
feasibility of the study within the scope of the thesis. The limitations are:

o The thesis is restricted to a railway bridge, other forms of bridges will not
be considered.

e Only one specific twin I-girder railway bridge will be considered in the
study.

o Limiting parameters: One type of bridge structure (double I-girder
bridge), one type of stiffening system (a truss system of diagonal
L-profiles and UPE-profiles as transverse stiffeners).

o The study is limited to an evaluation of span lengths in increments of 10 m
within the 10-40 m range.

» Fatigue loading is modelled using only standard traffic mix, Load Model
71 (LM71) in cases where A-method is used for fatigue assessment.

e Dynamic analysis, effect or design is not considered as a constraint in this
study.

1.5 Method

This master’s thesis examines the impact that HFMI treatment has on railway
bridges by studying a twin I-girder bridge. Furthermore, the thesis aims to identify
in which cases HFMI treatment combined with different steel classes is favourable
based on material usage for different span lengths of the specific bridge type. This
can lead to potential material and cost savings associated with the application of
HFMI and further clarify in which cases a specific combination of HFMI and steel
class is favourable for different span lengths.

The theoretical framework of this thesis is established through a systematic literature
review drawing inspiration from Sandahl, 2021, and is guided by a critical approach
to source evaluation. To ensure the inclusion of high-quality peer-reviewed research,
Scopus was utilized as a primary search tool. The search strategy used Boolean
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1. Introduction

operators and advanced filters, supplemented by the Scopus Artificial Intelligence
(AI) feature. This feature was used to refine the results and identify specialized
publications that might be overlooked in standard keyword searches. Typical search
terms included ’Steel bridge’, ’fatigue’, and "HFMI’. Beyond the literature review
and computational modelling, hand calculations are performed for verification pur-
poses. This verification process is essential to validate the accuracy of the PDM
and ensures that optimized designs remain within the safety margins defined by the
upcoming Eurocode guidelines.

To provide a structured overview of the research process, the general methodology
is illustrated in Figure 1.2. The process is divided into four main phases: Input
& Background, Development & Verification, Optimization, Analysis &
Results. This systematic approach ensures that the transition from theoretical
guidelines to parametric implementation is evaluated through continuous compari-
son with hand calculations according to established design standards.

1. Input & Background 2. Development & 3. Optimization 4. Analysis & Results
Verification
: Genetic . | Optimal Solution
Literature Review » Developin : i
Establish What is o, Paramr':lricg: Algorithm (GA) fOf\‘E‘ar?:bf;est of
Already Known ] Optimization
Design Model P
(PDM) :
lterative
l Feedback
Reference Bridge T Identi
Input for Hand > Optlmlzatlon Quar!tliy Optimfgl
Calculation Layout Material & el
No  Verification . Variables: Steel Grade Cost L
Check (fy}, Span Length (L) & Benefits || Conditions
AgalnstHand HFMI Comparative When its
Calculations Paramelers: Geometric Analysis Benificial to
o Dimensions Use
Hal!d Cglculatlon Constraints: ULS, 5L5,4—
Verification Against FLS
Existing FE-Calculations
Coupling
Debugging PDM with — —
Solve GA Yes / New Set of No Ainal Conclusion-s\
Problem Make the Variables \ \
Model Work Mer? \ ™ )

Figure 1.2: Flowchart of the methodology.

The first phase in Figure 1.2 integrates findings from the systematic literature review
with structural data from the reference bridge. In the second phase a parametric
framework based on Eurocode design approaches is developed. A critical step in
this phase is the verification, where the automated results are cross-referenced with
the first-hand calculations to ensure structural integrity. The third phase consists
of an optimization process implementing a GA (MathWorks, n.d.), with the PDM,
where combinations of design variables such as steel grades, span lengths, and with-
/without HFMI implemented will be evaluated. In each set of those combinations
plate thicknesses and size are iteratively evaluated against Eurocode constraints for
ULS, SLS, and FLS. Finally, the results will be analysed to quantify the benefits
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of the HFMI treatment in terms of material efficiency and cost reduction. The
combinations of variables that will be considered are shown in Figure 1.3.

Combinations of Variable Sets

E 5 Different E
' 1 Span Lengths |
As-welded 1 ' 810.20. 30}&9 20— S1eeslag.;lass
1 meter] £
1 1 1
ek e o see i Y ceru sosanasraarsa - Aimm—— e SO
! HFMI in : . leffremh | | Steel Classes

HFMI L Worksho ! pan Lengths | 8355

j._’ (Considering imgact 4:’ (10, 20, 30 & 40 i g S460

: of self-weight) i meier) 1 S690

Figure 1.3: Flowchart of sets of variables that will be tested in the optimization
study.
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Theoretical Background

In the following sections, fatigue as a phenomenon is discussed and how the rela-
tively new HFMI technique can be used to improve fatigue strength in welds. As
mentioned earlier, fatigue is often one of the most limiting factors in steel structures
susceptible to cyclic loading, which is the case for the railway bridge loaded repeti-
tively by trains throughout their service life.

Although the theoretical foundation and general benefits of HFMI are well-documented
in the existing literature, there is still a need to quantify its potential benefits in spe-
cific design contexts. While previous studies have focused primarily on establishing
theoretical knowledge and design standards, there is limited research on the actual
implementation in the design of new structures. Therefore, this thesis focuses on
the applicability of HFMI for railway bridge design, specifically examining to what
extent bridge cross-sections can be optimized to reduce material usage and costs.

2.1 Fatigue

Steel structures such as railway bridges that are susceptible to cyclic loading, even
well below yield stress, accumulate small amounts of damage over time and this
phenomenon is known as fatigue (Al-Emrani & Akesson, 2020). Fatigue cracks of-
ten initiate from regions with a larger amount of imperfections, in combination with
higher stress concentrations. An example of both factors occurring simultaneously
is in welded connections, where both the weld profile disturbs the stress flow and
the residual stresses, from the welding process, amplify the stress concentration si-
multaneously. In addition to the high stress concentration, the welding process is
also a source of small deformations, such as micro cracks, from which the cracking
process easier could initiate.

2.1.1 Fatigue Limit State

In Fatigue design, the so called S-N curves are used to determine fatigue life of
different categorised details (Al-Emrani & Akesson, 2020). The S-N curves and de-
scriptions of the detail categories can be found in a part of the Eurocode standard,
FEurocode 3: Design of steel structures- Part 1-9: Fatigue (Swedish Standards In-
stitute, 2005c). Those curves represent the number of load cycles plotted against
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2. Theoretical Background

the stress range in logarithmic scales. The A-coefficient method could also be used
to verify the fatigue life of a welded detail. A-coefficient method calibrates LM71
with respect to bridge specific factors such as span length devided by the influence
line, the annual volume of heavy vehicles, the required design life, and the effects of
simultaneous loading from multiple tracks according to Eurocode 3: Design of steel
structures - Part 2: Steel bridges (Swedish Standards Institute, 2006). The S-N
curves describe the relationship between constant amplitude stress ranges and load-
ing cycles. Thus, in the case of variable amplitude loading, a summation method
needs to be used. An example of such a method is damage accumulation using the
Equivalent Stress Range (ESR).

The S-N curve for an as-welded (AW) detail (not considering shear stresses) has a
slope of 1:3 until the knee point (stress range for constant amplitude fatigue limit
Aocp) at 5 million cycles, followed by a slope of 1:5 until the cut-off limit (stress
range Aoy) at 100 million stress cycles according to Eurocode 3: Design of steel
structures- Part 1-9: Fatigue (Swedish Standards Institute, 2005¢). The values of
the stress range representing the detail category (stress range Ao¢) are given at 2
million cycles, see Figure 2.1.

1000
=
£ 1
~
Iz 15&
S 140 9
< 1 it
o 100N m - - - - -
%" 100 % TSNl
- m=3 & U3
o} 56
& % S
E 36 E: E: _E _E: 1 Detail category Aoc
= SN 2 Constant amplitude
\’\ fatigue limit Aop
m=5 3 Cut-off limit Aoy,
10 P S
1,0E4-04 1,0E405 1,0E+06 1,0E+07 1,0E+08 1,0E+09

Endurance, number of cycles N

Figure 2.1: Characteristics of the S-N curve for AW details from Furocode 3:
Design of steel structures- Part 1-9: Fatigue (Swedish Standards Institute, 2005¢).

Fatigue is usually the governing limit state in the design of railway bridges (Al-
Emrani & Aygiil, 2014). To avoid that this causes heavy and non economical de-
signs, fatigue design for railway bridges is to be done using "safe life design'. Either
the damage accumulative approach (such as equivalent stress range method) or the
A-coefficient method could be used for FLS verification. For the A-coefficient method
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LMT71 (see Figure 2.2), SW/0 and SW2 could to be used with the concentrated load
placed to obtain the worst case of internal force for each detail studied. When the
damage accumulation method is used, "traffic mixes" is used instead of load models.
The different combinations of traffic mixes could be found in Furocode 1: Actions on
structures - Part 2: Traffic loads on bridges (Swedish Standards Institute, 2003), al-
ternatively national defined traffic mix defined in TRVK Bro 11 (Trafikverket, 2011).

Qur = 250kN 250 kN 250 kN 250 kN

Quk = 80 kN/m Quk = 80 kN/m

# v v %

M N ) 1)
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Figure 2.2: LM71 and characteristic values for vertical loads from Furocode 1:
Actions on structures - Part 2: Traffic loads on bridges (Swedish Standards Institute,
2003).

2.1.2 Post Weld Treatment

As mentioned earlier, FLS is often the limiting state in railway bridges. With fatigue
being the governing limit state, this often leads to bulky designs, since the design
requirements are often fulfilled by increased dimensions. Alternatives to purely
increasing plate dimensions, to enhance fatigue capacity, is beneficial to improve
fatigue strength (Haagensen & Maddox, 2004). There are several different types
of PWT-methods that could be used to achieve an improved fatigue strength. For
example, Burr Grinding (BG), Tungsten Inert Gas (TIG) dressing, and different
peening methods, with HFMI being one of the newer versions of peening (Shams-
Hakimi et al., 2015). All of the mentioned methods work at least by smoothening the
transition from weld to base material and removal of weld defects (see Figure 2.3),
with some additional effects introduced for some PWT-methods, such as HFMI. The
basic effects of PWT reduces stress concentrations and extends the crack initiation
phase, which increases the fatigue life. Although all PWT-methods increase fatigue
strength, BG and TIG-dressing have some downsides of possibly being more time-
and energy consuming (Al-Karawi et al., 2023).

i

Figure 2.3: Weld toe in AW, BG and TIG dressed state, from Shams-Hakimi et al.,
2015.



2. Theoretical Background

2.2 High Frequency Mechanical Impact

As mentioned above, HFMI is a PWT technique for welds that is intended to in-
crease the fatigue strength of the welded components. The method is considered a
further development of conventional hammer peening but is considered to be more
casy-to-use and effective (Marquis & Barsoum, 2016).

The technology involves accelerating cylindrical indenters made of hardened HSS
against the weld transition at a high frequency, usually around 90 Hz (Marquis &
Barsoum, 2016). This reduces tensile residual stresses at the weld toe by creating
a smooth indentation along the weld, as shown in Figure 2.4. This offset improves
the local geometry of the weld by increasing the radius of the weld tip, reducing
the stress concentration factor (Shams-Hakimi et al., 2015). It should be mentioned
that HFMI is only an improvement in the fatigue capacity of the weld toe (Marquis
& Barsoum, 2016), and can only be applicable to plates with a thickness greater
than 5 mm according to Furocode 3: Design of steel structures - part 1-9: Fatigue
(second generation) (Swedish Standards Institute, 2022). Improving the weld toe
has proven to be the most efficient way to improve fatigue capacity in most cases.
However, it is worth mentioning that other crack initiation spots, such as the weld
rot, could be governing and that this cannot be improved by HFMI. Since increasing
the capacity of the weld toe when designing with HFMI, it is important to remember
to control other details that could become limiting.

As-
welded

Figure 2.4: Weld toe before and after HFMI treatment (Marquis & Barsoum,
2016).

In addition to geometric improvement, the treatment reduces tensile residual stresses
and introduces compressive residual stresses at the toe region of the weld (Al-Emrani
et al., 2024). These compressive stresses replace the tensile stresses that occur dur-
ing the welding process. They are considered to be the most important factor in
increasing fatigue strength using HFMI treatment (Al-Karawi, 2023b). In addition
to the favourable residual stresses, local plastic deformation leads to hardening of
the material, increasing its resistance to cracking (Marquis & Barsoum, 2016).
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2.2.1 Benefits with Implementing HFMI

The implementation of HFMI offers significant advantages in the design and main-
tenance of steel structures, especially for railway bridges, where fatigue is often the
limiting factor. The primary benefit is the significant increase in the fatigue strength
of the welded components. According to current recommendations, HFMI treat-
ment can significantly increase the fatigue class (FAT) compared to untreated welds
(Shams-Hakimi et al., 2015). This increase is related to the steel’s yield strength,
which means that a higher strength in the base material results in a greater increase
in fatigue capacity after treatment. According to Marquis and Barsoum, 2016, it
is estimated that for every 200 MPa increase in static yield strength, the fatigue
strength increases by one FAT class (approximately 12.5% increase in fatigue capac-
ity, Ao).

A direct consequence of increased fatigue strength is the possibility of weight opti-
mization. By utilizing the higher capacity, the dimensions of the load-bearing ele-
ments can be reduced, leading to lower material consumption and lower self weight.
Case studies on railway and road bridges have shown that material savings between
20% and 30% are possible, depending on the span and design (Shams-Hakimi et al.,
2015). However, this study only consider the increase in the fatigue class of HFMI
and the effect of higher grade steel, it does not include the effects of R-ratio and
self weight (see Section 2.2.1.2). Therefore, even if the results are promising, more
research is needed to confirm the results, including all the effects needed, according
to the current design guidelines for HFMI. In addition, steel class S355 and S460,
spans from 10-30 m, has been considered earlier. This leaves some room for further
investigation to determine whether higher-grade steel allows for structural improve-
ments in both similar and longer spans.

2.2.1.1 Modification of S-N Characteristics

The effects of HFMI could be beneficial for fatigue design for stress ranges lower
than Acg (Ao < Aog) and more load cycles than Ny grar (N > Noin semr)-
Otherwise, the S-N curve for AW detail is to be used. Aoy is determined from
the fatigue strength for each detail category after HFMI treatment (obtained from
the reference value Aoc gruyrrer from Eurocode 3 Design of steel structures Part
1-9: Fatigue (second generation) (Swedish Standards Institute, 2022), which is to
be adjusted according to Equation 2.5), Acc and Equation 2.1.

AU?} HFMI o

The S-N curve, as defined earlier, is the stress range plotted against the number of
stress cycles on a log-log scale. For stress ranges greater than Aog there is a slope
of 1:5 until the knee point at 5 million cycles (stress range Aop gry defined by
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Equation 2.2) whereupon a slope of 1:9 continuous to the cut-off limit at 100 million
cycles (stress range Aoy gryr defined by Equation 2.3).

Ao
1:3
Aog — HFMI-treated
N As-welded
AUD,HFMI
° 1:9
AO’C
|
Aop 1:5
No bcncrt Beneficial effect of HFMI
Ninin, HEMI 2 X 1065 106 108 N

Figure 2.5: Changes in characteristics of the S-N curve from AW to HFMI-treated
conditions (Al-Karawi et al., 2023).

While Figure 2.5 illustrates the improvement in fatigue behaviour used in the new
FEurocode 3 Design of steel structures Part 1-9: Fatigue (second generation) (Swedish
Standards Institute, 2022), the specific design parameters differ between the other
available guidelines (Al-Karawi, 2023b). Figure 2.6 presents a comparison between
the International Institute of Welding (IITW) recommendations and the German
Committee for Steel Construction (DASt) guidelines (which are in accordance with
FEurocode 3: Design of steel structures - part 1-9: Fatigue (second generation)
(Swedish Standards Institute, 2022)). As shown in Figure 2.6, the IIW recom-
mendation employs a S-N curve with other characteristics. In this fatigue resistance
model, the knee point is situated at N = 107 cycles and unlike other standards, it
does not define a discontinuation limit. This means that all stress cycles contribute
to damage accumulation. The DASt guideline on the other hand, has its knee point
at N = 5-10° cycles and introduces a variable amplitude fatigue cut-off limit at N
= 108® cycles, below which stress intervals are assumed not to cause fatigue damage.
The used S-N curve throughout this thesis is the one recommended by DASt, since
its the one Eurocode recommends. The equations in all of Chapter 2 are according
to the DASt guidelines.
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Figure 2.6: Design S-N curves for HFMI treatment according to ITW and DASt
(Al-Karawi, 2023b).

The effects of shallower slopes of the S-N curves practically allow for a higher stress
range at a certain number of stress cycles or a larger number of cycles at a certain
stress range.

2\ 3
Aop prvt = (5) Aocurvt = 0.833 Aoc mrmr (2.2)
5\
Ao, grv1 = (100) Aoparmr = 0.717 Aop prwr (2.3)
Ao, \? Ao b
Nunin =2.106 [ ==¢) =2.10¢ [ =2&HEME 2.4
e = 20100 (5% (S 2.4

Since HFMI treatment only enhances fatigue capacity locally at the weld toe, its
effectiveness is inherently limited to details where failure originates from this specific
location. Consequently, the application of HFMI is currently restricted to specific
structural details, such as transverse stiffeners, transverse butt welds, and longitu-
dinal stiffeners (see Figure 2.7), according to Furocode 3: Design of steel structures
- part 1-9: Fatigue (second generation) (Swedish Standards Institute, 2022).
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Figure 2.7: Details that could benefit from implementation HFMI according to
the new Furocode 3 — Design of steel structures — Part 1-9: Fatigue (second
generation) (Swedish Standards Institute, 2022).

2.2.1.2 Impact of Steel Class on HFMI

One of the characteristic features of the HFMI treatment is that the improvement
in fatigue strength depends on the yield strength of the steel material (Al-Emrani
et al., 2024). This is different from untreated welds, where fatigue strength is gen-
erally considered to be independent of steel class. HFMI-treated parts, on the other
hand, show higher fatigue resistance when higher strength steel is used (Al-Karawi,
2023b). According to ITW, an HFMI-treated part can be improved with up to 8 FAT
classes, see Figure 2.8. The degree of this improvement depends on factors such as
the strength of the material and the geometry of the weld (Marquis & Barsoum,
2016). It also depends on the R-ratio described in Section 2.2.2.3.
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Figure 2.8: Maximum increase in number of FAT classes as a function of f, (Mar-
quis & Barsoum, 2016).
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As mentioned in Section 2.2.1, the fatigue strength improvement is directly related
to the yield strength of the base material. To take this into account in the de-
sign, a modification factor, f;, is introduced, which modifies the reference value of
the fatigue strength (Aoc mrarrer) based on the actual yield strength (f,). This
correlation is described by Al-Emrani et al., 2024 as follows:

Aocurmt = f1foAocHPMI ref (2.5)

0.1(f, — 355)

fi=1+
AUC,HFMLref

(2.6)
In Equation 2.6, f, is the yield strength of the steel and Aoc mrarrres is the ref-
erence value for the fatigue strength of a certain detail with steel class S355. This
correlation allows for the use of High-Strength Steel (HSS) more efficiently in bridge
construction, which could potentially lead to lighter structures and material savings.

2.2.2 Challenges with HFMI

In untreated welds, fatigue strength is often assumed to be independent of load con-
ditions. This is due to the high residual tensile stresses already present at the weld
toe. HFMI-treated components are sensitive to load history (Al-Karawi, 2023a). As
a consequence of this, a penalty factor is applied, as described in Section 2.2.1.2, for
constant amplitude loading. The main challenge in design is to ensure the stability
of the favourable compressive residual stresses induced by the HFMI treatment.

If the favourable compressive residual stresses relax (decrease or disappear), for
example due to overload effects, during the intended lifespan of the structure, the
expected service life extension is lost. The two main factors that can lead to this
relaxation are high stress ratios (high mean stress) and the occurrence of high peak
stresses (overload effects), especially compressive peak stresses (Al-Karawi, 2023a).

2.2.2.1 Impact of Plate Thickness on HFMI

Just like AW details, HFMI-treated welds are subject to the so-called ‘size effect’,
which means that the fatigue strength decreases as the thickness of the plate in-
creases (Shams-Hakimi et al., 2017). This phenomenon occurs because thicker plates
have a lower stress gradient at the weld toe compared to thinner plates. Therefore,
a larger volume of material is exposed to high stresses, which statistically increases
the probability of a defect or weak point where a crack can occur.

To account for this when dimensioning HFMI-treated details, a reduction factor,
ks, is used. According to Annex F in the new revision of Eurocode 3 Design of
steel structures Part 1-9: Fatigue (second generation) (Swedish Standards Institute,
2022) and in the bridge design recommendations of Al-Emrani et al., 2024, the
fatigue strength should be reduced if the thickness of the plate (t) exceeds 25 mm.
The reduction factor is calculated using the following formula:

25 0.2
ks = (t) for t > 25 mm (2.7)
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In practical terms, this exponent represents a moderate but significant reduction in
the capacity of thick plates. For example, if the plate thickness doubled from 25
mm to 50 mm, the factor ks would be approximately 0.87. This means that only
87% of the reference fatigue strength can be used for the thicker plate, ensuring that
the structure remains safe despite the increased risk associated with larger material
volumes.

2.2.2.2 Impact of Overload Effects on HFMI

A critical aspect for HFMI-treated components is their sensitivity to overload ef-
fects. Although treatment provides significant benefits, even a few cycles of high-
magnitude loading have been shown to cause relaxation of the beneficial residual
stresses (due to overload effects) at the weld toe. Compressive overloads are found
to be harmful to positive residual stresses (Shams-Hakimi et al., 2015), as they can
more effectively lead to local yielding and subsequent stress dissipation (Al-Emrani
et al., 2024). This phenomenon occurs because once an external compressive load
is added to the existing compressive residual stresses from the HFMI treatment,
the material can reach its yield strength locally (local yielding). This leads to local
plastic deformations, resulting in residual stresses being reduced or completely elim-
inated. Specific limit values have been defined to ensure that the HFMI treatment
retains its effectiveness throughout the service life of the structure (Marquis & Bar-
soum, 2016). According to Al-Emrani et al., 2024, the maximum stress (opax) of
the characteristic load combination in SLS should remain within the limits shown
in Table 2.1, depending on the type of welded detail:

Table 2.1: Recommended maximum nominal compressive stress (deified as negative
values) limits for different weld details (Al-Emrani et al., 2024).

Weld Detail Stress Limit Condition
Butt welds —0.9f, < Omax < fy
Transverse stiffener —0.7fy < Omax < fy
Longitudinal stiffener —0.5fy < Omax < [y

In addition to these stress limit conditions, the ITW also recommends that the max-
imum nominal compressive stress should not exceed -0.8 - f,. Al-Karawi, 2023a also
mentions that the limitation is introduced to prevent local yielding, when super-
imposing residual compressive stresses with compressive stresses from loads. If not
considered it could lead to relaxation at the weld toe, eliminating the favourable
residual compressive stresses induced by HFMI treatment. If any of these limits are
exceeded, the positive effect of HFMI treatment cannot be taken into account in
design.

2.2.2.3 Stress Ratio and FAT Class Reduction

As mentioned above, the positive effects of HFMI are highly dependent on induced
compressive residual stresses. It has been shown that a higher mean stress during
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load cycles leads to less improvement of fatigue strength with HEMI treatment (Al-
Emrani et al., 2024). The ratio between min and max stresses of the loading cycle
also affects gains from HFMI. Methods accounting for this is calibrated according to
some broadly used load models and dependent on whether HFMI treatment is done
post- or pre bridge erection. The higher the R-ratio gets the more it penalizes the
positive effects of HFMI more (Marquis & Barsoum, 2016). For constant amplitude
stress ranges, the FAT class is reduced according to Table 2.2. In the calculations,
this table is represented by the correction factor f,, as defined by Equation 2.22 for
cases of variable amplitude loading (Al-Karawi et al., 2023). The Table 2.2 only con-
siders R-ratio < 0.52 while the factor f> also consider higher R-ratios (0.52 < R < 1).
For loads covered by Furocode 1: Actions on structures - Part 2: Traffic loads on
bridges (Swedish Standards Institute, 2003) (train mixes and LM71) the correction
factor Agparr (according to Equation 2.17 or 2.18) could be used to account for the
R-ratio and the mean stress reduction of the FAT class.

Table 2.2: Stress ratio effect on fatigue strength class (Marquis & Barsoum, 2016).

Stress ratio FAT class reduction

R <0.15 0
0.15 < R<0.28 1
0.28 < R <040 2
0.40 < R <0.52 3
0.52 < R No available data
A Aoy
IBL <10, & Aoy < —2 (2.8)
Aocupmr/Yuy TMmf
AO’Ed = AO’E’)/Ff (29)

In the case of a non-variable stress range for HFMI-treated details, Equation 2.8
can be utilized to assess the fatigue resistance of specific details (Al-Emrani et al.,
2024). Railway bridges subject to variable amplitude loading require consideration
of the variation, as well as self weight if HFMI treatment is conducted in workshop
before bridge erection.

2.2.2.4 Fatigue Design for Variable Amplitude Loading Using A\-Coefficient
Method

As mentioned earlier, there are a couple of ways to consider the variable amplitude
loading of the welded details and the same applies for HFMI-treated details. Some
different methods are appropriate depending on the used load model and the choice
of design approach (Al-Emrani et al., 2024). When LMT71 is used for fatigue design
A-coefficient method is appropriate to use, in an initial design, when it is not fully
determined how the load spectrum will end up. The A-coefficient method is adjusted
to reflect the R-ratio and mean stress effects, that arise from HFMI treatment,
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through the introduction of a specific correction factor, Agpy; (Al-Karawi et al.,
2023).
AUe,z,HFMI,Ed

<1 2.10
fi X Aocupmirer/Yms ( |

ACeomrmiEd = MAAMAEEMIACE: & A A2AsAy < Apjags (2.11)

The magnification factor, Aggyr, consider both the effects of the R-ratio and the
self weight of the structure. The self weight is considered through ® from Equa-
tion 2.19, which is then used to calculate Agparr. Agpayr is calculated according to
Equation 2.17 or 2.18 for mid span and mid support respectively. Equations 2.17
and 2.18 are derived and calibrated against measured traffic data (Al-Emrani et al.,
2024).

2.2.2.5 Fatigue Design for Variable Amplitude Loading Using Damage
Accumulation Method

Another method to consider variable amplitude loading is the damage accumulation
method, as mentioned in Section 2.1.1. The nature of the damage accumulation
method is to verify fatigue resistance by calculating the total accumulated fatigue
damage. The damage accumulation method is used when the traffic categories
and load patterns acting on a bridge are known or estimated through standardized
models. For instance, models as train mixes according to Eurocode 1: Actions on
structures - Part 2: Traffic loads on bridges (Swedish Standards Institute, 2003).
The verification is a summation of the damage to ensure it does not exceed the
allowed limit, as defined by Equation 2.12.

>n
D= < 1.0 2.12
< (21

eq

The equivalent number of stress cycles IV, is calculated according to Equation 2.14,
if there are stress ranges on both sides of the knee point. Equation 2.16 should
be used if there are only stress ranges on one side of the knee point. Calculating
the equivalent stress range needed for either Equation 2.13 or 2.15 is used for the
respective case. In the case where traffic mixes according to Eurocode 1: Actions
on structures - Part 2: Traffic loads on bridges is used, R-ratio and self weight are
considered through the correction-factor Agpyr similarly as with the A-coefficient
method. In contrast to when the A-coefficient method is used, ® is to be calculated
according to Equation 2.20, when traffic mixes and damage accumulation method
are used.

A mi—mgy
- E(niAazan(%%w) S(n;A0T™) A
: if JLAIDHEMIref A5
A \ EniJrEnj ) YMf — eq
Tea = miy (f18op HFEMIref \ 2 L mo
mao| X(n;Ac, )(#) +E(njA0'j ) fi-Ao
f if LL29D.HFEM I ref > Ao
\ EerEnj ’ YMf cq
(2.13)
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In Equations 2.13 and 2.14 (Al-Emrani et al., 2024)
my, my are the slopes of the S-N curve, i.e. 5 and 9 respectively
Aoc;, Ao, are the stress range above and below the reference stress at the
knee point.
knee point is defined as f1iAop wrmirer/Vas-
In the case of stress ranges on one side of the knee point m in Equation 2.15 and
2.16 is either my or ma.

ml 2(n - Aot™)
A 5. (2.15)
. A re "
Ney =510 <f1 ODHFMI, mef) (2.16)
AHFMI AUeq “VYFf
2.380 + 1.18
A =——>1.0 Mid 2.17
HFMI dr107 = 1dspan ( )
2.56P + 1.12
AHFM[ = Q)—l__;61 Z 1.0 Mid—support (218)
o
b = P 2.19
0.73 x AULM?I ( )
= Jverm (2.20)

0.90 x Ao,z

In Equations 2.19 and 2.20 (Al-Emrani et al., 2024)
Aoy are the max stress range generated from LMT71,
Ao, are the max stress range generated from the passage of different
trains included in train mixes from FEurocode 1: Actions on structures -

Part 2: Traffic loads on bridges (Swedish Standards Institute, 2003).

The damage accumulation method could also be used for other loads than those cov-
ered by Furocode 1: Actions on structures - Part 2: Traffic loads on bridges (Swedish
Standards Institute, 2003). However, that requires some different adjustments when
combined with HFMI treatment. As mentioned above, Aypryr could only be used
in combination with loads covered by Eurocode 1: Actions on structures - Part 2:
Traffic loads on bridges, since it is based on specific measured traffic data covered
in Eurocode 1: Actions on structures - Part 2: Traffic loads on bridges (Al-Emrani
et al., 2024). In other cases, the effects of the R-ratio and self weight could be
considered directly through R from Equation 2.21 and the factor f5 according to
Equation 2.22. In this case where the R-ratio is calculated according to Equation
2.21, 0perm is the stress from the self weight of the bridge, oy the minimum stress
from non-permanent load and o, the maximum stress from non-permanent load.
The R-ratio is calculated individually for each detail and the corresponding section

19



2. Theoretical Background

where it is placed. When HFMI is applied on site, operm should be set to zero (Al-
Karawi et al., 2023), which suggests that the effect of the R-ratio could be ignored
if HFMI treatment is conducted after the assembly of the bridge.

Omin .4 + Operm

R, = Jmin _ (2.21)
Omax Omax .i + Operm
f ! if 0.1 < R < 1.0, otherwise, f, = 1.0 (2.22)
= 1 . . otherwise = 1. .
> 0.5R2+0.95R + 0.9 ’ /2

Verification of total damage with loads not covered by FEurocode 1: Actions on
structures - Part 2: Traffic loads on bridges is still done according to Equation
2.12, but Ao, r and N, are to be calculated according to Equations 2.23 and 2.24
including R-ratio effects through the correction factor fs.

i (n,[20i] ™y (fL29DHEMIre \ T2 ()[BT
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Methods

The methodology is divided into two main categories: hand calculations and the
PDM developed in MATLAB. Since the thesis aims to optimize bridge cross-sections
both with and without the implementation of HFMI treatment, this needs to be
conducted using a computational optimization tool, which in this case is a GA. To
verify the functions within the PDM, hand calculations have been performed, which
subsequently were verified against the original design calculations for the bridge con-
ducted by COWI. Hand calculations have, to some extent, been simplified compared
to the original bridge calculations, as the original design was partly performed using
a finite element model (FEM).

3.1 Structural System Model

To accurately capture the structural response of the bridge under various load effects,
the mechanical behaviour of the bridge is modelled using a combination of global 1D
and 2D finite element idealizations, supplemented by localized analytical mechanical
models. The procedure used to cover all necessary effects are presented by the
flowchart in Figure 3.1.

Structural System Model

el | gy
et

Wind load and Nosing Vertical train load, self Longitudinal normal
force from train weight, traction/braking force from
forces and vertical action traction/braking

from horizontal wind load

Figure 3.1: Flowchart of Structural System Model.
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Global Vertical and Longitudinal Behaviour

The main girders are idealized as Euler-Bernoulli beams with variable flexural stiff-
ness. They primarily resist vertical bending moments and shear forces induced
by self weight, traffic loads (see Figures 3.2 and 3.3), and wind loads (see Figure
3.4). Regarding boundary conditions, the bridge is assumed to be simply supported,
where one support acts as longitudinally fixed, while the others allow longitudinal
translation. Consequently, longitudinal actions, such as traction and braking forces,
accumulate towards the fixed support (see Figure 3.3). The structural model is for-
mulated to be fully reversible, accounting for bi-directional traffic and allowing the
fixed bearing to be located at either end of the bridge. Due to the eccentricity of
these loads relative to the section’s centre of gravity, they induce a combination of
axial forces and secondary vertical bending moments in the main girders (with the
eccentricity €,ormar Shown in Figure 3.3). Furthermore, transverse wind loads acting
on the bridge and the traffic are translated into an overturning moment about the
bridge’s centre of gravity (see Figure 3.4), which is resisted by the main girders as
a vertical force couple.

Distributed load (LM71)
Axle loads (LM71)

[ 11 ([T TT] [[]] [[T] [ L]
_A

Figure 3.2: Application of vertical train load.

I Longitudinal normal force (traction or breaking)

aaaaaaa

Figure 3.3: Application of longitudinal train load (traction and breaking load).
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Wind load acting on bridge
Wind load acting on train
Resulting overturning moment

= 2k Cwind.train
& force couple in main girders

Figure 3.4: Application of horizontal wind load acting on train and main beams
generating a overturning moment absorbed as a force couple.

Transverse Behaviour and Bracing System

Transverse horizontal actions, namely wind pressure and localized train nosing forces
(see Figures 3.5 and 3.6), resist the horizontal bracing system together with the main
girders. This system is evaluated using a 2D frame model. In this model, the UPE
cross-beams and L-profile diagonals are idealized as pinned truss elements, meaning
they possess no flexural stiffness and only transfer axial forces. The main girders,
which act as the chords of the frame, are modelled with lateral flexural stiffness.
Nosing forces induce local lateral bending in the main girders, which is evaluated by
assuming the individual girder acts as a simply supported beam spanning between
the rigid transverse cross-girders.

- Nosing force acting on main
girders through sleeper

Figure 3.5: Application of horizontal nosing force from train.
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1__ = ::i’:: — J —— ;__‘1
I Windload

Normal forces from horizontal loads
(wind & nosing)

Figure 3.6: Application of horizontal loads absorbed as normal forces by the main
beams through the truss system.

Cross-Sectional Mechanics

At the cross-sectional level, global bending moments are primarily resisted by the
flanges, while the web plates resist vertical shear flow and vertical concentrated patch
loads from the train axles. The axial forces originate from both longitudinal actions
and horizontal loads transferred to the main girders by the bracing system. These
forces are assumed to be uniformly distributed over the full cross-section as normal
stresses. Transverse stiffeners are modelled to act as rigid boundaries to restrict
shear buckling of the web panels. In the post-buckling regime, they are structurally
evaluated as effective columns carrying compressive forces induced by tension field
action. Finally, individual truss members are evaluated for gross section yielding
under tension and for global flexural buckling under compression.

3.2 Hand Calculation

To verify the load functions implemented in MATLAB for the optimization process,
hand calculations were used together with pre-verified tools such as PointSketch.
PointSketch is a software for simple structural analysis developed at Chalmers Uni-
versity of Technology. It features a graphical user interface designed for the simula-
tion and evaluation of truss based structures (Chalmers tekniska hogskola, n.d.).

Preformed hand calculations (see Appendix A) are based on the relevant Eurocodes,
TRVINFRA-00227 and the design documents, based on Finite Element Analyses
(FEA). The hand calculations and the relevant tools have been used as a preliminary
verification tool to ensure the reliability of the MATLAB code. In Section 4.1,
verification tables compare the hand calculations with the initial calculations, and
the PDM model is then compared with the hand calculations. The initial design
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geometry and load combinations (according to Table 3.1) were taken directly from
the initial calculations to allow accurate comparisons. The limit state verification
that has been considered is shown in Figure 3.7.

4| Structural Verification Process

Vertical deflection Eigenfrequency control Fatigue assessment
requirement {Standard case of (lambda-method for structural
1) details)

A

Yield & Resistance | | Shear & Stifleners | [ stabity & Buokaing | | welds & Local Eftects |
Von Mises yield criterion Stiffness Global Stability Flexural Buckling Static verification of upper and
(Combined stresses requirements for (Combined LT and (Truss members lower longitudinal welds
considering combined stitfener plates and flexural buckling of and transverse (Incl. shear force, patch loading and
bending and normal force, capacity of transfer the entire system as. beams) interaction between shear and
shear force and vertical normal force from a single unit) bending)
patch load from train axial) the post-buckling
stress field =
J Local Stability
Combined bending and normal farce {LT-buckling of the compressed
(Using effective cross sactien not Shear yield check flange between transverse beams)
constant with respect to plate {incl. reduction for
buckling & shear lag) shear slendermess)

Figure 3.7: Flowchart for the limit state structural verifications.

More detailed, step-by-step explanations of the hand calculations can be found in
Appendix A. Each load category and load combination taken into account in this
verification process is described below.

3.2.1 Loads

For clarity, the loads acting on the bridge are categorized into three main groups:

e Permanent load,

— Self weight of main girders,

— Self weight of "Installations", Timber sleepers and rails (see Table 3.2),
e Train load,

— LMT71 (amplified by dynamic factor ®),

— Braking or Traction load (worst case),

— Horizontal point load (nosing),
e Other variable loads,

— Wind load.

Subsequently, these loads are combined using specific safety factors shown in Table
3.1 depending on the evaluated limit state, which is further detailed in Section
3.2.1.3. The dynamic factor ® applied to LM71 is not applied to other loads such as
real trains, fatigue load models, HSLM, or ’empty carriages’ according to Eurocode
1: Actions on structures - Part 2: Traffic loads on bridges (Swedish Standards
Institute, 2003).
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Table 3.1: Load combinations according to Furocode 1: Actions on structures -
Part 2: Traffic loads on bridges (Swedish Standards Institute, 2003) and Eurocode
— Basis of structural design (Swedish Standards Institute, 2002a).

Load combination factors ‘ VG self ‘ YQ.LMT1 ‘ YQ.traction ‘ YQ.nosing ‘ YQ.wind
ULS
Traction as main 1.2 1.5 1.5 0.75 0.45
Nosing as main 1.2 1.5 0.75 1.5 0.45
SLS (Characteristic)
Traction as main 1.0 1.0 1.0 0.5 0.3
Nosing as main 1.0 1.0 0.5 1.0 0.3
SLS (Frequent)
Frequent (only train) | - [ 08 | - - -

3.2.1.1 Permanent Loads

Permanent loads consist of the self weight of the structure and the weight of perma-
nent installations. The self weight is calculated based on the density of the materials
and the geometry of the structure, according to the TRVINFRA-00227 and stan-
dard Furocode 1: Actions on structures Part 1-1: General actions - Densities, self
weight, imposed loads for buildings (Swedish Standards Institute, 2002b).

For structural steel, the specific weights given in Table A.4 from Furocode 1: Actions
on structures Part 1-1: General actions - Densities, self weight, imposed loads for
buildings are used, while the values for wooden sleepers are taken directly from the
initial calculations. The self weights for permanent track installations and safety
features, including rails, gratings, and a standard railing, are based on Eurocode,
specific product specifications, or assumed standard values. In addition, the weights
for certain secondary steel sections (e.g. IPE, UPE, L-profile) have been taken from
the manufacturers’ structural tables Tibnor, n.d. All values for permanent loads
used in the calculation are summarized in Table 3.2.

Table 3.2: Summary of self weights for materials and installations.

Item/Material Unit Weight (v) Reference/Comment
Materials
Steel 78.5 kN /m? Eurocode 1: Actions on struc-

tures Part 1-1: General ac-
tions - Densities, self weight,
imposed loads for buildings Ta-
ble A.4

Timber sleepers (assum- 5.2 kN/m? Initial calculation
ing pine)

Continued from the previous page...
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Table 3.2 — Continued from the previous page

Item /Material Unit Weight () Reference/Comment

Installations

Railing 1 kN/m Assumed value

Rails (single track) 1.7 kN/m FEurocode 1: Actions on struc-
tures Part 1-1: General ac-
tions - Densities, self weight,
imposed loads for buildings,
Table A.6

Grating 0.2 kN /m? Weight based on Weland
H6x30, 1.3 m wide (Product
H63021301001)

IPE 200 0.22 kN/m From Tibnor, n.d. construc-
tion tables

UPE 400 0.709 kN/m From Tibnor, n.d. construc-
tion tables

L100x75x12 0.152 kN/m From Tibnor, n.d. construc-

tion tables

Vertical stiffener plates  0.215 kN/stiffener plate  Calculated

3.2.1.2 Variable Loads

Variable loads consist of loads varying both in magnitude and placement during
the structural life span of the bridge. The main variable load consists of vertical
and horizontal railway traffic. As mentioned in Section 2.1.1, the loads are based
on LM71 according to Furocode 1: Actions on structures - Part 2: Traffic loads
on bridges which represents normal rail traffic (Swedish Standards Institute, 2003).
Figure 2.2 shows that the model consists of four point loads of 250 kN each and a
distributed load of 80 kN/m.

To adjust LMT1 to the specific conditions to which it is exposed, the characteristic
forces are multiplied by a load magnification factor au,.ffic, and a dynamic factor
®,. The dynamic factor takes into account the dynamic effects when the train passes
and is calculated based on the determining length of the structural element (L) and
the maintenance of the track. If the bridge has a fixed single track, an eccentricity
according to TRVINFRA-00227 Table 7.1-7, "for fixed tracks, an eccentric track
position with a lateral displacement of 0.05 m from the theoretical position must be
considered" (Trafikverket, 2024) should be allowed for. The length of the structural
element for the main girder is Ly = 10.6 m and for the cross girders Ly = 3.0 m.
This gives different values for the dynamic factor, which is calculated in accordance
with Eurocode 1: Actions on structures - Part 2: Traffic loads on bridges (Swedish
Standards Institute, 2003). The values of the dynamic factors and the load magni-
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fication factor are shown in Table 3.3.

€rail.shift
N ¥

CCmain.beams

%
)L

D

.______7L

Figure 3.8: Rail shift eccentricity due to possible miss alignment of railway tracks.

(3.1)

B, is the rail shift factor used to consider possible track eccentricity.
r is the centre to centre distance between the rail tracks.

eccentricity for fixed track e; = 0.05m (see €,qi.snife Figure 3.8), according
to TRVINFRA-00227.

When considering longitudinal forces, braking and acceleration forces the eccentric-
ity from the centre of gravity to the top of the top flange of the main girders are
taken into account. These forces are multiplied by cyqfic but not by the dynamic
factor. The longitudinal design force Q) gim, is the highest value of the Equations
3.2 or 3.3. For stability checks, the ‘empty carriages’ load model with a distributed
load of 10 kN/m is also taken into account. The displacement of eccentric load
is taken into account in accordance with TRVINFRA-00227 placing vertical loads
with a displacement of e = 0.05 m from the track centre line.

Traction force:

Quar. = 33 [kN/m] - L, [m] < 1000 [kN] (3.2)
For Load Models 71, SW/0, SW/2 and HSLM
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Braking force:
Qur = 20 [kN/m] - Loy [m] <6000 [kN] (3.3)

For Load Models 71, SW/0 and Load Model HSLM

Table 3.3: Summary of design parameters, forces, and geometry.

Parameter Symbol Value Reference / Comment

Factors

Rail shift factor Brs 0.54 According to TRVINFRA-
00227 and Equation 3.1

Load magnification factor Oltraf fic 1.33 TSFS 2018:57, ch. 11§

(Transportstyrelsen, 2018)

Dynamic factor (Main girder) D5 MG 1.29 Burocode 1:  Actions on
structures - part 2: Traffic
loads on bridges (based on
Lo =10.6 m)

Dynamic factor (Cross girder) D5 i 1.67 FEurocode 1:  Actions on
structures - part 2: Traffic
loads on bridges (based on

Forces

Vertical point load (LM71) Qo 250 kN Before factors applied
Vertical distributed load (LM71) gy 80 kN/m  Before factors applied
Braking/Acceleration force Qh,dim 465 kN Incl.  upaffic (Max value

acc. to calc.)

Empty wagons (distributed load)  Gempy 10 kN/m  Used for stability check

Geometry

Eccentricity e 0.05 m TRVINFRA-00227

Another variable load is the wind load. Wind load is calculated transversely accord-
ing to Eurocode 1: Actions on structures-part 1-4: General actions-wind actions
with additions from TRVINFRA-00227. The bridge is assumed to be located in
terrain type II with a reference wind speed of 25 m/s. The dynamic response is
not taken into account for this type of construction. The wind force is calculated
mainly in the transverse direction (x-direction). The characteristic velocity pressure
¢p, 1s taken from TSFS 2018:57 (Transportstyrelsen, 2018). The magnitude of the
wind load also depends on the shape factor Cf, of the structure, which includes the
influence of trains, and the reference area A,.;,. Cy, and A,.s, are calculated ac-
cording to Furocode 1: Actions on structures-part 1-4: General actions-wind actions
(Swedish Standards Institute, 2005a). Wind loads in the longitudinal direction of
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the bridge have been neglected. This is because they are considered to be of minor
importance in relation to the self-weight. The input data and the calculated wind
loads are shown in Table 3.4.

Table 3.4: Summary of wind load parameters and results.

Parameter Symbol Value Reference / Comment
Input Data

Basic wind velocity Uy 25 m/s

Peak velocity pressure &b 0.64 kN/m® TSFS 2018:57 (Transport-

styrelsen, 2018)

Force coefficient (incl. traffic) ¢y, 2.21 Furocode 1:  Actions on
structures-part 1-4: General
actions-wind actions, Fig

8.3
Reference area Areta 59.4 m? Based on 11 m length
Results
Wind force (transverse) Fua 84 kN Characteristic value

3.2.1.3 Load Combination

Permanent and variable loads are combined into specific load cases in order to assess
the structural integrity and functionality of the bridge. As previously shown in Table
3.1, different load combination factors () are applied depending on the limit state
and whether a load is considered a primary or secondary load. The calculations are
divided into three primary limit states:

Ultimate Limit State

The ULS is verified to ensure the structural safety of the bridge and protect it
against structural failure. In this limit state, the characteristic loads are multiplied
by the safety factors specified in Table 3.1 to formulate appropriate load combi-
nations according to Eurocode 1: Actions on structures - Part 2: Traffic loads on
bridges (Swedish Standards Institute, 2003) and Eurocode — Basis of structural de-
sign (Swedish Standards Institute, 2002a). To determine the most critical load effect
(the worst-case scenario), the maximum load factor is applied to one leading vari-
able load at a time, while any accompanying variable loads are reduced accordingly.
However, the train load is always considered a main load and the wind load is con-
sidered a secondary variable load.
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Serviceability Limit State

The SLS deflection is evaluated to ensure that the bridge works properly under nor-
mal daily operating conditions. This includes checking for deformations that can
affect travel comfort or track geometry. For these evaluations, the frequent load com-
bination is utilized. Since the bridge is designed with precamber (an upward initial
curvature), the vertical displacements caused by self weight are effectively coun-
teracted and therefore not included in deflection calculation according to Furocode
— Basis of structural design (Swedish Standards Institute, 2002a). Furthermore,
horizontal dynamic actions, such as wind loads, are excluded from these frequent
SLS combinations. Since the simultaneous occurrence of extreme wind events and
dominant vertical train loads is considered highly unlikely under normal operating
conditions, this exclusion is justified. Finally, it should be noted that the SLS over-
load check required to use the improved fatigue strength achieved through the HFMI
treatment is carried out using characteristic load combinations, as shown in Table
3.1.

Fatigue Limit State

FLS addresses the risk of fatigue failure caused by repeated cyclic loads throughout
the design life of the bridge, which is a crucial factor for steel railway bridges. For
fatigue assessment, the characteristic load combination is utilized in conjunction
with specific fatigue load models, rather than the extreme factored loads used in
ULS, shown in Table 3.1. Within the scope of this project, two methods were used
for fatigue assessment: the equivalence stress range method (A-method) and the
damage accumulation method (ESR method). These methods are used because
they are compatible with HFMI calculations.

3.3 Parametric Design and Optimization Frame-
work

To implement structural analysis and prepare the model for optimization, a compu-
tational tool has been developed in MATLAB. The code features a modular structure
and is controlled by a main script. This script defines all initial parameters, such
as the geometry of the bridge, material properties, train load model, safety factors,
and fatigue parameters. By centralizing these variables, a flexible model is created
in which the input data can be easily adjusted, fulfilling a fundamental requirement
for the subsequent optimization process.

The core of the parametric model is an optimization loop driven by a GA. By testing
different combinations of input parameters (different "genomes"), the genetic algo-
rithms continuously generate new solutions, while it always save the "elite" ones. To
ensure that the generated solutions are static and physically achievable, an evalua-
tion is carried out based on pre defined conditions and loads. This function checks
not only the static checks such as ULS, SLS and FLS, but also some geometric con-
straints. The results of these checks are displayed as punishments on the "fitness
value" of the current solution if the solution exceeds the constraints. The algo-
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rithm applies a penalty score that increases in proportion to the extent to which
the constraints is exceeded, and rejects the specific solution through this mechanism
solution.

The valid solutions are then evaluated by the objective function (fitness function)
which is defined by the chosen design parameters. In this model, the objective
function is formulated to evaluate the economic efficiency of the design by minimiz-
ing the total costs. Total costs are calculated by adding together material costs,
manufacturing costs (such as steel processing and welding), and surface treatment
costs. Based on the cost evaluation, the GA iteratively improves the design until
the optimal solution is found through reaching any of the termination criteria.

Chart of parametric design model (including GA)

Input (for case) Constraint function
Evaluating alternative solutions from
slc‘-a:r;T Generating new Geometric constrains, ULS, SLS &
i i FLS
Define, variables, ~
{ loads, load | Geometric constraints |
combinations, .
non-geometry New alternative | ULS controls |
dependent forces & solutions
other input)
SLS controls
Utilization|ratios
Output (Optimized N -
solution for case) | FLS controls |
Fitness function

Evaluating how "good" a alternative
solution is from pre determined
evaluation paints

Cost of alternative
solutions

Material cost

Manufacturing cost
(processing of steel and
welding)

Painting cost

Figure 3.9: Chart over Parametric design model.

3.3.1 Details Subject to Fatigue

The fatigue details of the bridge was identified and evaluated according to the second
generation of Furocode 3 Design of steel structures Part 1-9: Fatigue (second gen-
eration) (Swedish Standards Institute, 2022). Fat-classes of treated details is based
partially of Appendix F in the second generation Eurocode, and partially of recom-
mendations from International Institute Of Welding (Marquis & Barsoum, 2016).
Appendix F in the second generation Eurocode, is used for already defined HF MI-
treatable details. While recommendations from International Institute Of Welding
(Marquis & Barsoum, 2016), is used for HFMI-treatable details not yet defined in
Eurocode. All details considered is shown in Figure 3.10. The characteristic value
Ao upmiger 1S the value for a R-ratio of 0.1 and a steel class of S355 from tables
presented in Appendix F in the second generation Eurocode.
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Figure 3.10: Overview of fatigue details on type bridge.

Detail 1: Hole in the upper flange (Sleeper attachment)
Description: Drilled holes in the upper flange for fastening the sleeper. Af-
fected by normal stresses from global bending and normal forces, damage
calculated with a slope of 5 until cut-off limit according to second generation
Eurocode recommendations.

Detail
category

e a
90 e L
mi1=5 ' o i
-~ i

@ 1
50
m1=3 T

Figure 3.11: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 5, Table 10.2 (Mechanically fastened joints) (Swedish Standards

Institute, 2022).

Constructional detail

FAT class: AW FAT 90 (Aoc) (see Figure 3.11). Not applicable for HFMI
treatment, stress ranges reduced since detail is in pure compression, according
to Eurocode 3: Design of steel structures - part 1-9: Fatigue (second genera-
tion,).

Detail 2: Longitudinal weld (Top/Bottom flange)
Description: The continuous longitudinal weld connecting the web and flanges.
Evaluated for normal stresses resulting from global bending and normal force.
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Detail

Constructional detail
category

125

112

125

112

100 ® Manual welding

Figure 3.12: FEurocode 3: Design of steel structures - part 1-9: Fatigue, Detail 3,
Table 10.3 (Welded built-up sections and longitudinal welds) (Swedish Standards
Institute, 2022).

FAT class: AW FAT 100 (Ao) (see Figure 3.12) assuming manual weld (con-
servative for FAT-value), according to Furocode 3: Design of steel structures
- part 1-9: Fatigue (second generation). Not applicable for HFMI treatment.

Detail 3: Attachment for L-profile (gusset plate)
Description: Welded gusset plate on the top flange of the main girder to
connect the L-profiles of the bracing system. Evaluated for normal stresses
resulting from global bending and normal force.

71

Figure 3.13: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 6, Table 10.5 (Weld attachments and stiffeners) (Swedish Stan-
dards Institute, 2022).

FAT class: AW FAT 71 (Ao) (See Figure 3.13). HFMI detail not yet fully
confirmed and included in Eurocode. Research has been done and showing
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some positive result on similar details, with an increase in FAT class of 5
classes (an increase with 5 FAT classes to FAT 90 has been achived by Edgren
et al., 2019, but for AW detail with FAT 50), which is assumed to be possible
in this study and for this detail. An increase of 5 FAT classes is also in line
with current recommendation according to ITW Marquis and Barsoum, 2016.

Detail 4: Transverse stiffener, weld toe at flange
Description: Stress concentration at the weld toe of the stiffener to flange
connection. Evaluated for normal stresses resulting from global bending and
normal force.
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Figure 3.14: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 8, Table 10.5 (Weld attachments and stiffeners) (Swedish Stan-
dards Institute, 2022).

FAT class: AW FAT 71/80 (Aco) (see Figure 3.14a) depending on the com-
bined stiffener plate and weld thickness (¢t < 50 mm yields the higher FAT
class). Can be HFMI-treated, increase to FAT 125/140 (see Figure 3.14b ac-
cording to Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation) appendix F (Detail Transverse stiffener).

Detail 5: Transverse stiffener, weld toe at web
Description: Stress concentration at the weld toe of the stiffener to flange con-
nection. Evaluated considering principal stresses from global bending, normal
force and shear according to Furocode 3: Design of steel structures - part 1-9:
Fatigue (second generation).
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T Detail category®®
Wf;/:/:/;/;/%

Stress ratio R [-]*

Steel grade according to EN 10025 -1,0 0,1 0,5
$235 <8< 8355 125 125 80
$355 <5 <5650 160 140 90
(a) Transverse stiffener $650 < S < 700 160 160 125
] ) Tabl lies for £ < 50mm; if 50 < £ < 80mm, AGeyma should be reduced b; fati detail b
AW detall, fOF the CI"aCk " able applies for mm; i mm, AOcxna should be reduced by one fatigue det: ca(eguryl
in the web plate. (b) Transverse stiffener HFMI-treated detail.

Figure 3.15: FEurocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 9, Table 10.5 (Weld attachments and stiffeners) (Swedish Stan-
dards Institute, 2022).

FAT class: AW FAT 71/80 (Ac,) (see Figure 3.15a). Can be HFMI-treated,
increase to FAT 125/140 (see Figure 3.15b) according to Furocode 3: Design
of steel structures - part 1-9: Fatigue (second generation) Appendix F (Detail
Transverse stiffener).

Detail 6: Longitudinal weld (Shear stress)
Description: Shear in longitudinal weld connection bottom flange and web,
evaluated considering shear stress from global shear force.

80
ml=>5
®
100
ml=>5

Figure 3.16: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 9 Table 10.6 (Load carrying welded joints) (Swedish Standards
Institute, 2022).

FAT class: FAT 80 (A7) (see Figure 3.16). Not applicable for HFMI treat-
ment.

Detail 7: Transverse butt weld in flange (Splice weld)

Description: Fully penetrated butt weld joining two flange plates (with or
without taper, if tapered, stress concentration factor for thickness taper, kg,
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is used), assuming an angle at weld toe of max 150 degrees (class B according
to ISO 6520-1). Executed either in the factory or on-site dependent on max-
imum section length.
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= 4 Detail category®®
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90 i < : Stress ratio R [-]
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Steel grade according to EN 10025 -1,0 0,5
See NOTE 1 for size effect
§235< 8 <8355 140 140 90
S$355< S <8650 160 @ 100
(a) Transverse butt Weld S$650 < S < 8700 160 160 140
AW detail. (b) Transverse butt weld HFMI-treated detail.

Figure 3.17: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 19 (detail 19 is used instead of 18 to allow for HFMI treatment),
Table 10.4 (Transverse welded butt joints (full penetration)) (Swedish Standards
Institute, 2022).

FAT class: AW FAT 90 (Ao) (see Figure 3.17a). HFMI treatment could be
used, upgraded to FAT 160 (see Figure 3.17b) according to Furocode 3: Design
of steel structures - part 1-9: Fatigue (second generation) appendix F (Trans-
verse butt weld).

Detail 8: Weld toe at cope hole in web (Splice)
Description: Local stress concentrations at the weld ends around cope holes
in the web, which are often required at transverse splices to ensure proper
execution of the intersecting welds.

71 L
) ke = "r s — ?
(a) AW detail for crack (b) HFMI-treated detail used as sample in the
at cope hole in web plate. study by Hedegard et al., 2020.

Figure 3.18: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 8, Table 10.3 (Welded built-up sections and longitudinal welds)
(Swedish Standards Institute, 2022).
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FAT class: AW FAT 71 (Aco) (see Figure 3.18a). Can be HFMI-treated, in
project like Hedegard et al., 2020 this specific detail (see Figure 3.18b) has been
showing positive response to both pure HFMI treatment and combinations of
HFEMI treatment and TIG-remelting on pre-fatigued details could result in a
Fatigue strength of a corresponding new detail. In respect to those results and
the current Eurocode guidelines is upgraded to FAT 100 according to Eurocode
3: Design of steel structures - part 1-9: Fatigue (second generation) appendix
F, is assumed possible in this study. Longitudinal stiffener detail is used as a
reference from Eurocode (corresponds to AW Detail 1 in Table 10.5 with L >
200 mm) which replaces Detail 8 in Table 10.3 for the case with .. < 60 mm.

Detail 9: Intersection of longitudinal and vertical weld in web (bi-axial weld)
Description: Connection between sections in web, where transverse vertical
welds (splices) intersect with longitudinal welds. Subjected to bi-axial stress

state, with welds following two axis intersecting in the same point. Evaluated
for principal stresses at intersection of vertical and longitudinal weld.

112

(e
90 I L 7 [ 5\12 .
See NOTE 1 for size effect & % ) @ .
80 See NOTE 1 for size effect
(a) Detail used when there is no (b) Detail used when there is a change
change i plate thickness, of the web, i plate thickness, of the web, at the
at the weld location. weld location.

Figure 3.19: Furocode 3: Design of steel structures - part 1-9: Fatigue (second
generation), Detail 2 & 22 (With and without change in plate thickness at the weld
location), Table 10.4 (Transverse welded butt joints (full penetration)) (Swedish
Standards Institute, 2022).

FAT class: No clear detail defined in for bi-axial intersecting welds Furocode
3: Design of steel structures - part 1-9: Fatigue (second generation), Detail 2
or 22 (dependent of if there is a change in plate thickness or not at the weld
location), Table 10.4 (Transverse welded butt joints (full penetration)) is used.
Capacity: AW FAT 90 or 71 (Aoy,) (see Figure 3.19a or 3.19b). HFMI treat-
ment could possibly be used. No clear current guidelines Eurocode 3: Design
of steel structures - part 1-9: Fatigue (second generation) appendix F, in this
study it is therefore assumed that this detail could be treated with a increase
of 5 FAT classes, resulting in a increase to FAT 160 or 125 (depending on
which AW FAT class that should be used), similarly to detail showcased in

38



3. Methods

Figure 3.17b, in accordance with ITW standards Marquis and Barsoum, 2016.
The corresponding HFMI detail in Eurocode would be Transverse butt weld,
but to confirm the possibility to actually treat this detail, further investigation
is required. The HFMI-treated detail is also controlled for principal stresses
at the point of the weld intersection.

3.3.2 Functions Used in PDM

To avoid combining all calculations into a single large script, the calculation pro-
cess has been split into several separate functions. The main script invokes these
functions sequentially to carry out specific tasks, such as calculating cross-section
data, evaluating loads, or checking limit states. This modular structure makes the
code easier to read, simplifies debugging, and makes the calculations more efficient,
by minimizing the number of times each individual function needs to be invoked.
Figure 3.20 presents a flowchart illustrating how the functions are connected, and
Appendix B provides a brief description of each function’s purpose and composition.

Main Script
(Initiates GA)

Feedback for new put with
optimized solution Optimal
solution
Input to constraint function
v

Fittnesvalue 1a. Initiating constraint

Input to objective function evaluate_bridge_constraints J

\ I [ R

\\ 1b. Calulation of fitness value 2. Structural Analysis Models
b evaluate_bridge cost Generate_Influence_Lines Load _Traffic_IL
calculating total cost 1D FEM (Main Girders) Train load LM71

1
Response Matrices & Axial Forces

3. Load Evaluation Functions

[ calc_selfweight IL { calc_wind_load_IL W calc_traction_load calc_nosing_load Calfem_truss_beam
| Permanentdead loads L Wind force L Traction and braking ) Lateralimpact from train wheel ) 2D FEA (Bracing System) )
| ! \
Load Effects LoalFrocts Load Effects
URm_LT da. ULS Verifications 4b. SLS Verifications 4c. FLS Verifications
ive cr tion, = build_fatigue_struct t_transverse_welds
i i UR UR_MV_lInteraction calc_SLS_target uild_fatigue get 3
Bendmg,A)flal &LT- [ e G A'V o . } { M-V-N : } [ Deflection Generates detail Finds location of splice
buckling definition

welds and corresponding
UR_weld_longitudinal J [ UR_truss_buckling J /J details if there is a splice

[ Welds between flange and web Bracing system buckling i check_HFMI_overload UR_FLS_damage HFMI_acc
| / Overload check for Equivalent Stress Range

HFMi-treated detail

Utilization Ratios

Figure 3.20: Flowchart that illustrates the connection of the functions.

3.3.3 Genetic Algorithm

To optimize the design of the bridge, a GA function is used from MATLAB’s built-
in optimization toolbox. A GA is a search and optimization technique in computer
programming inspired by Charles Darwin’s theory of evolution by natural selection
(MathWorks, 2026). The method solves both linear and non-linear optimization
problems in a stochastic manner by repeatedly modifying a population of individual
solutions. It is therefore important to run the same type of simulation multiple
times to ensure that the results are reliable. At each step, the algorithm selects the
best members of the current population, elite individuals (based on their ‘fitness
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value’) to reuse and combine them into new generations, in order to determine the
best possible solution. The generation creation is done through operations such as
crossover, mutation and random generation of new individuals within the defined
limits. This allows for detection of global minimums for complex non-linear prob-
lem with large numbers of local minimums. As long as the populations size is large
enough for the number of optimization variables, the population converges over time
towards an optimal solution (MathWorks, 2026).

In this master thesis, GA is integrated with a constraint function, consisting of the
evaluation functions described in Appendix B, and some geometric constraints. The
algorithm adapts the combination of the optimization variables to find the most
economical cross-sectional design, defined by the fitness function, without exceeding
any of the constraints.

Although the optimization evaluates the total structural cost (see Figure 3.22), the
material cost is one of the primary factors affected by the HFMI treatment and
ultimately dictates the optimal solution. A decrease in material cost and material
usage is also interesting considering environmental impact on steel structures. To
consider this and also evaluate how HFMI treatment could be used to reduce carbon
emissions from steel structures, some reference values representing "cradle to gate"
C'Os-values for hot-rolled plates with different yield strengths from Sperle et al., 2013
are utilized, as presented in Figure 3.21. Note that these values only will be used
for presentation of carbon emissions but not used as an evaluation measurement in
the optimization process.
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Figure 3.21: Carbon emission of raw material for hot rolled plates of different steel
grades according to Sperle et al., 2013.
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3.3.3.1 Constraints and Variables

To ensure that the optimization results in a bridge is realistic and possible to con-
struct and in some manner reduce the computation time, a number of constraints
and fixed parameters have been defined for the algorithm. These constraints are
divided into hard constraints, which establish the absolute geometric boundaries of
the search space (such as the total girder height limits of L/15 to L/40), and soft
constraints, which represent the structural design checks that evaluate and govern
the viability of the parameters. The soft constraints dictate what values they can
be assigned in each specific case. While the rest of the parameters are all defined as
discrete variables based of available products on the market and within dimensions
that is assessed to be reasonable and practical for bridge construction. These are
categorized as follows (see exact values in Table 3.5):

Geometry and Section Lenghts:

« Total Height: The total height of the bridge can freely vary between L/40
and L/15, but as discrete points within the span. The L/20 to L/30 span
is generally the ‘standard’ to originate from the bridge design (Collin et al.,
2012), as they usually result in the most effective total height, under "nor-
mal" circumstances without restrictions on the geometry of the bridge. But
to allow the model to freely find the optimal solutions with the boundaries
and evaluation included the height is allowed to move outside those standard
guidelines.

« Width of Flanges: The minimum width of the flanges is defined to provide
enough space to fit the boltholes of the sleepers, in accordance with Eurocode
3: Design of steel structures - Part 1-8: Design of joints (Swedish Standards
Institute, 2005b). Although this requirement only applies to the top flanges,
the minimum value is adopted for both. The maximum width is determined
by the bridge’s geometry to prevent any theoretical intersection between the
main girders (ensuring, in practice, a minimum clearance of 50 mm between
the flanges of the two girders).

o Section Lengths: There is a possibility of change in section along the bridge.
At maximum there could be 5 sections along the beam but they are always
symmetric in longitudinally, which result in maximum 3 different section ge-
ometries. The individual sections cannot be longer than 12 m (a production
restriction based on the maximum length available in storage at supplier) and
a soft lower threshold value based of manufacturing and welding cost.

o Number of Splices: Number of splices (nspice) are allowed to change from
0, 2, or 4 with the assumption of splices always being placed symmetric in
longitudinally. Bridges shorter than or equal to maximum section length could
have 0, 2 or 4 splices, bridges between maximum section length and 3 times
maximum section length could have 2 or 4 splices, bridges longer than 3 times
maximum section length will have 4 splices, with all cases controlled by the
cost of splices as a soft limit.
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» Distance Between Transverse Cross-Beams (a;): The possible centre to

centre distance for cross-beams is set to be between 2000 and 6000 mm. The
distance can vary in increments that ensure there is always an even number
of "bays" along the full length of the beam.

Plate Thicknesses and Materials:

o Standard Dimensions: To reduce manufacturing costs and avoid custom

orders, the algorithm is constrained to selecting only plate thicknesses that
are available as standard from the supplier Tibnor, n.d. This also significantly
reduces the number of variables within the algorithm. In addition to this the
upper boundary for plate thickness is set to 60 mm, since both welding cost
increases and available specifications of steel in certain dimensions decreases
above this limit.

Thickness Restrictions (both flanges and web): There is no hard limit
for plate thickness other than the values accessible from suppliers and the up-
per limit. However, soft constraints are introduced through factors accounting
for the thickness effect on structural capacity, as well as the increased cost
of thicker (and thinner than 10 mm) plates according to SSAB, 2026 add on
price estimate.

Transverse Stiffener Plates: The thickness of the transverse stiffener plates
is limited to 10 mm, while their width is fixed relative to the flange width
(always terminating 15 mm from the edge of the narrower flange).

Profiles:

« Hot-Rolled Profiles: UPE-beams and L-profiles are used as a stiffening truss

system between top flanges, restricting the critical length of lateral torsional
buckling. The size of the profiles is constrained to vary between the available
sizes from (Tibnor, n.d.). The placement of profiles is determined by the
ai;-measurement, as previously mentioned.

Detailed Design and Joints:

42

o Transverse Splices: Changes in plate thickness and width at transverse

splices along the beam are assumed to be achieved by tapering the thicker
or wider plate with a 1:4 slope, fulfilling the fatigue detailing requirements
specified in Eurocode 8 Design of steel structures Part 1.9: Fatigue (Swedish
Standards Institute, 2022). The thickness taper of the web plate is executed
symmetrically with respect to the beam’s centerline, whereas the flange plates
are always tapered towards the web to ensure flush top and bottom flange
surfaces. Thickness variations are governed by soft constraints that account
for the cost of milling the tapers and the stress concentration factors associated
with the asymmetric flange tapers, which lead to higher fatigue stresses in the
transverse welds. Furthermore, the web splice is consistently located 500 mm
away from the flange splice, offset towards the midspan of the beam.
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o Throat Thickness of Longitudinal Fillet Weld: The throat thickness of
the fillet weld is allowed to vary between some discrete values, with 3 mm as
a lower bound according to Furocode 3: Design of steel structures - Part 1-8:
Design of joints (Swedish Standards Institute, 2005b). It is governed by the
increasing cost for larger weld cross-section, the ULS and FLS capacity.

Table 3.5: Variable values used in PDM.

Variable Notation Value Range / Discrete Limiting Factors /
Category Options Constraints

Flange bfo, by 250mm < by < (C./2—50)- Min: < Bolthole spacing
Widths 2 for sleepers.

(Increments of 10 mm) Max: 50 mm clearance
between girders to avoid
intersection.

Plate Thick- ts,, tr., [8, 10,12, 15,20, 25, 30, 35, Min/Max: Standard

nesses tw 40, 45, 50, 60] mm availability from suppliers.
Soft limits via cost penal-
ties for thicker plates
and thickness effect on
capacity.

Total Height H, . Lpeam/40 < Hyy < Min/Max: Exceed-

Lpeam /15 ing what is ’standard’

(Discrete points, 25 total guidelines slightly.

steps)

Number of Nfack Derived from 2000 < a; < Min/Max: Must result in
Bays (Cross- 6000 mm. an even number of bays
beams) Nomin < Nfack < Nmaz along the full span length.
Splice Loca- LOC Max section length = 12 m. Max: Supplier storage/-
tions transport length restric-
tions.
Min: Soft limit based
on manufacturing/welding
cost.
Number of  Nspiice [0, 2, 4] Limit: Geometrical neces-
Splices (Depending  on  bridge sity based on max section
length) length vs. total span, and

cost penalties.

Continue on the next page...
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Table 3.5 — Continued from the previous page

Variable
Category

Notation Value Range / Discrete

Options

Limiting Factors /

Constraints

Longitudinal
Fillet Weld

Apw

[4, 5,6, 7, 8] mm

Min: Minimum allowed
throat thickness according
to Furocode 3: Design of
steel structures - Part 1-8:
Design of joints and ULS
and FLS capacity.

Max: Soft limit via in-
creased cost for larger weld
volumes.

Truss Profiles

UPE,

L-profile

Discrete
available

standard
from
(Tibnor, n.d.)

sizes
supplier

Min/Max: Standard
availability from suppliers.

3.3.3.2 Fitness Function and Optimization Criteria

The objective of the optimization is to minimize the total structural cost (including
what are considered to be the main parameters affecting manufacturing cost) while
maintaining structural integrity across all limit states (ULS, SLS, and FLS). The cost
function, Cyyqr, is discretized into four primary domains, as illustrated in Figure 3.22.
The precise geometric quantification of all manufacturing activities is summarized

in Table 3.8.

| Total Cost

| surface Treatment Cost |

Material Cost |

| Welding and HFMI Cost |

| Manufacturing Cost |

. Hot Rolled Steel Butt Welds Erection
2 -

(Rl (e) [F 0 Plates [SEK/kg] [SEK/meter] [SEK/splice]
| | HotRolled Steel || Fillet Welds Taper Milling

Profiles [SEK/kg] [SEK/meter] [SEK/mm?®]

| | HFMITreatment Edge Grinding (P3)
Cutting [SEK/meter] [SEK/meter]
[Total Weight » SEK/kg] Assembly
[Welding ¢ 0.3]

Figure 3.22: Flowchart of which costs that are included to calculate the fitness
value in the objective function used for optimization.
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Table 3.6: Cost quantification for material, welding, and surface treatment.

Category Specification

Steel Grades / Cost Unit Comment

Material Cost (Hot Rolled)

ComponentThickness (1)

Steel t <60 mm
plates

Steel pro- -
files

S355 S460 S690
10.23 13.00 15.73

16.37 20.80 25.17

SEK /kg Given value af-

ter contact with

SSAB.

SEK /kg Based on the fact

that steel sections
have a factor of
1.6 compared to
steel plates, ac-
cording to (Hlal,
2025).

Welding and HFMI Cost

Standard Conventional
welding fillet and butt

welds
Edge Thickness ¢ > 350
prepara- 20 mm
tion of
butt weld
Edge Thickness ¢ < 200
prepara- 20 mm
tion of
butt weld
HFMI Factory
treatment

See Equation 3.6

SEK/m Reference prices

used in Equation
3.6 (value for
S355 from Hlal,
2025).

SEK/m Edge preparation

according to SS-
EN ISO 9692-1
for double V or K
weld (Hlal, 2025).

SEK/m Edge preparation

according to SS-
EN ISO 9692-1
for double V or K
weld (Hlal, 2025).

SEK/m Calculated  ac-

cording to values
from Englund
and Dagduk,
2022, see Table
3.7.

Continue on the next page...
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Table 3.6 — Continued from the previous page

Category Specification Steel Grades / Cost Unit Comment

HEMI On-site 280.5 280.5 280.5 SEK/m Factory value

treatment multiplied with a
factor of 1.5 ac-
cording to Neher,
2026.

Assembly  Factory Welding Cost x 0.3 - Factor consid-
ering  assembly
in workshop,
moving part, spot
welding Etc.,
using a surcharge
of 30% of the
welding cost
(Hlal, 2025).

Surface Treatment Cost
Painting Factory 1000 1000 1000 Cpaint Painting that ful-
SEK /m? fils C5 standard,
reference  value
from Hlal, 2025.
Painting On-site 3000 3000 3000 Cpaint Painting that ful-
SEK/m? fils C5 standard,
reference  value
from Hlal, 2025.
Manufacturing and Machining Cost

Machining  Thickness Ta- 0.001 0.001 0.001 SEK/mm? Estimated value

/ Milling per (1:4 Slope) with help of Al

Edge Grinding of 125 SEK/m Reference  value

grinding edges from Hlal, 2025.

(P3)

Erection On-site splice 9000 9000 9000 SEK /splice Cost for splice

weld

welds done on-
site (nsplice) )
reference  value
from Hlal, 2025.

Material Cost

Structural steel costs are evaluated based on mass, accounting for both yield strength
(fy) and the change in price for both thickness and width of plates. A distinction is
made between hot-rolled profiles (UPE and L-sections) and hot-rolled heavy plates.
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For plates a base unit price i used (see Table 3.6) dependent on steel grade, which
extra cost is added to depending on dimensions according to SSAB, 2026.

Cmatem'al = Z (‘/:L *Ps Ctype,grade,t) (34)

Where Cyype grade,t 1s the unit price (SEK/kg) which varies dynamically with the steel
grade according to Table 3.6.

Welding and HFMI Cost

Welding costs are modelled as a function of the number of passes (weld strings)
required for a specific weld cross-section (Equation 3.5) and hourly labour/mate-
rial cost (Cref, weld, grade/4) according to Hlal, 2025, with an increase in hourly cost
dependent on steel grade (estimated increase in hourly cost, from slower welding
speed and increased material cost with the help of AI). Welds that are considered
is longitudinal flange to web welds, welds attaching transverse stiffener plates and
splice welds (see Table 3.8).

o« Butt Welds: Modeled as double V-weld or K-weld dependent on specific
weld location preparations with a 60° opening angle and a 1.5 mm root gap is
assumed. An edge preparation cost (machining the edge to correct angle) is
applied dependent on volume of removed material and weld type, since double
V welds have two edges that needs preparation and a K-weld only has one.

» Fillet Welds: Calculated based on the effective throat thickness (ayeq)-

e HFMI Treatment: HFMI treatment is applied to critical fatigue details
were it is applicable, including transverse splices, cope holes, attachment for
L-profiles and transverse stiffener plates. The unit cost (SEK/m) estimated
with values from Englund and Dagduk, 2022 covering cost of equipment rental,
labour cost and some added cost for quality assurance (see Table 3.6).

Agela + 30
Npasses = 1;9 (35)
Clabour, we
Cweld = Mpasses * fabour, weld (36)

Vweld

200SEK/m, ift; <20mm (37)
Cpre utt — .
prep DUt ) 850 SEK /m,  if #; > 20 mm
Cweld = Lz * Cyeld T Lz * Cprep.butt (38)

Clabour, weld are the labour cost of welding, 550 SEK/hour (Hlal, 2025).

Uwelqa are the welding speed 4 m/hour.
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Table 3.7: Data used for calculation of an per meter cost of HFMI treatment "On-
site" and "in factory".

Parameter Value Comment

Input Parameters

Labour cost 500 SEK/h Used in similar study by Englund
and Dagduk, 2022.

Treatment speed 15 m/h Used in similar study by Englund
and Dagduk, 2022.

Leasing of equipment 1200 SEK/day Used in similar study by Englund
and Dagduk, 2022.

Working time per day 6 h/day Used in similar study by Englund
and Dagduk, 2022.

Safety/margin factor for 4 Used in similar study by Englund

quality assurance and Dagduk, 2022.

Factor for on-site work 1.5 Value selected based on email

communication with Neher, 2026.

Calculated Costs

Factory 187 SEK/m Calculated based on inputs
above.

On site 280.5 SEK/m Calculated based on inputs
above.

Table 3.7 presents the data used to calculate the cost per meter (SEK/m) for HFMI
treatment, based on key industry values and a similar study by Englund and Dagduk,
2022. For calculation of "On-site" per meter cost for HFMI treatment (SEK/m) an
increase of 15-50%, on top of "in factory" values was suggested by Neher, 2026. In
this study a factor of 1.5 (50% increase in cost) was chosen to be used, to ensure
a "conservative' estimate of the cost savings associated with HFMI treatment "on-
site".

Surface Treatment Cost:

Corrosion protection (blasting and painting) is calculated per square meter of surface
area, using a reference value, for C5 standard, from Hlal, 2025. Category C5, as
defined in the EN ISO 12944-2 standard, describes environments with very high
corrosivity that require the use of long-lasting coating systems (Swedish Standards
Institute, 2017). The area considered is the area of main girders and transverse
stiffener plates (see Table 3.8). To account for the increased costs associated with on-
site painting of welded or HFMI-treated details, a higher reference price for surface
treatment is applied (see Table 3.8). On site painting is only considered for the
transverse splices with a length of 500 mm from the weld in both directions. This
length is based of the required length to HFMI treat in each direction from the splice
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cope hole according to Englund and Dagduk, 2022.
Cpamt = Amantle ' szzctm"y + Asite ' Csite (39)

Where:
o Cpaint is the total cost of the surface treatment (SEK)
o Apantie is the surface area painted at the factory (m?)
o Clactory is the unit cost for factory surface treatment (SEK/m?)
o A, is the surface area painted on-site (m?)
o Oyt is the unit cost for on-site surface treatment (SEK/m?)

Manufacturing and Machining Cost:

The model accounts for manufacturing costs using key values derived from previous
research, industry data, and artificial intelligence and are summarized in Table 3.6.
The assumptions and methodologies for these costs include:

« On-site Welded Splices (Erection): An additional cost of 9,000 SEK per
splice is applied to account for the increased preparation and setup time and for
the on-site transverse butt weld, as suggested by a similar analysis conducted
by Hlal, 2025.

o Taper Milling: Volumetric milling/grinding of a 1:4 slope at thickness tran-
sitions to satisfy Eurocode fatigue requirements. The milled volume is based
on the width of the thicker plate, and the milling cost is estimated at 0.001
SEK/mm?. This value was calculated based of labour cost and estimated time
of conducting such a work, with the help of AI. The used value is from the
upper part of the estimated possible range of cost.

o Edge Grinding: Mechanical grinding of the outstanding longitudinal girder
edges to satisfy the P3 surface preparation standard according to ISO 8501-
3:2025. The reference price used is based on a similar analysis conducted by
Hlal, 2025.

o Cutting and Assembly: Plate cutting costs are based on total weight, while
general workshop assembly is estimated as a 30% surcharge on total welding
cost as suggested by industry practice (Hlal, 2025).

Table 3.8: Geometric quantification of material and manufacturing operations.

Component / Activ- Calculation Method (per unit) Total Quantity /
ity Multiplier

Material Volumes

Main Girder Plates Visee = Lisec - (tifbey + topbyr + twhw) Evaluated per section X
2 girders

Truss Cross-Beams Lypr = Ce — ty — 2bgiyry Npays + 1

Truss Diagonals Liiag = \/m Npays (1 per bay)

Transverse Stiffeners Vitifr = bstiff - ts - hw x2 (plates per cross-

section) X (npays + 1)

Continue on the next page...
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Table 3.8 — Continued from the previous page

Component / Activ- Calculation Method (per unit)

ity

Total Quantity /
Multiplier

Welding Parameters

Longitudinal Bottom
(Fillet Weld)

Longitudinal Top
(K-Butt Weld)
Transverse Stiffeners

(Fillet Weld)

Transverse Splices

(Double-V Butt Weld)

Length: Lyiqge
Area: Ayeig = agw

Length: L.
t
Area: Apeg = Zw tan(30°) 4 1.5ty

Length: Lyeiq = 2bstiff + hy — 2rcope
Area: Ayelq = azti £f

Length: Lsplice = (wz + wi+1)/2
2

avg

Area: Apeld = tan(30°) + 1.5t4ug

x4 (both web faces, 2
girders)

x2 (2 girders)

x4  (double-sided, 2
plates) x(npays + 1)

X2 (2 girders) Xngplice

Surface Treatment

Painting (Mantle)

Painting (Stiffeners)

Amantle = (2btf + 2bbf + 2hw) Lgec — Asite

Astifg = bstifs - hw

Evaluated per section x
2 girders

x4 (2 plates, 2 faces)
X (nbays + 1)

Site Painting (Splices) Agite = 2 Lgplice - 1.0m X2 (2 girders)
X Ngplice,site
Machining and Logistics
Taper Milling Viaper = 2 - (A)? - winicker - plate Evaluated at every
thickness jump
Edge Grinding (P3) Full bridge length, Lyidge x8 outer edges per

Plate Width Order

Fixed cost per unique width b;

girder x 2 girders

Thunique_ widths
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Results

The results presented in this chapter are derived from the developed MATLAB
script, which forms the basis for addressing the research questions of this master’s
thesis. To verify the reliability of the PDM, its output has been compared with hand
calculations (detailed in Appendix A) and the design documents. Following this
verification, this chapter presents the structural utilization rates for span lengths of
10, 20, 30 and 40 m, and HFMI-processed configurations are compared for different
steel grades with traditional AW designs. The chapter concludes with a comparative
analysis of the material savings, economic benefits and environmental impact. In
all optimizations result presented in this chapter, possible variables of optimization
are presented in Table 4.1.

Table 4.1: Spans of design variables used in optimization. The design vector
contains 23 variable values in total, variables marked (3x) are repeated for the
three symmetric half-sections of the bridge, and (2x) for the two splice locations.

Dimension Symbol Range / discrete set

Top-flange thickness (3x) tto 8,10,12,15,20,25,30,35,40,45,50,60 mm
Top-flange width (3x) be, 250-1600 mm, step 10 mm

Web thickness (3x) Ty 8,10,12,15,20,25,30,35,40,45,50,60 mm
Total girder height Hiot L/40 - L/15, 25 steps (rounded to 10 mm)
Bottom-flange thickness (3x) tea 8,10,12,15,20,25,30,35,40,45,50,60 mm
Bottom-flange width (3x) by 250-1600 mm, step 10 mm

Number of bracing bays Nbays L/2000 — 1, L./2000

Bottom longitudinal weld throat ay. 4,5,6,7,8 mm

Splice locations (2x) 1, Co 500 mm to L/2, step 500 mm
Cross-beam UPE profile idypg ~ UPE140 to UPE400 (11 sizes)
Diagonal L profile idy, L80x8 to L200x 18 (23 sizes)
Number of splices Ngplice 1, 2,3 (0, 1 or 2 splices per half)
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4.1 Verification on PDM

To be sure that the final results MATLAB provides is correct, it is essential to
validate the developed and used tools and models. Therefore, output values from
PDM is compared with hand calculations, and for some values with calculations
from already verified work, in Table 4.2. By evaluating the percentage difference
between these sources, the margin of error is ensured to remain within acceptable
limits for the remaining work. In Tables 4.2 and 4.3 the "Difference" column shows
the absolute mathematical difference between the calculated results and their cor-
responding verification values. The ESR function is verified using a known existing
example from Al-Emrani and Aygiil, 2014, using both a independent model and
hand calculations, with values presented in Figure 4.2 and Table 4.4.

The verification covers a total of 12 different "cases" (combinations of span lengths,
steel grades and AW or HEMI-treated) comparing the PDM values with verification
values, and 10 different "cases" comparing the hand calculation with design calcu-
lation of the initial bridge. Both including verification of overall controls of the
structural behaviour (e.g. bending and global stability) and local phenomenon such
as patch load capacity. In addition, key parts of the cross-section, such as upper and
lower longitudinal welds, UPE cross-beams, and L-diagonals, are individually eval-
uated. Finally, the resulting values for the SLS (deflection) and FLS are calculated
and compared between the models. It should be noted that the natural frequency
is also extracted and compared to demonstrate awareness of the phenomenon, al-
though it does not act as an active design constraint in the PDM. The fatigue
comparison is carried out using both the A-method and the ESR method. These
fatigue evaluations are only compared between the PDM and the hand calculations,
for the A-method and using the previously mentioned example for the ESR function.

Table 4.2: Verification of results comparing PDM and verification sources.

PDM Verification value Difference Verification source
Case 1: Bending UR
98.68% 99.83% 1.15% Hand calculation

Case 2: Global stability (value > 1 ok)
1.24 1.17 0.07 Hand calculation

Case 3: Local stability
45.5% 46.7% 1.2% Hand calculation

Case 4: Shear capacity
44.08% 43.39% 1.31% Hand calculation

Continue on the next page...
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Table 4.2 — Continued from the previous page

PDM Verification value Difference Verification source

Case 5: ULS max UR for top longitudinal weld
31.94% 31.4% 0.5% Hand calculation

Case 6: ULS max UR for bottom longitudinal weld
46.9% 46.16% 0.83% Hand calculation

Case 7: ULS local web patch load capacity
12.47% 12.6% 0.13% Hand calculation

Case 8: ULS combined yielding
66.1% 88.59% 22.49% Hand calculation

Case 9: Max UR for UPE cross-beams
4.03% 2.25% 1.78% Hand calculation

Case 10: Max UR for L-diagonals
67.22% 56.72% 10.5% Hand calculation

Case 11: Deflection SLS

16.0 mm 16.01 mm 0.01 mm Hand calculation

Case 12: FEigenfrequency
19.72 Hz 19.66 Hz 0.14 Hz Hand calculation

Case 13: Fatigue with \-method

74.11% 72.5% 1.61% Hand calculation
106.67% 104.53% 2.14% Hand calculation
151.47% 155.33% 3.86% Hand calculation
129.21% 128.28% 0.93% Hand calculation
117.81% 118.67% 0.86% Hand calculation
59.46% 57.62% 5.57% Hand calculation
99.1% 91.0% 8.1% Detail 1, Note 1
90.5% 99.0% 8.5% Detail 2, Note 1
73.0% 73.0% 0.0% Detail 3, Note 1

Note 1: Fatigue design of steel and composite bridges Example 4.2 (Al-Emrani &
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Aygiil, 2014).

To ensure that the hand calculations are reliable for verifying the PDM model, the
hand calculations have been compared with the initial calculations of the type bridge
(see Table 4.3). The difference is due to the hand calculations and the PDM model
being designed as hinged connections, which results in lower forces compared with
the initial calculations, which used FEA.

Table 4.3: Verification of hand calculation results compared to design documents.

Hand calculation  Verification value Difference Verification source
Case 1: Bending UR
99.83% 99.5% 0.33% Design documents

Case 2: Lateral torsional stability (>1 ok)
1.17 1.07 0.1 Design documents

Case 3: Capacity for the vertical stiffeners
20.4% 20.5% 0.1% Design documents

Case 4: Shear capacity
43.39% 45.6% 2.21% Design documents

Case 5: ULS max UR for top longitudinal weld
31.4% -% -% -

Case 6: ULS max UR for bottom longitudinal weld
46.16% 48.56% 2.4% Design documents

Case 7: Max UR for UPE cross-beams
2.25% 6.91% 4.66% Design documents

Case 8: Max UR for L-diagonals
56.86% 93.83% 36.97% Design documents

Case 10: Deflection SLS

16.01 mm 15.5 mm 0.59 mm Design documents

Due to the lack of a simple hand calculation procedure for the ESR method, verifi-
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cation was conducted by comparing hand calculated values against an independent
tool. This verification process utilizes an example from Section 4.2.3 in Al-Emrani
and Aygul, 2014, Fatigue design of steel and composite bridges, to validate the ESR-
function developed for the PDM. The stress history generated by the PDM function
is shown in Figure 4.1. Furthermore, the summation of stress cycles was verified
against values from an independent source, with both stress histograms presented
in Figure 4.2. Since nearly identical results were generated by the two independent
sources, this confirm the validity of the stress generation and summation.

Train type 6 Train type 5

Stress History Stress His

- Detail: Detail 1: Flange Midspan Detail: Detail 1: Flange Midspan

60 -

50
a0
= =
£ | £
H I =
S 30 I 2
g £
& &
20
10
Train 10: 5
6 | | ) S S S
o [ 1 15 2 2.5 3 a5 4 a5 5 o 05 1 s 2 25 3
Simulation Steps «10° Simulation Steps <10%
Train type 11 Train type 12
rain type
VP Stress History
- Detail: Detail 1: Flange Midspan
Stress History 50 ——
- Detail: Detail 1: Flange Midspan
45
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35
a0 T 30
= <
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= o2
S 30 8
i &2
20 15
10
10
Train 1D: 11 5
% | ° L
1] 0.5 | 1.5 2 2.5 o 0.5 1 15 = 25
Simulation Steps «10% Simulation Steps «10*

Figure 4.1: Stress history with train 5
model.

6, 11 & 12, from the developed PDM
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To further verify the actual damage calculation of the function developed for the
PDM, the details from the previously mentioned example were used, together with
the stress cycles from the independent tool that generated the stress histogram in
Figure 4.2b. These stress cycles were used to manually calculate the damage for
the three details from the example and the complete calculations are provided in
Appendix C. In Table 4.4, values from both the hand calculations and the PDM
function are presented, with the PDM values being slightly lower for all details.
This variation is attributable to the specific rainflow counting algorithms employed.
The independent verification tool relies on an older model by Downing and Socie,
1982, which simplifies the process by counting half-cycles as full cycles. Conversely,
the PDM utilizes a rainflow counting function from The MathWorks, Inc., 2026,
based on ASTM International, 2017, which distinguishes between closed (full) and
unclosed (half) cycles. This explains the slightly higher damage estimates yielded
by the hand calculations.

Rainflow Histogram (> 5 MPa)

150 Detail: Detail 1: Flange Midspan | heavy traffic mix (2.739726e-03 years)

[ Train 12 (0.0 M passes)
. Train 11

Histogram (Rain flow)

150 ¢

[ Train 5 (0.0 M passes)

o L
£ 100

e

o

(=]
T

Total Cycle Counts (Scaled)
Occurrences [-]

(o))
o
T

AT

5 0 5 20 25 30 35 40 45
' ' Stress Range Ac [MPa] 10 gg’ess range [?/IOPa] 40

(a) Stress histograms, wusing ESR-
function developed for PDM, for one day
and Heavy mix for detail 1 from the ex-
ample in chapter 4.2.3 by Al-Emrani and
Aygiil, 2014.

(b) Stress histograms, independent tool
to calculate and summed up stress his-
tory, for on day and Heavy mix for detail
1 from the example in chapter 4.2.3 by
Al-Emrani and Aygiil, 2014.

Figure 4.2: Stress cycles generated and summed up using Heavy mix from Furocode
1: Actions on structures - Part 2: Traffic loads on bridges (Swedish Standards
Institute, 2003), for the time period one day.

56



4. Results

Table 4.4: Comparison in accumulated damage of details from example in Al-
Emrani and Aygiil, 2014, comparing hand calculated values with PDM.

Description Detail 1 Detail 2 Detail 3 Comment
PDM: damage with  0.4325 0.7267 0.17 Using rainflow count-
ESR-method ing by The Math-

Works, Inc., 2026, and
developed ESR fun-
tion used in PDM.

Hand-calculation: 0.46 0.74 0.19 Using stress ranges
damage with ESR- and cycle counting
method from No2Fat. Hand-

calculated damage in
excel (See Appendix

Difference 6.33% 1.51% 11.07%  Difference  between
damage from PDM
and hand calculations
made in excel (See

Appendix C)
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4.2 Optimization Results

This section presents a summary of the optimization results for all investigated span
lengths (10, 20, 30 and 40 m) for both AW and HFMI-treated states using steel grade
S355 for AW and S355, S460 and S690 with HFMI treatment. The aim is to demon-
strate how the choice of material grade and usage of HFMI affects the limiting state,
costs, and material usage for different span lengths. An important statement for all
of the result chapter is that a reduction in cost, material, or C'Os-emissions is de-
fined as a positive percentage change, while an increased cost is shown as a negative
percentage change, as seen in e.g. Figure 4.3.

The general trends of the potential savings from usage of HFMI combined with
different steel grades are shown in Figure 4.3, with all HFMI-treated states being
compared with the AW state using only S355, as it is used as the "standard case".
As shown in the Figure 4.3, the general result shows that there is potential savings
in total cost using HFMI combined with S355 for spans up to about 34 m (linearly
interpolated between 30 and 40 m), while HFMI combined with S460 could have
some potential for shorter spans and S690 always being more expensive than the AW
case using S355. To illustrate more clearly how the optimized cross-section changes
along the bridge result in these findings, and to analyse why the HFMI treatment
might offer the observed benefits, a detailed, section-by-section analysis was carried
out for the 20 m bridges. These detailed and presented results are shown in the
following Sections (4.2.1-4.2.3).

Relative change in total cost comparing different cases of as-welded state

to HFMI-treated state
30%

20% | .
-
.
K 10% . .
1] ~. —_— . — .
8 o — =T ~. —
£ 0% '
@ T~
[T ~.
& T~
S -10%
-20%
-30%
9000 14 000 19 000 24 000 29 000 34000 39 000
Span Length [mm]
—s=— As-welded 355 Standard train mix —o - HFMI-treated factory 355 Standard train mix
HFMI-treated factory 460 Standard train mix HFMI-treated factory 690 Standard train mix

Figure 4.3: Relative change in cost comparing HFMI-treated state, using different
steel grades for span lengths from 10 m to 40 m, to AW state using S355.

The governing details for the different studied cases in both AW and HFMI-treated
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conditions are presented in Table 4.5, with the same detail numbering as used in
Figure 3.10. The results in this table indicate that in the AW condition, detail
3 (gusset plate used for attaching the L-profiles) and detail 4 (transverse stiffener
plate) are the critical ones for all studied span lengths. For the HFMI-treated case
using S355 and shorter spans, the critical detail becomes detail 2 (crack from normal
stress in longitudinal weld attaching flange to web), while details 3 and 4 still govern
the fatigue capacity of the longer spans. Using HSS and HFMI, the governing detail
is close to similar for S460, while using S690 leads to increased fatigue capacity of
the HFMI-treated details. This makes detail 2 the governing one all the way until
30 m span.

Table 4.5: Governing fatigue detail in the cost-optimized design of each case. A
green cell with a checkmark marks the detail at which the maximum ESR damage
oCCurs.

Case D1 | D2 [ D3| D4 D5 | D6 | D7 | D8 | D9
AW 8355, L = 10m v
AW 8355, L = 20m v
AW 8355, L = 30m v

AW 8355, L = 40m v
HFMI S355, L = 10m v

HFMI $355, L = 20m v

HFMI $355, L = 30m v
HFMI S355, L = 40m v
HFMI S460, L = 10m v

HFMI S460, L = 20m v
HFMI S460, L = 30 m v
HFMI S460, L = 40m v
HFMI S690, L = 10m v

HFMI S690, L = 20 m v

HFMI S690, L = 30m v

HFMI S690, L = 40 m v
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4.2.1 As-Welded Condition (S355)

Once the PDM optimization is completed for the traditional AW S355 condition,
Figure 4.4 illustrates how the structural utilization varies across different spans. The
data shows that FLS is the determining limit state for bridges of all investigated
spans in some manner, keeping the utilization ratio at approximately 100%. At 20 m,
ULS reaches 100% in some sections along the span, but as it is shown in Figure 4.5a,
this is not the case for all sections. This indicates that there is still some potential
for HFMI counteracting FLS being limiting at this span length. At 30 m, SLS
(deflection) has become more limiting than ULS, but FLS is still the governing limit
state for AW condition, which suggests there is at least a potential for utilization of
HFMI within the domain of increasing SLS to 100%. At the maximum investigated
span length of 40 m, SLS and FLS are equally limiting with ULS slightly lower for
optimized design. Even though SLS and FLS are limiting for the AW case, the
optimized design never the one using maximum allowed total height (L/15). This,
in combination with the included cost categories, affects the result of the studied
cases towards a cheaper design (see Appendix E).

Utilization ratio S355 As-welded

105%

100%

95%

90%

85%

80%

Utilization [%]

75%

70%

65%

60%
9 000 14 000 19 000 24 000 29 000 34000 39 000
Span Length [mm]
—=—MAX ULS - As-welded 355 Standard train mix
—= . MAXSLS (deflection) - As-welded 355 Standard train mix

MAX FLS (ESR-method) - As-welded 355 Standard train mix

Figure 4.4: Utilization ratios for the AW optimized bridges off 10, 20, 30 and 40
m span lengths.

The behaviour at a span length of 20 m (shown in Figure 4.4) is further studied to
understand the behaviour of the model, results, and what limits the design section
by section. This case is chosen since it is within the span length where indications
show that HFMI results in cost savings, and it is the first bridge length where the
curves for both FLS and ULS meet at their maximum utilization ratio in Figure 4.3.
This is done by extracting all limit state values along the 20 m optimized bridge.
Figure 4.5 shows all limit states section by section, which further explains that both
FLS and ULS reach almost a maximum peak of 100% utilization already at 20 m in
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Figure 4.4, while there is still some potential for HFMI to improve design.

Utilization along bridge, 20m, S355, As-welded

120%
Potential for HFMI to
improve possibilites for
increased ULS and SLS.
100%

= o oy

o |
9
[

80%

o,

60%

Utilization [%]

40%

20%

0%
1] 2000 4000 6000 8000 10 000 12 000 14 000 16 000 18 000 20000
X coordinate along bridge [mm]
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(a) All utilizations along the AW bridge of 20 m.
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(b) Max envelope utilization ratio for the AW bridge of 20 m.

Figure 4.5: Specify which limit is governing for which state (S355 AW).
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As shown by the maximum envelope along the 20 m bridge (Figure 4.5), ULS governs
the design in sections 1 and 3, while FLS still governs the design in the mid-section.
This confirms that there is still some possibilities to improve utilization using HFMI
to improve both ULS and SLS. This implies a clear potential for benefiting from
HEFMI, as shown in Sections 4.2.2 and 4.2.3.

To allow for evaluation of economic effects on the optimized result and which bundles
of cost having a greater potential of affecting results distribution between included
cost is showcased in Figure 4.6. To further understand the effects of applying HFMI,
it is necessary to analyse the cost distribution of the reference case (S355 AW).
Figure 4.6 illustrates the total cost distribution for the reference bridges made of
S355 in the AW condition across the evaluated spans, with a detailed breakdown
of the exact values provided in Table 4.7. As the span increases, the total cost
increases exponentially, with materials and painting consistently accounting for the
majority of the costs. This cost distribution serves as the primary reference point
when assessing the economic profitability of introducing HFMI treatment combined
both with S355 and HSS in Sections 4.2.2 and 4.2.3.

Cost distribution with $355 and As-welded condition
2 500000 kr

2 000000 kr

1500 000 kr

Relative change [%]

1000000 kr

o .

Span Length [mm]

Material [SEK]  m painting [SEK] = Welding [SEK] m Total Other Cost [SEK]

Figure 4.6: Cost distribution for S355 AW for different spans.
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4.2.2 HFMI-Treated Condition (S355)

With the reference case evaluated, this section evaluates the effects on limit states
and cost through application of HFMI to bridges with steel of grade S355. Figure 4.7
shows the general maximum utilization ratio along all span lengths for the presented
case. The most notable effect of HFMI is the significant reduction in FLS, which is
also expected. This results in ULS becoming the determining limit state for spans
between 10 and 30 m, accompanied by SLS for spans between 20 and 30 m, while
SLS is the sole decisive limit at 40 m.

Utilization ratio S355 HFMI
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100% ———
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Utilization [%6]
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—=— MAX ULS - HFMI-treated factory 355 Standard train mix

—+ - MAX SLS (deflection) - HFMI-treated factory 355 Standard train mix

MAX FLS (ESR-method) - HFMI-treated factory 355 Standard train mix

Figure 4.7: Utilization ratios for the HFMI-treated bridges using S355 and for
various span lengths.

A similar detailed section-by-section analysis as shown for AW state and 20 m span
is illustrated, for the corresponding HF MI-treated case using steel of grade S355, in
Figure 4.8. Compared to the AW case in Figure 4.5, FLS is no longer limiting in
any of the sections. Unlike the reference case, where the mid-section was determined
by FLS, the HFMI-treated bridge has approximately 50% lower fatigue utilization.
As shown by the maximum envelope curve (Figure 4.8b), the eliminated limitations
from fatigue allow for further cross-section optimization until the other limit states
become governing. The support sections (sections 1 and 3) are still governed by ULS
(bending), while the middle section is now determined by SLS (deflection), which
reaches a utilization ratio of 100%. This shows that HFMI effectively eliminates any
limitations from FLS, meaning that the deflection criteria ultimately limit further
optimization for S355 spans of this length, in the studied case.

63



4. Results

Utilization along bridge, 20m, S355, HFMI
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(a) All utilizations along the S355 HFMI-treated bridge of 20 m.
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(b) Max envelope utilization ratio for the S355 HFMI-treated bridge of
20 m.

Figure 4.8: Specify which limit is governing for which state (S355 HFMI-treated).
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As illustrated in Figure 4.9, the application of HFMI enables cross-sectional opti-
mization that directly reduces material usage and total costs. By eliminating the
constraints imposed by FLS demands, the cross-section can be optimized until stiff-
ness requirements become the limiting factor. For spans shorter than the point
where SLS becomes governing in the AW condition (linearly approximately 34 m),
the use of HFMI allows for higher stresses. This eliminates the stiffness require-
ments induced by AW fatigue limitations, directly resulting in significant material
savings. Figure 4.9 shows that for 10 m, the total cost savings are 20%, while the
material savings exceed 30%. Spans from 20 to 34 m imply a decreased total cost
of 3-5%, with a greater saving in material of 8 to 15%. The greater saving for the
30 m span compared to the 20 m bridge can be traced back to model constraints
such as section length limitations and the requirement for symmetric splice welds.
In this specific case study, this leads to short support sections of only 4 m for the 20
m bridge, making the welding and manufacturing costs of the splices proportionally
more expensive. This combined with ULS already in AW state reaching close to
100% in some sections (see Figure 4.5), while all sections are governed by fatigue
at 30 m for the AW state, allows for a greater improvement for a 30 m span using
HFMI for the specific studied case. At 40 m, there is no reduction of total cost,
but the material cost is decreasing with slightly above 10%, while painting cost in-
creases. This could be linked partially to the earlier presented results of the AW
40 m bridge not utilizing the full possible girder height, when HFMI-treated the
material savings in combination with using the maximum possible height result in
a cheaper bridge for the specific case. On the contrary while only increasing height
for the AW case increases other costs, such as painting more than what is saved
in material cost, results in a slightly lower beam. The increased total cost stems
partly from the introduced HFMI cost and partly from the stochastic behaviour
of the optimization algorithm. Changing the design space to fulfill all limit states
shifts the optimization boundaries, resulting in slightly displaced minimum values
inherent to such heuristic methods.

Relative change in cost $355 HFMI compared to $355 As-welded
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Figure 4.9: Relative change in cost for S355 when HFMI is applied.
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4.2.3 High-Strength Steel with HFMI (S460 and S690)

Building on the results from the S355 AW and HFMI-treated condition, this section
evaluates whether upgrading to HSS grades in combination with HFMI treatment
yields further structural and economic benefits. Figures 4.10 and 4.11 show the limit-
ing utilization ratios across investigated span lengths for S460 and S690, respectively.

In the case of S460 (Figure 4.10), the governing limit state pattern for all span
lengths is SLS deflection, while FLS remains well below 100%. However, a key
difference is that FLS utilization is consistently lower in this case with S460 than in
the case with S355 HFMI, and ranges between approximately 79-88%. This indicates
that the increased benefits of HFMI caused by the higher yield strength with S460,
provide an additional tolerance margin against fatigue. The ULS utilization ratio
is also slightly lower compared to S355 HFMI (except for the 20 m bridge) due to
the higher yield strength. Because SLS subsequently becomes the governing limit
state, there is no further possibility of reducing the amount of material used in the
cross-section.

Utilization ratio S460 HFMI
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100%

95%

90%
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—a&— MAX ULS - HFMI-treated factory 460 Standard train mix
—s - MAX SLS (deflection) - HFMI-treated factory 460 Standard train mix

MAX FLS (ESR-method) - HFMI-treated factory 460 Standard train mix

Figure 4.10: Utilization ratios for the HFMI-treated bridges using S460 and for
various span lengths.

For the case of S690 (Figure 4.11), a more notable change can be observed. Whilst
the ULS utilization begins at around 70% for a 10 m span and gradually rises to
approximately 95% at a 40 m span, the FLS utilization at 10 m is similar to S460
since SLS governs both cases. For the longer spans, a distinct reduction in fatigue
utilization to around 55% can be observed. This means that for short spans, in
this specific case, FLS does not benefit from S690 since AW details already is de-
terminant using S460, but for longer spans, S690 still has an impact on FLS. This
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impact and decreased fatigue utilization compared to S460 could be traced to the
governing detail becoming an AW detail for spans up to 30 m when using S690, as
shown in Table 4.5. With this in mind, the total effect on material usage is still
determined by the SLS limit. That means the higher tensile strength and improved
fatigue resistance of S690 are not utilized as a consequence of mentioned factors.

The important outcome from these results is that when comparing S460 and S690 the
SLS deflection limit, which is independent of yield strength, ultimately constrains
both steel grades in the same way at longer spans. This has important implications
for the cost analysis in Section 4.3, since the higher material cost of S690 may not
be compensated for by savings in the design when SLS governs the design.

Utilization ratio $690 HFMI
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Figure 4.11: Utilization ratios for the HFMI-treated bridges using S690 and for
various span lengths.

To examine the local structural behaviour in detail, Figure 4.12 presents the uti-
lization distribution along the 20 m long bridge for the case involving S460 steel
treated with HFMI. As shown in Figure 4.12a, the optimized design using S460
moves the joints closer to the middle, without increasing cross-section surpassing
SLS limit, though the higher yield strength withstanding higher stresses in ULS.
As a secondary effect this also allows the web thickness to be adjusted in the mid-
section without interaction being limiting, resulting in higher shear utilization in
the mid-section.
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20 m.

Figure 4.12: Specify which limit is governing for which state (S460 HFMI-treated).
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The maximum utilization ratio curve in Figure 4.12b further clarifies the governing
limit states along the 20 m span length. Near the supports (sections 1 and 3), the
higher yield strength of the S460 steel allows for greater bending and shear stresses
as mentioned. This, in combination with the splices being moved closer to the mid-
dle, results in the interaction (M-N-V) becoming the governing limit state, which is
a notable change compared to the case with S355 HFMI, where bending was gov-
erning in sections 1 and 3. Even though utilization in ULS is similar to the HFMI
S355 case, the stresses increase in sections 1 and 3 as mentioned earlier. This leads
to an increase in fatigue utilization for detail 3 placed close to the splice in section 1
and 3 (see Figure 4.12) for the specific case (see Table 4.5). In the mid-section SLS
remains the governing limit state, similar to the observations for S355 with HFMI
configuration. However, the utilization gap between ULS and SLS is notably larger
here due to the increased yield strength of the S460 steel.

The changes caused by HSS described above affect the economic efficiency, while
some limitations make the usage of the higher yield strength non-profitable. Figures
4.13 and 4.14 show the relative change in cost for the optimal HFMI-treated S460
and S690 designs, respectively, compared with the reference value for S355 and the
AW case. The use of HSS combined with HFMI treatment results in cost savings,
compared to AW, only for the shortest evaluated span (10 m), where S460 reduces
total cost by approximately 13%. However, Figure 4.13 indicates that for spans of,
linearly approximated, 17 m and longer, the reduction in material from HSS is not
enough to counteract the increased cost, leading to a net increase in costs for 5460,
both in total and material cost. Similarly, Figure 4.14 demonstrates that for the
S690 grade, the increase in cost begins for even shorter spans, resulting in a net cost
increase for spans exceeding, linearly approximated, 13 m. This negative economic
effect is a direct consequence of the limit states affected by HSS no longer being
determinant (see Figure 4.12). Since SLS (deflection) strictly governs the design for
these longer spans, the cross-section cannot be reduced further without exceeding
the deflection limits. Consequently, the higher material cost of HSS is incurred
without a great enough reduction in material usage, restricting the potential cost
benefits of material reduction from the increased yield strength.
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Relative change in cost 5460 HFMI compared to S355 As-welded
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Figure 4.13: Relative change in cost for S460 when HFMI is applied.
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Figure 4.14: Relative change in cost for S690 when HFMI is applied.
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4.3 Cost Savings

The PDM optimizes the bridge geometry with a primary focus on production cost-
reduction, meaning that full life cycle cost (LCC) is not considered. By utilizing
HSS, the dimensions of the structure can be reduced, as earlier stated, when SLS
is not governing. This reduction decreases both the total material usage and the
surface area requiring surface treatment, which account for the major cost factors
(according to the analysis in Section 4.3.1). On the other hand, the economic benefit
of using less steel must be weighted against the higher unit price associated with
HSS (see Table 3.6). Table 4.6 illustrates this economic trade-off by presenting both
the total steel savings and the total cost reduction of HFMI-treated cases, with a
conventional AW S355 reference. The data highlights the relative cost difference
and clearly demonstrates which combination results in the most economic benefits
for the individual span lengths.

Table 4.6: Optimal design configurations, weight savings, and costs for the evalu-
ated steel grades.

Design Steel Usage [TON] Weight Saving [%] Total Cost [MSEK] Cost Difference [%)]
Span Length: 10 m

Original (AW S355) 9.684 - 0.258 -
Optimized (HFMI S355) 6.638 31.46 % 0.205 20.46 %
Optimized (HFMI S460) 6.638 31.46 % 0.225 12.63%
Optimized (HFMI S690) 6.612 31.73% 0.242 6.21%
Span Length: 20 m

Original (AW S355) 19.180 - 0.606 -
Optimized (HFMI S355) 17.548 8.51% 0.587 3.20%
Optimized (HFMI S460) 16.804 12.38% 0.650 -7.30%
Optimized (HFMI S690) 17.326 9.66 % 0.700 -15.58 %
Span Length: 30 m

Original (AW S355) 43.874 - 1.270 -
Optimized (HFMI S355) 37.122 15.39% 1.208 4.87%
Optimized (HFMI S460) 36.944 15.80 % 1.316 -3.64%
Optimized (HFMI S690) 39.121 10.83% 1.501 -18.16 %
Span Length: 40 m

Original (AW S355) 73.292 - 2.075 -
Optimized (HFMI S355) 65.714 10.34% 2.218 -6.91%
Optimized (HFMI S460) 61.900 15.54 % 2.341 -12.83%
Optimized (HFMI S690) 63.893 12.82% 2.616 -26.09 %

For the 10 m span, all three HFMI-treated configurations result in cost savings com-
pared with the reference case using S355 steel and in AW condition, as shown in
Figure 4.15. The greatest saving is achieved with HFMI S355, which reduces the
total cost by approximately 20.5%, followed by S460 with 12.6% and S690 with 6.2%
(Table 4.6). Regarding material savings, which is larger than the savings of total
cost, the three grades achieve almost identical values of approximately 31.5%. The
higher unit material cost for the HSS, in combination with this, makes the material
cost saving linearly decrease with the size of increased unit price. This implies that
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HFMI combined with S355 generates the most cost efficient beam at a 10 m span.
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Figure 4.15: Cost ratio of bridges (muliple span length) with HFMI-treated weld-
ments relative to bridge with only as-welded weldments (S355).

At 20 m (Figure 4.15), HFMI S355 delivers a total cost saving of approximately
3.2%, while S460 and S690 result in a net cost increase of 7.3% and 15.6%, respec-
tively. The material savings for the optimized bridge spanning 20 m are lower than
for the 10 m span, ranging between 8.5% for S355, to 12.4% for S460 and 9.7% for
5690, as shown in Table 4.6. The reason for the large difference in percentage savings
is presented in Section 4.2.2. This increased weight reduction of HSS is too small
to compensate for the higher steel price, and therefore results in the HSS grades
becoming more expensive. At 30 m (Figure 4.15), HFMI S355 provides a slightly
larger saving than at 20 m, of approximately 4.9%. Similarly, 20 m S460 and S690
result in cost increases of 3.6% and 18.2% respectively. It is worth mentioning that
the weight savings are more notable at this range, particularly for S355 and S460,
which achieve reductions of more than 15% according to Table 4.6. However, this
further illustrates that the cost disadvantage of HSS is mainly due to the higher
unit price in combination with SLS already being limited by HFMI and S355, which
results in no further weight reduction from S460, leading to a net economic loss.
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At 40 m (Figure 4.15), none of the HFMI-treated bridges offers any cost savings
compared with the reference case. HFMI S355 results in an increased total cost of
6.9%, whilst S460 and S690 increase costs by 12.8% and 26.1% respectively. Al-
though weight savings are achieved for each steel grade even at a span of 40 m, with
15.54% for S460 and 12.82% for S690, the higher unit material cost means that no
net savings are achieved. This is because the SLS deflection limit restricts further
cross-sectional reduction, preventing the full yield capacity of the HSS from being
utilized. Regarding the case HFMI and S355, the decreased material cost is lower
than the increased surface treatment cost together with the added expense of HFMI,

which ultimately makes the bridge slightly more expensive than the corresponding
AW bridge.

Although HFMI treatment may not always result in the lowest total cost, it con-
sistently reduces material consumption across all span lengths. Consequently, this
reduction has a positive impact when evaluating total steel usage and environmental
impact of the steel from cradle to gate.
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4.3.1 Cost Breakdown and Distribution

The results shown by Figure 4.16, and precisely defined in Table 4.7, clearly show
that materials and painting are the two largest cost categories, consistently ac-
counting for around 60-70% of the total cost for all configurations. Therefore, a
key objective of the optimization process has been to reduce these two variables,
which has resulted in thicker, less wide plates for the optimized design, which could
be seen in Appendix E. Material saving is being done through the width reduction
of mainly flanges, while also leading to decreased surface area. Reducing the area
that needs to be painted as well as minimizing steel volume through both economic
and environmental benefits are achieved, which are discussed further in Section 4.3.2.

As-welded 355 Standard train mix for 10m span As-welded 355 Standard train mix for 40m span

B Material [SEK] M painting [SEK] M Material [SEK] M painting [SEK]
B Welding [SEK] M Total Other Cost [SEK] B Welding [SEK] M Total Other Cost [SEK]

HEME taten dow Swaidand i adicon il ween HFMl-treated 355 Standard train mix for 40m span

W Material [SEK] M painting [SEK] W Material [SEK] M painting [SEK]
® Welding [SEK] HFMI [SEK] = Welding [SEK] HFMI [SEK]
B Total Other Cost [SEK] M Total Other Cost [SEK]

Figure 4.16: Distribution of considered cost for both AW and HFMI-treated
bridges spanning 10 and 40m using S355.

A notable trend in Table 4.7 is that the proportion of material costs increases with
steel grade. This reflects the higher unit price of HSS despite the reduced steel vol-
ume. On the other hand, the paint costs decrease with higher steel grades, which is
consistent with the smaller cross-sectional areas achieved. The proportion of weld-
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ing costs remains relatively stable for all span lengths and varies between 12-18%.
Another trend is change in cost distribution due to changes in span length, visu-
alised both for AW and HF MI-treated case in Figure 4.16. The portion of total cost
being material and painting cost increases for longer spans, while some reallocation
within the two categories increases the share of painting cost for longer bridges.

Another interesting point is that the HFMI process itself accounts for only 1.5-3%
of the total cost in all evaluated cases. This makes the usage of HFMI mainly a
question of the possibilities of affecting utilizations, not whether savings are large
enough or not to compensate for costs of HFMI treatment.

Table 4.7: Cost share per component, expressed as percentage of the total cost for
each case. Rows sum to 100 % within rounding.

Span Case Material Painting Welding HFMI Other

AW S355 42.8% 22.5% 16.0%  0.0% 18.6%

10 HFMI S355 37.1% 22.7% 181%  1.7% 20.3%
m

HFMI S460 42.8% 20.7% 16.5%  1.5% 18.5%
HFMI S690 46.7% 19.3% 15.4%  1.4% 17.2%

AW S355 36.0% 29.6% 174%  0.0% 17.0%

50 HFMI S355 34.0% 28.9% 172%  2.8% 17.1%
m

HFMI S460 37.3% 26.9% 15.4%  2.5% 17.9%

HFMI S690 41.6% 27.1% 14.6%  2.5% 14.2%

AW S355 38.7% 31.9% 14.6%  0.0% 14.7%

20 HFMI S355 34.4% 32.8% 14.3%  2.6% 15.8%
m

HFMI S460 39.4% 30.7% 13.1%  24% 14.4%

HFMI S690 43.0% 29.8% 11.9%  2.2% 13.0%

AW S355 39.1% 30.3% 16.1%  0.0% 14.5%

10 HFMI 8355 32.6% 35.8% 14.0%  2.6% 15.1%
m

HFMI S460 36.9% 32.9% 13.4%  2.5% 14.3%

HFMI S690 40.2% 31.1% 12.3% 22% 14.1%
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4.3.2 Reduction of Material Usage and C' O, Emissions

As mentioned previously, in this thesis, the optimization is done with respect to cost,
not the COs-emissions. However, in the following section, impact on C'Os-emissions
will be examined. The reduction of emission is achieved through decreasing the
required amount of material and possibly also by reducing the painting area. Table
4.8 presents effects related to the material usage, through total amount of material
savings achieved, in the optimization of different cases investigated. Material sav-
ings, both related to usage of HFMI treatment and effects from higher steel grades,
are presented. To further compare a possible decreased environmental impact us-
ing HSS, comparably, C'Os-equivalents (from material only) of optimized designs
(based on values in Figure 3.21) are also included in Table 4.8. As Table 4.8 shows,
HFMI-treated S690 is the least favourable for any case compared to results from
using other steel grades, as its total C'O, emissions remain very similar to those of
the original S355 structures (generates only a 0.40% reduction at 20 m). In compar-
ison, it can be seen that HFMI-treated S355 and S460 consistently result in better
environmental performance than the AW case.

Figure 4.17 further illustrates these trends by comparing the relative reduction in
both material usage and carbon dioxide emissions for different steel grades and
spans. A consistent pattern is observed for all spans, with weight savings and car-
bon dioxide reductions being similar for S355 and S460, with a significant difference
between the values for S690. This reflects the higher carbon dioxide emission fac-
tor associated with the production of S690 (1.72 Ton COg ¢,/ Ton steel compared
to 1.56 for S355), which slightly reduces the environmental benefit of any reduced
steel volume. The additional material saving for S460 at the span of 20 m could
be explained by Figure 4.18, presenting the relative change in cross-section area of
the individual plates in the main girder. Comparing the reduction of bottom flange
area 5355 and HFMI offers a reduced area throughout all sections, while S460 has
a larger reduction in support sections and a slight increase in the mid section. The
top flange has a slightly decreased cross-section i all sections comparing S460 HFMI
and S355 HFMI. The main cause of decreased material, presented in Figure 4.17,
using S460 is though a decreased web cross-section in the mid span using S460 (see
Figure 4.18b).

Figure 4.17 shows that at 10 m, the three steel grades achieve significant reductions
in CO, emissions compared with the AW reference case. The S355 and S460 reduce
emissions by 31.5% and 28.8% respectively, and the S690 achieves a reduction of
24.7%. At 20 m, this difference becomes more noticeable. S355 and S460 are still
showing similar reductions of 8.5% and 9.0% respectively, but S690 drops to just
0.4% reduction. At 30 m, S355 and S460 still show significant reductions of 15.4%
and 12.6% respectively, while S690 only achieves 1.7%. At 40 m, S460 delivers the
greatest C'O, reduction, with 12.3%, which is slightly better than S355, with 10.3%,
while S690 once again results in the least improvement, with only 3.9% reduction.
As for the increased saving of S460 at 40 m could be explained by a similar be-

haviour as shown explicitly at 20 m in Figure 4.18b, which also explains the weight
gap between HFMI S355 and HFMI S460 at 40 m.
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Figure 4.17: Change in material usage and C'Os-emissions for bridges spanning
10, 20, 30 and 40 m, with a reduction compared to AW state being defined as a
positive percentage change.

The reason why S690 consistently achieves least reduction in emissions, despite
achieving comparable or slightly greater weight savings, is its increased carbon foot-
print per weight unit. For S690, the reduction in steel volume is not enough to make
up for the higher emission factor, in any of the spans, leading to total COs values
approaching the reference value for AW S355, presented in Table 4.8. With this in
mind, if steel industry in the future are able to produce HSS with a lower carbon
foot print these results will drastically change.
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Figure 4.18: Relative change i plate cross-section area, at 20 m span, comparing
AW S355 with HFMI S355 and S460

Overall, the results show that HFMI treatment consistently reduces both material
usage and C'Oy emissions in all the evaluations. The HFMI-treated steel grades
5355 and S460 deliver the most beneficial environmental outcomes, meanwhile S690
with currents emission values does not gain enough savings from its increased yield
strength, particularly for longer spans where deflection is limiting already when
using lower grades such as S355.

Table 4.8: Material usage and estimated C'O, emissions based on total weight for
different span lengths.

Design Steel Grade CO; per Ton* Total COs [Ton] Change in CO;
Span Length: 10 m

Original (AW) S355 1.56 15.107 -
Optimized (HFMI) S355 1.56 10.355 31.46%
Optimized (HFMI) S460 1.62 10.754 28.82%
Optimized (HFMI) S690 1.72 11.373 24.73%
Span Length: 20 m

Original (AW) S355 1.56 29.601 -
Optimized (HFMI) S355 1.56 27.375 8.51%
Optimized (HFMI) 460 1.62 27.222 9.01%
Optimized (HFMI) S690 1.72 29.801 0.40%

Span Length: 30 m

Continue on the next page...
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Table 4.8 — Continued from the previous page

Design Steel Grade CO; per Ton* Total CO; [Ton] Change in CO;
Original (AW) S355 1.56 68.443 _
Optimized (HFMI) S355 1.56 57.910 15.39%
Optimized (HFMI) S460 1.62 59.849 12.56%
Optimized (HFMI) S690 1.72 67.288 1.69%
Span Length: 40 m

Original (AW) S355 1.56 114.336 ]
Optimized (HFMI) S355 1.56 102.514 10.34%
Optimized (HFMI) S460 1.62 100.278 12.30%
Optimized (HFMI) S690 1.72 109.896 3.88%

*Emission factor for structural steel, based of Figure 3.21 [Ton CO2 ¢4,/ Ton steel].
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Discussion

This thesis has aimed to investigate the scale of, in which cases and using certain
configurations HFMI treatment could affect production cost and material usage. To
get a realistic result, this has been studied through a case study using a simply
supported, single track, double I-girder bridge design as a basis. The subject is then
investigated through a developed PDM used in combination with GA optimization
to find the optimal solution, with respect to lowest investment cost, for the different
studied cases of the reference bridge. To then further analyse what the findings
implies about possibilities and effects offered by HFMI treatment.

The implementation of HFMI treatment on the investigated welded details signifi-
cantly reduces the fatigue utilization. In the reference AW cases, fatigue acts as the
governing limit state across all investigated spans. However, the enhanced fatigue
capacity provided by HFMI shifts the governing limit state toward ULS for shorter
bridges and SLS for spans over 20 m. This shift enables a more material efficient
geometry, leading to direct reductions in steel consumption and overall costs for
the S355 designs up to linearly approximated 34 m. While HSS (S460 and S690)
offer higher yield strength, their enhanced potential of cross-section optimization is
ultimately restricted by the yield-independent deflection criteria in SLS. This effec-
tively limits their potential economic and environmental benefits for longer spans,
only showing a cost improvement of S460 at a 10 m span.

Since the optimization has been conducted, including several categories of cost, some
particularly interesting findings have been discovered related to those, both regard-
ing the AW case and changes from the implementation of HFMI. One of them being
the large portion of the total cost consisting of painting costs for all studied cases,
ranging between 20-36%. This significant painting cost also offers a potential for
savings, which has proven to be the case, especially for shorter bridges. On the
contrary, for longer bridges restricted by deflection in combination with fatigue the
observations from the results indicate an increased painting cost but decreased ma-
terial cost. For shorter bridges (up to 30 m), the 2% to 20% reduction in painting
costs achieved through HFMI treatment could have an even greater impact if con-
sidering a full life-cycle evaluation of cost and environmental effects. This indication
could be strengthened by the results from similar studies conducting optimization
of steel railway bridges, such as the one by Hlal, 2025. Hlal’s study showed that
when full LCC are evaluated, painting can account for as much as 36% to 55% of
the total cost. This implies that an optimization with a broader objective function,
including life cycle effect such as this one, could have influenced optimized designs
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to be even more influenced by reduction of painting area.

To ensure the reliability of the economic analysis, unit prices for structural steel
have been received from market average at SSAB, while manufacturing and paint-
ing costs are based on current industry data used in similar studies (Hlal, 2025).
Although these costs are naturally subject to normal market fluctuations, minor
price variations would only slightly shift the profitability thresholds between the
different steel grades. For longer spans, where SLS deflection restricts further cross-
sectional reduction regardless of yield strength, the economic profitability of HSS
remains limited regardless of potential price reductions. For shorter spans, where
the design is governed by fatigue or ULS, a reduction in HSS material costs could
however extend the span range where S460 or S690 become economically competi-
tive.

Although it was not a direct constraint in the optimization algorithm, it is worth
highlighting the evaluation of the dynamic properties of the optimized bridges as an
interesting side note. A retrospective analysis of the eigenfrequency (ng) shows that
the majority of the optimized structures (for spans of 20, 30 and 40 m) naturally falls
well within the permissible limits specified in Eurocode SS-EN 1991-2: Traffic loads
on bridges (Swedish Standards Institute, 2003), for the assumed velocity. However,
an exception was observed for the 10 m bridges, where the optimized geometry re-
sulted in an eigenfrequency exceeding the upper acceptable limit. A very interesting
observation for the 10 m span in particular is that the use of HFMI actually reduced
the eigenfrequency compared to the untreated AW case, thereby improving the value
closer to the acceptable limit. This reduction could be explained by FLS no longer
being limited by the required stiffness, leading to a cross-section with slightly larger
deflection from self weight decreasing the eigenfrequency. This observation is in
line with the results presented by Hofstetter et al., 2026, which demonstrated that
for steel railway bridges, eigenfrequency requirements become even more critical as
train speeds increase. Although this study was conducted for conventional train
speeds, the results emphasise the importance of including eigenfrequency and dy-
namic behaviour as specific boundary requirements in future studies, particularly if
investigating high-speed train scenarios. Especially since an increased train speed
could affect the outcome, shift the limiting state, and then affect when and to what
extent HFMI treatment with a certain configuration is beneficial in combination
with higher train speeds.

The selection of optimization parameters, particularly the geometric boundaries,
significantly influences the design outcome. While standard industry practice often
limits girder height to between L/20 and L/30 due to clearance requirements ac-
cording to Collin et al., 2012, this study permitted a broader range (L/15-1/40).
Sensitivity analyses detailed in Appendix F demonstrate that restricting the height
to L/20 increases total costs by 15-30% and material usage by 20-45%. This con-
firms that for projects without strict clearance limitations, challenging conventional
height boundaries is essential to fully utilize the economic and environmental bene-
fits of HFMI and HSS designs.
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There are two methods used for fatigue designs, the one mainly used in this study
being the ESR method, while another commonly used method being the A-method
also explained in chapter 3. With the A-method being a calibrated method using a
static load and calibrated factor to represent the dynamic effects of moving trains
often being slightly more conservative. Investigating the potential of HFMI treat-
ment using this specific method is outside the scope of this thesis, but it could still
provide interesting insights. As a sensitivity check of method dependency to ben-
efits from HFMI treatment optimizations using A-method for spans from 10 to 40
m, for AW and HFMI-treated case using S355 has been done from which results are
presented in Figures 5.1 and 5.2, and the preformed Excel calculations can be found
in the Appendix G. These results indicated fatigue limit state being slightly more
restrictive for the AW case, which is expected from the more conservative method,
with FLS being the limiting state also for the 40 m span. As a cause of this, im-
plementing design including HFMI treatment, relative change of cost becomes even
greater when using the A-method (see Figure 5.1). When using HFMI treatment
and S355, the governing limit state shifted to deflection for most spans in this case
as well. It is important to note that the actual optimized prices proved to be the
same for both methods, as a result of reaching the deflection limit when applying
HFMI. Which implies that the greater improvement comes from a more conserva-
tive and expensive AW design using the A-method. In summary this indicates that
the potential of improvement is method independent, and that the relative change
seems to be even greater using the A-method. An additional observation mad is
that the difference in AW design between the methods is less at shorter spans while
it becomes increasingly greater at longer spans. This could indicate that the added
calculation time using a method as the ESR method instead of A-method is not
worth at shorter spans using both AW and HFMI treated design. With this in mind
it also implies that the increasingly calculation heavy ESR-method becomes more
meaningful at longer spans leading, espesially for AW design.

Relative change in cost comparing HFMI-treated and AW bridges using $355, A-method
35%

30%

25%

29%
23%
20% 19% 10%
18%
= Change in total cost

15%  Change in material cost

15% 14% Change in painting cost
12%
10% 10% 10%
8%
%

5%
0%

L=10m L=20m L=30m L=40m

Figure 5.1: Relative change in cost comparing HFMI-treated and AW bridges of
different span lengths using S355 and A-method.
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Utilization along bridge, 20m, $355, As-welded A-method
120%

AW case indicating a larger
potential between FLS and
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Utilization along bridge, 20m, 5355, HFMI A-method
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Figure 5.2: Utilization ratios along 20 m bridge, for AW and HMFI-treated case
using S355 and A-method for fatigue verification.

One aspect that repeatedly appears in the results is that, ones HFMI treatment is
applied and fatigue is no longer the governing limit state, SLS deflection becomes the
decisive limiting factor for longer spans, while ULS determines shorter ones. This
ultimately restricts how much further optimization can be achieved through the use
of HSS in combination with HFMI. Unlike ULS and FLS, where the load-bearing
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capacity can be directly increased by increasing the strength of the material’s yield
or by improving the fatigue strength through PWT, the deflection is affected solely
by the stiffness of the cross-section and Young’s modulus. Since Young’s modulus
of steel is independent of steel grade, an increase in the yield strength from S355
to S460 or S690 does not lead to any improvement of deflection. The only way
to reduce deformations is to increase the cross-section’s moment of inertia, which
requires larger geometric dimensions and thus more material, thereby counteracting
the weight and cost savings achieved with HFMI and HSS. This limitation is particu-
larly evident for the simply supported bridges evaluated in this study. For this static
system, maximum deflection occurs at mid-span, which inevitably becomes the gov-
erning criterion in SLS for longer spans. A continuous beam configuration could
distribute the bending moment in another way, which could potentially postpone
the limitations from deflection, allow for further increase of same total length bridge
divided into several spans (as studied by Englund and Dagduk, 2022). In summary,
the structural advantages of HFMI cannot be fully utilized for cross-section opti-
mization in spans where SLS deflection is critical. Therefore, the benefits of the
treatment are primarily realized in configurations where fatigue or ULS represent
the critical design limits.

Previously conducted studies have mainly focused their investigations on steel-
concrete composite bridges where the concrete deck continuously restricts the top
flange, inherently eliminating the risk of lateral-torsional (LT) buckling (such as
the one by Englund and Dagduk, 2022). Therefore, a core question of this the-
sis was to uncover whether a instability phenomena would become governing for
bridges with non-horizontally constrained compressed flanges, such as the open twin
I-girder railway steel bridges optimized in this thesis. The results of this verifi-
cation are presented in Figure 5.3, showcasing the dispersion of buckling factors
for the two primary stability modes across all optimized designs in both AW and
HFEMI-treated conditions. The data clearly indicates that the more slender, opti-
mized cross-sections never face stability issues. For the global combined flexural
and lateral-torsional buckling mode, the factors consistently remain well above the
critical threshold of 1.0 (with some values below 1.5 for bridges shorter than 30
m). Simultaneously, the local out-of-plane buckling mode between transverse ele-
ments is safely maintained below 1.0 (with some utilization ratios closer to 1 at span
length 20 m), verifying that the horizontal bracing system provides highly efficient
lateral restraint to the compression flanges. In the open double I-girder design, SLS
deflection limits always become decisive and dictate the minimum required flange
dimensions well before LT-buckling has a financial or physical chance to occur. This
demonstrates that while LT-buckling is a theoretically relevant issue for open steel
girders with unrestrained compression flanges, a well adapted horizontal stiffening
system combined with SLS deflection requirement ensures robust stability margins
across all evaluated span lengths without restricting the efficiency of HFMI as a tool
for design optimization.
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Risk of LT - buckling of optimized bridge design using AW design
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Figure 5.3: Factor against global combined flexural and lateral torsional buckling
(above 1), and local lateral torsional buckling (below 1) of AW and HFMI-treated
optimized design.

Furthermore, the optimization results indicate that certain parameters could be
exluded in future studies, since they not affect the results of the studied subject.
These parameters primarily include the throat thickness of the longitudinal weld
(assuming costs do not increase with HSS), as well as the sizes of the UPE cross-
beams and L-profiles. These elements are not directly governed by the HFMI-driven
cross-section optimization, only changing the effective buckling length of the local
LT-buckling, which never becomes the decisive design factor of the studied case with
the included design criterion (see Appendix D). From the ULS controls considered
bending, shear and interaction of moment, normal force and bending is governing
shorter spans (until about 30 m) while the 40 m bridges mainly is constrained
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by the control of flange induced buckling. The SLS utilizations also shows the
deflection to not be an issue of shorter bridges while it becomes the governing one
when HFMI is used. Eigenfrequency that was not considered as a constraint in
the optimization only surpasses the limit value at the shortest AW bridge, while
the correspondence HFMI-treated one not suffers from the same issue. This is
an effect of HFMI allowing for reduced sectional stiffness, consequently altering the
dynamic response and eliminating the eigenfrequency issue trough slightly increasing
deflection. Lastly, fatigue only governs the design of the AW bridges, whereas all
HFMI-treated ones have a fatigue utilization of 90% or lower.

Table 5.1: Governing limit state of each investigated case.

Case ULS SLS FLS
AW S355, L = 10m ESR damage
AW S355, L = 20m ESR damage
AW S355, L = 30 m ESR damage
AW 8355, L = 40m Deflection

HFMI S355, L = 10m Shear

HFMI S355, L = 20m | M-V-N interaction

HFMI S355, L = 30m Deflection

HFMI S355, L = 40 m Deflection

HFMI S460, L = 10 m Deflection

HFMI S460, L = 20m Deflection

HFMI S460, L = 30m Deflection

HFMI S460, L = 40 m Deflection

HFMI S690, L = 10m Deflection

HFMI S690, L = 20m Deflection

HFMI S690, L = 30m Deflection

HFMI S690, L = 40 m Deflection

A further observation from the results is that HFMI treatment essentially shifts the
governing limit state. For the AW bridge, fatigue is the primary limiting factor
for spans shoprther than or equal to 30 m. When HFMI is applied, fatigue is
eliminated as a governing factor. Instead, the design is limited by ULS for short
spans with S355, and by SLS and deflection requirements for longer spans. Also
worth mentioning is that all configurations using HSS (S460 and S690), as shown
in Table 5.1 is governed by deflection. This shift confirms that HFMI successfully
removes any limitations in design from fatigue, shifting the optimization challenge
from service life of components towards the load-bearing capacity or flexural stiffness
of the cross-section.
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Conclusion

This study aimed to investigate whether High Frequency Mechanical Impact (HFMI)
treatment can provide structural and economic benefits for simply supported, single
track steel railway bridges across 10-40 m range of span lengths, and to evaluate
whether the use of High Strength Steel (HSS) in combination with HFMI can further
enhance these benefits. Limit state constraints included in the optimization were
global bending, shear, interaction, flexural- and lateral torsional buckling, weld ca-
pacity, fatigue and deflection, where needed effective cross-section considering both
plate buckling and shear lag was used. Apart from previously mentioned effects,
eigenfrequency where also calculated and considered but not included as a con-
straint for the optimization. All considered limit state constraints was calculated
and considered as stated in Eurocode. Parameters included in the Parametric Design
Model (PDM) was cross-section parameters of main girders for each section, number
of splices, placements of splices, profile sizes and throat thicknesses of longitudinal
fillet weld. The PDM combined with a Genetic Algorithm (GA) in MATLAB was
developed to optimize the geometry of the cross-section of bridges spanning 10-40
m, with the objective of minimizing total cost as the main goal. The cost based op-
timization considered expenses from investment, such as material, welding, HFMI,
painting and manufacturing costs. Since the optimization was conducted using a
GA, which is a stochastic optimization tool, each considered case was run at least
three times to ensure that the global minimum of the design space was found. Based
on the result and discussion presented in previous chapters, the following conclusions
can be drawn:

o HFMI treatment shifts the governing limit state across all studied spans. In
the As-Welded (AW) reference cases, fatigue governs all investigated spans.
Once HFMI is applied, fatigue utilization drops by 40-80% and the governing
limit state shifts to Ultimate Limit State (ULS) at the shorter span (10 m),
to a combination of ULS and Serviceability Limit State (SLS) deflection at
intermediate spans (20-30 m), and only to SLS deflection at 40 m.

o The shift in limit state towards SLS deflection implies limited benefits from
the usage of HSS. This as a consequence of deflection only being affected by
cross section and Young’s modulus which not changes from improved steel
grade. Even at shorter spans when there are some possibilities of improving
ULS those are not great enough to counteract the higher unit prices of HSS.

o HFMI treatment delivers consistent reductions in material usage across the en-
tire studied range. Steel consumption is reduced by 8-32% relative to the AW
S355 baseline, for all combinations of span and steel grade. The largest mate-
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rial savings are obtained at the shortest span (10 m, ~ 31%), where fatigue has
the greatest impact on the AW design. Material savings decreases gradually in
parallel to increasing span as the AW baseline becomes increasingly stiffness
dependent.

Surface area is a significant but underexploited optimization target. Painting
accounts for 20-36% of total build cost across all configurations, with HFMI
treatment reducing painting cost by 2-20% for spans up to 30 m. This re-
duction comes from increased threshold level for stresses, allowing for lower
or narrower cross sections and reduced painting cost. When evaluated over a
full life cycle including periodic repainting, the realised benefit from HFMI is
likely to be even greater than indicated by the investment cost presented in
this thesis. This makes it an interesting factor to further investigate in future
studies.

The potential of HFMI treatment is independent of the fatigue assessment
method employed. A direct comparison between optimized designs obtained
under the Equivalent Stress Range (ESR) and the A-method shows that HFMI
delivers cost reductions in both cases, with the relative reductions being even
larger under the A\-method. This is because the more conservative A-method
produces a heavier AW baseline against which the HFMI savings are measured.
The absolute optimum geometry of the HFMI cases is essentially the same
under both methods, since the deflection limit governs equally in both. The
conclusion that HFMI treatment deliver benefits is therefore independent to
the choice of fatigue assessment method.

Geometric constraints have a critical impact on the profitability of both HFMI
and HSS. The sensitivity study shows that limiting the beam height to the in-
dustry standard boundaries (L/20-L/30) rather than the extended boundaries
(L/15-L/40) used in this study leads to a significant increase in total costs of
15-30%. This emphasises that maximizing the structural and economic bene-
fits of HSS structures depends on allowing larger cross-sections to compensate
for the critical bending limits.

The governing limit states shift significantly depending on span length and
HEMI application. It can be concluded from the discussion that the most
decisive criterion for ULS is bending, shear and interaction for shorter bridges,
while flange induced buckling becomes governing for longer spans. For SLS,
deflection limits longer spans, while eigenfrequency is the critical factor for
shorter AW bridges. FLS is governing for untreated bridges, but not for treated
ones.

Suggestions for future studies:
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Train Mix" with higher axle loads, to analyse how variations in used fatigue
load model and magnitudes affect the structural efficiency of HFMI-treated
designs.

« Expand the optimization framework to accommodate alternative cross-sectional

topologies, such as single or double box girders or concrete-steel composite
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structures, and evaluate their structural response against the pure steel con-
figurations studied in this work.

Integrate a full Life Cycle Cost (LCC) and Life Cycle Analysis (LCA) module
directly into the objective function of the algorithm, shifting the optimiza-
tion target from initial production costs to total sustainable and economic
performance over the bridge’s full lifespan.

Conduct a more isolated and detailed investigation of how different geometric
boundaries and girder height limitations affect the optimization efficiency, to
further establish guidelines for when conventional design rules can be efficiently
challenged.

In this thesis ESR-method is used, which is a very calculation heavy method.
It would be beneficial to evaluate the possibility of applying the conventional
Palmgren-Miner (being less calculation heavy) damage accumulation method
to HFMI-treated details. Since this thesis utilizes specific, verified fatigue
assessment guidelines tailored for HFMI, investigating whether the more user-
friendly and widely implemented Palmgren-Miner approach can yield compa-
rable optimization results, would highly benefit practical industry applications.
Investigate if a combination of HFMI and other Post Weld Treatment (PWT)
methods (for example Bur Grinding (BG) or Tungsten Inert Gas (TIG) dress-
ing) could further improve cost and material savings.

Examine if there are cases where it is beneficial to HFMI treat details post
bridge erection (on-site), to enable the possibility of ignoring self-weight effects
in design.
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A

Appendix A

This appendix presents the manual calculations carried out at the start of the project
in order to verify the PDM.
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Design Bridge for Master Thesis

Dimensions
L:=10.6 m
c:=1460 mm
r:=1435 mm
h,,:=990 mm

t, =15 mm

ts =20 mm
tp, =20 mm

by, =410 mm

h

rai

Rrain :=4000 mm

5= 200 mm h,

by, =410 mm
Ay, =4 MM

g:=9.82
8

=225 mm

sleeper :

Cppi=1870 - mm

by +c—r
¢ ) BPST—
2
time;, o0 =120 yr
K
a2t :
¥ —b_s—> AR

tw

Loads for LM71

kN
=80 —
m

Qirain.

kN

Qtraction. =33
m

kN
quwr=0.64 —
m

Ptrain.K:: 250 kN

P, =100 kN

nosing.K :

04/24/2026

Safety Factors

Tmo=1
Yarni=1
Yarz = 1.25

ULS Load Factors

YQ.trac.main = 1.9
YQ.nosing.main = 1.5
YQ.Lmm = 1.5
YQ.trac.sec ‘= 0.75
YQnosing.sec = 0-75

YQ.wind *= 0.45

YG.selyi=1.2

Material Parameters
S355
f,=355 MPa

fy.345:=345 - MPa EN 10025-2

kg
Psteel = 7850 3

m

v:=0.3
E:=210 GPa

cimy| 233 MPa 61y
fy

From EN 1993
1-1Table 3.1

fus335:=510 MPa

SLS Load Factors

YQ.trac.main.sLs = 1

Y Q.nosing.main.sLs =1
YQ.LM71.8LS = 1
YQ.trac.sec.s55s = 0.5
YQ.nosing.sec.SLS *= 0.5
YQ.wind.srs = 0.3

Ya.self.srs =1

Page 1
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Preliminary Center of Gravity
Apyi=bp,etr,=0.008 m* A, :=h,-t,=0.015 m’
Ag,=bp,~t;,=0.008 m” Ay =2+Ay+2+Ap+2+ A= (6.25-10") mm’
Htot.z = tf0+ h’w+ tfu: 1.03m Htot.y =2 bf() +c= 2.28 m
H,
Y=Y =114 m
2
t h t
2-Afo-§+2 CA,- tﬁ,+7w) +2- A, ;” +hw+tfo)
Zyy= =0.515 m
Atot
Self Weights
Prescribed Weights
kN kN kN kN
qrailing =1— Qrails = 1.7 — qgrating =0.2 o <1300 mm =0.26 —
m m m m
Material Data:
kN
IPE: Yipp=0.22 — Lipp:=5.5m Nypg="T
m
k kN
UPE: Yorp=T2.2 L g=0.700 - Lypp=c=1.46m =4
m m
kN
SleeperS: ’}/sleeper =5.2 3 leeeper =2.7m nsleeper =28
m
" k EN
L Profiles: ~,:=15.5 ~L.g=0.152 2~ L,:=2070 mm =5
m m
Stiffening v,/ piase =Py, + 15 mm - 188 mm - pyp - g =0.215 kN Ngyipp =12
Plates:
Total Self Weight
kN
gI‘girder ::Atot * Psteel * 9 = 4.818 —
m
Qiot *= Qrailing +t Qraits + Qgrating d =11.237 7
Yiee * Lipg * ipg + Yupe * Lupe * "upE 4
+Vsteeper * Listeeper * Mtceper * Psteeper +Y1* L > T+ Yatif plate * Mstifs
+ gI‘girder

L

04/24/2026 Page 2
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Loads
Oyaffic™=1.33 Load factor ISFS 11, ch. 11§
Ly=L=10.6 m Determinant length
e;:=0.05 m Eccentricity for vertical traffic loads (LM71 and SW/0)

is taken into account according to 7TRVINFRA-00227

Rail Shift Factor

—+e
Bysi= =0.535
T
¢2'MG-:$+0.82 =1.291 Dynamic amplification factor.
\/ﬂ 02 SS-EN 1991-2 (based on L® = 10.6 m)
m

if 1<¢y/a<1.67 =“OK!”

H “OK!”
else
| “NOT OK!”
|
i 9y + G2
P +
vi P P P = (1
! Qy1 Qyz ' v2 =)
|
I . P —
I o i o, P Ity ", T, =@
Brid I 1 2
Corter 657 [ e e . v \ e o2 e P o
o)ile 2 l el e
i .

Ficure 7

04/24/2026 Page 3
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Characteristic Static Load Effects
Mmaz.train.K:: 2026.8 kN -m

Vma:c.tmin,[( :=854.75 kN

Mmaw.tmin.dyna.K =Mpaz.train.K * atTaffic ° ¢2.]\/IG =3.481 MN -m

Mma:r:.train.e.K:: maz.train.dyna.K * < rs> =1.862 MN -m

3
Vmaw.train.dyna.K:= maz.train.K * Ctraffic * ¢2.MG = <1‘468 .10 > kN

Vmaz.train.e.K = Vmaz.train.dyna.K ° ( rs) =1785.099 kN

Traction Forces
Ltruction :=L=10.6 m

. kN
:=1f Lypaction * Qiraction.x < 1000 kN| =33 7

Qiraction.K
else
1000 kN

| | L traction

Qtraction.K * Ctraffic*

=116.309 kN

Ntrwction.K =

2

Mtraction = Ntraction_K ° <th + hsleeper) =86.068 kN -m

Qtraction.K * at'mfﬂc * (Z tp + h‘sleeper)
2

=16.239 kN

Vtrcoction =

04/24/2026

eming@chalmers.se
ericnils@chalmers.se

For the whole section

Total shear without eccentricity

With dynamic effects included

Critical case, including Rail Shift
Factor

With dynamic effects included

Max shear for worst side
with eccentricity

Traction load

Only included togheter with
vertical traffic load, only multiplied
by i @Nd NOL ¢y 5!

Traction load in middle section

Page 4
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Wind Load
Lypaini=L=10.6 m Assumes train length is same as bridge
L,:=2120 mm Length in one part between stiffener plates

bbridge = LIPE =5.5m dtot = htmm + hmil + hsleeper + Htot.z =5.455m

by . .
%:1.008 Thisleedsto  c,=2.21 Figure 8.3 EN 1991-1-4
tot
(o) - ) Bendig around
MW.trmjn =quk* htrain ° ( o + hm,il + hsleeper + tOt‘z) : Cfrr =16.633 kN -m - — Centre Of
2 2 m gravity of
1 . .
MW.bridge =qui* <Htot.z + hrail + h‘sleeper) d =0.437T kN -m - ; main glrders
<H tot. T hmil + hsleepe’r)
: ( 9 - (Htot‘z - th> ° sz

1 AMy, 1
AMyy =My i+ Mt priage = 1TOTURN emme— Qi ==<7= 9.129 kN —

c+ bf0> m
on, -L? n, -L
Mlong.wzz@%: 128213 kN-m Vy, ::%%:48.382 kN
Nying=47.87 kN Normal force from horizontal wind load transferd to trussers in
to the main girders
Wind Inputs from PointSketch
D= Cf.L *quik* <Htot.z + hmil + h’sleepw' + htmin) ¢ ?1 =8.178 kN POIntload at end
P2=Clp* Quic* (Hiot.o + Prgit + Pteeper + Purain) » L1 = 16.357 kN Pointlod at middle
Loads from Self Weight
2 L Characteristic
Moz self =t 78.915 kN - m V maz.self i = ) =29.779 kN maximum moment
Aol 2-2 and shear from
self weight

Loads from Nosing Force
Ppsing =100 kN

to+tu .bDS hw'tw3
IZ::<f ) by + =(2.3.10°%) mm*

12 12

I
Wigsi=——=(1.122-10°) mm?®

bo

2

04/24/2026 Page 5
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Pnosin * Qg ic'L . H
Mpuing= g ; t4 iie 71 35245 kN -m Fixed between I-girders
N posing = 103.27 « Qyyoppic - kN = 137.349 kN Normal force from horizontal nosing force

transferd to trussers in to the main girders

Moment of Inertia (For One Beam) and Stresses

Lottt g (g ) bt () (b et =(5.396-10°) mm*
prel *— 12 + fo* tp_? + 12 + fu® [“tp — tot.z_T + 12 4=15. * mm
Htt. :
+ A, |2y, ”]

I A I .
Wippi=—l = —1.048+ 107 mm® Wy i=—2% = (1.048+107) mm®
Z Z
tp tp

7Q.tm,c.main

Mmaz‘.train.e.K *YQ.Lmm1 + Mtraction + Mlon_q.W * YQ.wind + Mmam.self.K *VG.self

O'wp — Q.trac.sec J= [ —326.519 ] MPa,
Weop —344.422
YQ.trac.mai
N traction.K * Q-tracmain ] d
7Q.trac.sec
M ’}/Q.msing.sec N 7Q.nosing.sec N
nosing * + nosing * + Nyind * ’YQ.wind
_ 7Q.nosing.main _ ’YQ.nusing.main
Wlat Atat
2
M M 7Q.tmc.main M M
maz.train.e.K * VQ.LM71 + Mypaction ® + long. W * YQ.wind + maz.self K * 7G,self
Q.trac.sec 307.382
T ot 1= d= MPa
W, 324.275
ot
YQ.trac.mai
N traction.K ° Qtrac mam:| d
7Q.t7'ac.sec
M 7Q‘nosing‘sec N 7Q.nosing.sec N
nosing * + nosing * + Nuwind * YQ.wind
+ 7Q.nosing.main _ ’YQ.nosing.main
Wlat Atot
2
g,
Pprey=min | —2 | = —0.942
a—top
04/24/2026
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Cross Sectional Class
Equations in this part are from EN 1993 1-5: Plated structural elements and
EN 1993 1-1: General rules

Part 1: Outer Part of Top Flange

(bro—tu)

c ::T: 197.5 mm

p.1

t,1:=1;,=20 mm

c . . .
if 0 gtng 9. =“Class 3” Since in class 3, it's OK
p.1
Class 1 Table 5.2 (sheet 2 of 3) -
c
elseif9.5<L'1S1(].g EN19.93.Z'.Z
p.1
“Class 2”
. Cp.l
elseif 10.e<——<14-¢
thy
“Class 3”
else
“Class 4”

Part 2: Web in I-Girder

Assuming Web to be in Class 4, Calculateing b for Web

Dutena = hoy — Gy \/2 = 984.343 mm Table 4.1 - EN 1993 1-5
k,=7.81—6.29+1,,,+9.78 1,,.,° =22.401 Table 4.1 - EN 1993 1-5
bslend
tw
Api=——————==0.6
28.4--\[k,
Pegyi=if (X,<0.673) =1 In class 3 or lower because
‘ 1 A, is less then 0.673
) Ap—0.055 + (3+ 1y,
else if ()\p>0.673>/\[ ? % <1 eq 4.2
Ap—0.055 - (3+ 1)
NE EN 1993 1-5
P

else
£

04/24/2026 Page 7
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Check so the Assumption is Correct

Cpoi=hy—\[2 - @y, =984.343 mm tps=t,=15 mm

o
oy ::max( top ):—0.731

()

C . q
if o< P2 39606 —“Class3” Ok assumption!
tyo  13ea;—1
| “crass 1 Table 5.2 (sheet 1 of 3) - EN
olseif 298¢ _Cp2 _ 456-¢ 1993 1-1
1Bea;—1  t,, 13.a,—1
“Class 2”
456+ <.
elseif — "¢ P2 _69.c. (1 =%pret) * V =Ppret
1Beaj—1  t,,
“Class 3”
else
“Class 4”7

04/24/2026
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Load Combination with ULS

Ytrac.main

Qd.ULS = maz.train.e.K * Virain + Mtraction [ + Mlong.W * Ywind + Mmaz.self.K * ,YSElf d

trac.sec

YQ.nosing.
+ Nnosing ° nosing.see + N’wind * YQ.wind

Ylat.main

Viat.sec
+M nosing * [

Ytrac.main
+N traction.K * [

Ytrac.sec

7Q.nosing.main

YQ.trac.main
maz.train.e. K * P)/Q‘LM71 + Mtraction + Mlong‘W * FYQ‘wind + Mmaz‘self‘K * 7G‘self

:: ‘YQ‘trac‘sec J= [—326519] MPa
Wiop —344.422
Mnosing . "/Q.msing.sec ]
_ ’YQ.nosing.main J
Wlat
YQ.trac.mai YQ.nosing.
N traction.K * Q-trac.main +N, nosing * Q@nosing.scc +N, wind * 7Q‘wind
7Q.trac.sec ’YQ‘nosing‘main
Atot
2
YQ.trac.mai
Mmaz‘train‘e.K * ‘YQ‘LM71 + Mtraction * Qtrac.main + Mlong,W * 7Q.wind +Mmaz‘self‘K * F}/G‘self
@ — ’YQ,trac.sec J= 307.382 MPa
) W 324.275
+ Q.nosing.main J
Wlat
YQ.trac.mai YQ.nosing.se
N traction.K * Q-trac.main +N, nosing * Q@ nosing.scc +N, wind * ’YQ.wind
_ 7Q.t'rac.sec ’YQ.nosing.main
Atot
2
1:=0..1
. Iy “OK!” . i “OK!”
. Utopis Y - [ “OK!”] ! o-bOtiS Y - [ “OK!”]
| “OK!” || “OK!”
else if oy, > — else if 7y, >—2
‘M eV
|“NoT ox” | “NoT 0K1”
Compression Utilization Ratio Bending Tension Utilization Ratio Bending
Tiop [—94.64%] Tpot [89.1% ]
Frars | —99.83% Frars  193.99%
RAYs Y1
04/24/2026
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Shear and Shear Buckling
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Eric Nilsson

Equations in this part are from EN 1993 1-5: Plated structural elements, otherwise it is

specified

a,:=2120-mm

m’ E-t,’
opi=——F—————=43.572 MPa
12+ (1—v?)+h,,
k‘rsl::(]
n:=1.2
L @
k=if —>1 =6.212
h’lu
2
53444 |—| +k.g
a;
. 1
elseif —<1
w
2
4+5.34 (—” +k g
ay

Tepi=k,+0p=270.682 MPa

h,
Api=————=0.87
374.t,-e-\k,
Rigid End-Post
0.83
Xw.main *= if )‘w.l <— =0.954
n
|
0.83
else if <)1<1.08
n
0.83
)‘w.l
elseif A, ;>1.08
1.37
0.7 +)‘w.1
Cuf uh et
wa.Rd.main 6= Xmain fy S =2.903 MN

\/E * Vv

04/24/2026

From inital design

eqg. 4.8

Due to no longitudinal stiffener on web plate
For steel-classes up to and including S460

A5

eq. 5.4

For intermediate transverse
stiffeners. eg. 5.6

Table 5.1. Assumes
transverse bulkhead provides
rigid end-post

eq. 5.2

ericnils@chalmers.se
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Shear Force Check

Ved.support =1max (Vmaz.tmin.e.K *YQ.Lm71 + Vtmction °

>V, =“OK!”

if wa.Rd.main— e
‘ “OK!”

else if wa.Rd.main < Ved.support
|“NoT OK1”

d.support

Emin Gustafsson

Eric Nilsson

’YQ.trac.main

YQ.trac.sec

Utilization Ratio Shear, Only Considering Web Capacity

M =43.39%
wa.Rd.main

if Ved.support <05
wa,Rd,main

eming@chalmers.se

ericnils@chalmers.se

+ Vmaz.self.K *YG.self T V- YQwind| = 1.26 MN

= “We don't need to check shear—bending interaction”

“We don't need to check shear—bending interaction”

else

04/24/2026

“ “We need to check shear—bending interaction”

From Chapter 7.1
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Checking Minimum Requirements for Cross-Bracing
Equations in this part are from EN 1993 1-5: Plated structural elements

154t 2 154t x 5 154t 156t

\ Troten =90 « MM In |0ng.We|d

h
[ Z
+ t,:=15-mm
A
s
Figur 9.1 — Effektivt tvdrsnitt for avstyvning

Lefoi=2+15+€+ t,, +t,=381.127 mm

Repps =188 «mm — 1,510, = 138 mim

heff.s

w

Leff.w * tw * 9

+ ts ¢ heff.s * tw +

) =27.836 mm

Zipsi=
Leff‘w * tw + ts * heff‘s

ts ¢ heff..93 heff.s 2 Leff.w ° tw3 7 4
Ist::TJr(ts-heff,s)- Zips = |t = J=(1.229-107) mm

t 2
+ <Leff.w * tw) * (ztp.s - (?))
a
Ly i =1t h—l <vV2  =(2506-10"%) m* eq. 9.6
H 1.5-h,° -t
a
else if h_l > \/5

H 0.75+h, - t,>

Check so the Capacity for the Vertical Stiffeners is Enough

if Mg 1 =“OK!”
st
| “OK!H
else if

I st.min

>1

Ist
“NOT OK!”
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Instability

Checking if girder is susceptible to LT-buckling, with general approch with
the whole bridge length

Equations in this part are from EN 1993 1-1: General rules

1
] Zy,—tp) e —-1
- tfo . bfn 3 . < tp fo> 3 w

=(1.149-10%) mm*
12 12

L,:=L=10.6 m I;,:

2

1

Ag ppi=ti e b+ (Zy—ty,) 5= (1.068-10*) mm
Chb ’ 9 4

Ipson=lpatApegs |- =(9.447-10°) mm OB = One Beam

2
T BT A
= 12OP 174,266 MN Ny 1= %
LC"‘Z

-f,=11.094 MN

cr”

YQ.trac.main + Nnos’ing . YQ.nosing.sec +N g 7Q‘wind) —=314.797 kN

7Q,tra,c.sec 7Q‘7wsing‘main

NEd =max (Ntra,ction.K *

M, =Wy f,=3.719 MN -m

7Q.tmc.main

+Mlong‘W * VQ‘wind +Mmaz‘self.K * 7G.self) =3.074 MN -m

My‘Ed ‘=1max (Mmaz‘train‘e‘K * ’YQ‘LM71 + Mtractitm

Q.trac.sec
N M
Ngomp *= = =0.028 Miomb *= vbd =0.826
RE y.Rk
1
Quppi=——————=1.17 Chapter 6.3.4 (4)
Ngomb + Mgomb
N,
Oy o = ———=553.584
Ed
(0%
Aopi= || —25 = 0.046 eq. 6.64
aCT.Op
a;;,:=0.49 Table 6.1 curve ¢
Bpi=0.5+ (1+ 0+ (A, —0.2) +X,,°) =0.463 eq. 6.56
1

=1.082

XHB = 2 2
Pup+\ Pup” —Aop
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LT-Buckling
a;p=0.76 Table 6.3 curve d
B1p=0.5+ (1+agre (Ap—0.2) +1,,” ) =0.443 eq. 6.56
) 1
Xrri=min|1, =1 eq. 6.56
Drr+y B — Aop2
k.:=0.9 Table 6.6
f=if 12105 (1-k)-(1-2.0-(A,,—0.8)%) =1
} 1>1-05-(1—k.)+(1-2.0+ (A, —0.8)%)
else
|
. XLT
XLT.mod :=Min |1 ,T =1 eq. 6.58
. Momb * XHB T Mkomb * XLT.mod
Xres=min |1, =1
Momb + Mkomb
Check for Instability with LT-Buckling
.,
Xres"Qultk _ g 17 eq. 6.63
Y
Tes * au o
i LT = “OK for instability”
st
| “OK for instability”
else
| “NOT OK for instability”
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Calculate Forces (From PointSketch)

Wind Force

| | | |
| | | | ! ! |
L0 EXT (O X 05N 0 TNT O T O, ERT 0 ENTO I FXET i- £0-3% 214000 f Ja oAC 0. o

B 705 de.00" d-1.0g L0.0770 Jo.zse, dbo.asd l-z.az cl1.7g cbroog franof fe.sz la.en fo.asd cdlad fiag 04 “Froeg da.edl T-s.zg fosas -o0d

= i‘ o ”H B 3!" W '

o
|

!!! ! !!ﬂ! !!!
.22 I | | | | \ \ \ \ ':.::..5

! | I | I | I | I |
N | I 1 | | | I I I I 1

Unit loads of 1 has been apllied in PointSketch which gives unitforces of:

Nunit.Lawina=18.3+m Nyt ypp.wing=2-12-m

duk* (h‘sleeper + htrain + hmil +H tot.z) kN
Qwind.H*= 9 =1.746 7

Nosing Force L-Profile (Truss-System)

| |
'QOQm.lQm.q
Fo.11qofo-215]0 ml
Loy s ot o

I EICOET O/
TR

e

Unit loads of 1 has been apllied in PointSketch which gives unitforces of:
N, :=1.73

unit.L.nosing

Each unit load corresponds to half of the nosing force (50kN)
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Nosing Force UPE-Profile

h.creC.sesC . 50:Ch . 4300, 328 U 2640
o206 Juo. 114 [Jooesc
1002061, 27 i 543 o aelly

Unit loads of 1 has been apllied in PointSketch which gives unitforces of:

Nunit,UPE.nosing :=0.503

Each unit load corresponds to half of the nosing force (50kN)

L-Profile (Truss-System)
Nfack‘wind = Nmu't.L‘wind * Quind.H"* 7Q‘wind =14.375 kN

P .

nosing
Nfa,ck;,nosing =1LV unit.L.nosing * T * YQ.nosing.main = 129.75 kN

NEd.fack :=Nfack.nosing * Craffic +Nfack.wind =186.943 kN

UPE-Profile
Nupg.wind =Nunit.uPE.wind * Qwind.H * YQ.wina=1.665 kN
P, nosing
NUPE.nos’ing = unit.UPE.nosing * T * 7Q.ms’ing.main =37.725 kN

Ngqupp= (N UPE.nosing * Craffic + IV UPE.wind) =51.84 kN

04/24/2026
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L-Profile Truss-System

0.9- \/chb2 +a,’
Ley fack = ———————-c=1.986 m

Chb

I,;:=90.2-10" mm* A;=1970-mm”® From Tibnor's structure tables
Opoer = 0.34 Buckling curve B for all L-profiles

m E.I
Nep focr i=—————=473.806 kN

cr.fack

A .

Nack = || — Ty 115 eqg. 6.52
cr.fack
Do =05+ (14 ek * (Ngaok = 0-2) + Apep” ) = 1.411
1
Xfack =min |1, =0.47 eq. 6.56
Btack+\ Prack” — Nack
ek~ AL
Ny ra fack Xtk A Sy og r60 kv
Ym1

Check for Instability in Truss-System

N,
if —Ldfack = “OK for instability”
Nb‘Rd‘fack
” “OK for instability”
else

| “NOT OK for instability”

Utilization Ratio Truss-System

Ngd fack R EE

Ny.rd.fack

04/24/2026 Page 17



UPE-Profile

L..ypp=1:cp,=187Tm

I, pp:=1040:10" mm*  Aypp:=9190.mm?

aypg=0.49

2
o E.I )
Nppppi=——— = (6.164+10%) kN
cr.UPE

UPE'fy

A
AupE = ~

cr.UPE

=0.728

Bypp= 0.5+ (1+agpp (Aups— 0.2) + Aypp” ) =0.894

1
1, =0.708

Pupr+\ Sypr” — NvpE”

- A .
Ny o= XPEAPE Ty _ 5 308.10%) kv

st

Xupg = 11111

Check for Instability in UPE-Profile

N
if FEd.UPE S 1
Ny.ravre
H “OK for instability”
else

| “NOT OK for instability”

Utilization Ratio UPE-Profile

= “OK for instability”

NEd.UPE 2.25%
T =9, 0

Niy.ravpre

04/24/2026

eming@chalmers.se
ericnils@chalmers.se

Emin Gustafsson
Eric Nilsson

Assuming that cross beams can buckled with
length between main girder webs

From Tibnor's structure tables

Buckling curve C for all UPE-profiles

eq. 6.52
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Local Instability
k. :=0.9 Table 6.6
Lo
Zyy—tp) e —-t
te b 3 < tp fo> w
f=2r 4 3 =(1.149-10%) mm*
12 12
A opfi=trobpot (Zip—tgo) %-tw: (1.068-10") mm?
I,
Ly=a;=2.12m i, =\~ =103.754 mm Chapter 6.3.2.4
Apef
‘B
A local =TT \/— =76.409 Chapter 6.3.2.4
Yy
k.- L
Api=— = 0.241 eqg. 6.59
Lz Al.local
Apro:=0.4 Chapter 6.3.2.3
Ao=Ar0+0.1=0.5 Chapter 6.3.2.4
Sy
O pa = =355 MPa
T Only checking top flange, since it is the worst case
Toq=max (—0,,) = 344.422 MPa and only top flange that can buckle since it's in

compression.

(g
cd = “Local LT — buckling doesn't need to be checked!”

if Ar<Ae
Oed

| “Local LT — buckling doesn’t need to be checked!”
else
| “Need to check local LT — buckling!”

"Utilization" Ratio Local Instability

eqg. 6.59

A
f —46.7%

O¢.Rd
>‘c.0 °

Oed
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Checking Shear in Longitudinal Welding
Static moment (through centre of gravity, main girders)
Equations in this part are from EN 1993 1-8: Design of joints

t
Sztp.top ::Afo ° _(th_ ;O) =—-4.141. 106 mm3
tpu 6 3
Sztp.but.sym ::Afu' Htot.z_th_T = <4141 - 10 > mm

I,=1,.,=(5.396-10°) mm"
bb()t =2 Ay = 8 mm

Ved.support = <126 ° 103) kN

B,:=0.9 Table 4.1

In top we check web since the butt welds will have more capacity than the web.
In the bottom we check the welds since fillet welds will have less capacity (or
equal capacity):

Fillet Weld Between Bottom Flange and Web

Ved su, ¢
.support ztp.bot.sym
T11.bottom.weld *= =120.826 MPa

Iy * bbot

o7 fw'= 0-MPa TT fw =0T fw = 0 MPa

f 0.9-f
if \/ O'T.wa +3- (TT_fwz 4F Tll.bottmn.weldz) < ﬂ/\o‘Tﬁu <7 7w «OK resistance of the fillet weld”

(/Bw . ’YM2> B Va2
| “OK resistance of the fillet weld”
else

| “NOT OK resistance of the fillet weld”

Utilization Ratio Bottom Weld

eq. 4.1

\/O'T.fwz +3- (TT‘fw2 + Tll.botto’m‘weld2> — 46.16%

f u.58355

(ﬂw : ’)’M2>
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Butt Weld Between Top Flange and Web
biopi=1t, =15 mm
11 topaveld = Ved's"l”p‘i”z; PP — _64.44 MPa. Since it is a butt weld the web is the week part

Yy op
Orpw:=0+MPa
Trbw = 15w =0 MPa
0.9-f,

= “OK resistance of the butt weld”

f
. 2 2 2 Y
if \/JT.b'w +3- (TT.bw + T11.top.weld ) S—ANOpp<

Mo Ynmo
| “OK resistance of the butt weld”
else
| “NOT OK resistance of the butt weld”

eq. 4.1

Utilization Ratio Top Weld
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Web Check From Local Patch Load
Equations in this part are from EN 1993 1-5: Plated structural elements

a, = 212m fy.w::fy.345: 345 MPa T}’Pe (a)
h, =990 mm 85:= Ngjeeper = 0.225 m
i
kp=6+2- —”] =6.436 Figure 6.1, Type(a) |
a Sg
' vstl] ++ s {h
my e 10395000 _ o0 oy .
1= == . a
fy‘345'tw J_H
t 3 ) .
= . . -—w = . 3
F.:=09-kp-E - =(4.147-10%) kN eq. 6.5 kﬁﬁﬂ[ﬂJ
w a
l, (mm) :=ss+2-tf0-<1+\/m1+m2.1) eq. 6.10
by (May) * by fyaus
Ap <m2.1> ‘:\/ y< ) - eq. 6.4
FCT
g my =1
ch
Al .
) my ;= if Ap <m2.1> >0.5
S@ h 2
3 0.02- |2
Z tfo
5 1
] else
o
g my :=find (m,,;) =49.005
ou
(2]

Ap (my) =0.876 l, (my) = 614.487 mm
=it 20 1 -0571  eq. 6.3 Lyl =350.86 eq. 6.2
xpi=if — ) <1 =0. q. 6. e =1y (M) « xp=350.86 mm g. 6.
(1M
0.5
h\ <m > Ppatch = Pt'min‘K' ¢2,1\/[G * Qraffic 'ﬂrs =229.628 kN
(M
Sy Lefretw .
Py, Fpa=Ppuen Fra ::yT: (1.816-10°) kN eq. 6.1
1
M= —
fy‘w * Leff ° tw
Y
it py<1 = “OK resistance of web”  Utilization of Local Web Capacity
‘ “OK resistance of web” 1,=12.6%
else
‘ “NOT OK resistance of web” eq. 6.14
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Resistance of Cross-Sections; Yield Criterion
Equations in this part are from EN 1993 1-1: General rules

7Q.tmc.main
Mmaz‘train‘e.K * 7Q‘LM71 + Mtraction

+ Mlong‘W * ’YQ.wind + Mma:c‘self.K * ’YG.self

eming@chalmers.se
ericnils@chalmers.se

o . Q.trac.sec _ —302.96
e Wiy " [—297.304
N 7Q.tmc.ma,in N 7Q.nos’ing.sec N
traction.K * + nosing * + wind * A/Q‘wind
_ 7Q,t7‘aﬂ.sec ’YQ.nosing.main
Atot
2
=max (0, pg) = —297.304 MPa
P
o, pai=—L2" — 39,724 MPa
Legrtgo
TEd*= T11.top.weld = —64.44 MPa
Al 0.4\’ O4.Ed 0:.Ed Tpa |
1) IS Rt N Y N D ) U Y < 1| =“OK, meets the criterion for yield” &g. 6.1
fy fy fy fy fy
Ymo Ymo Ym0 Ym0 Ym0

else
| “NOT OK, doesn’t meet the criterion for yield”

“OK, meets the criterion for yield”

Utilization Ratio Von Misses

04/24/2026
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Load Combination with SLS

Qd.SLS =G+ Qmain + Z wothgr ° Qother SLS

For one I-girder

Qtrain.beta.K = 80 IBTS *

Pt'rain.beta‘K:: 250 'ﬂrs «kN For one I'g|rder

Emin Gustafsson

eming@chalmers.se

Eric Nilsson ericnils@chalmers.se
Quor=11.237 N Qiongw=9-129 kN
m m

Train loads is main load (load placement
from No2Fat):

Load model location > max. Moment

3-
25 . Qa: ~ N - 2052 KNm
ag1:=2000 mm ag,=8400 mm 2| a- . P
> 15 = >
ap,:=2800 mm ap,:=4400 mm 'k
apy=6000 mm ap,:=7600 mm >
o L Il L L it L I}
0 2 4 6 8 10
X
2 2 2
Ptrain.g1= atraffic * Qtrain.beta.K * aQ.l i * - s a‘Q'l *YQ.LM71.SLS = 0.689 mm
96-E-1, L
(L—ags)®-L* 2+ (L—ag,)*
Q.2 Q.2
Pirain.0.2 = Qraffic * Dirain.betak < |3— - Y. s5s=0.829 mm
train.Q.2 traffic * Ytrain.beta. K 96-E. Iy LZ 7Q LMT71.SLS
a L? 4eap >
P.1° *Upi
Pirain.p.1 = P, K* . |3— “Yo. srs=2.799 mm
train.P.1 traffic train.beta.K 48 . E- Iy L2 ’YQ LMT71.SLS
ap+L* 4-ap,”
Ptrain.p.2 *= Xraffic *Pirginbetak* 18-F- Iy i G I *YqQ.Lmm1.50s = 3.735 mm
P ap; L Arapy” 3.788
. =Q .. . . . — . =o. mm
Ptrain.p.3 traffic train.beta.K 48-E. IU L2 YQ.LM71.SLS
(L—ap,)-L* 4+(L—ap,)®
Pirainpa = Curattic * Prrainbeta i * : .3- VN yotamsis = 2.953 mm
train.P.4 traffic train.beta.K 48 -F - Iy L2 YQ.LM71.SLS

Qiot 5.L*

—_— =0.815 mm
> 384.E-1, YG.self.SLS

5.L*

Puwind = Qlong.w * m

Half of the self-weigth in p,,;

*YQ.wind.sLs = 0.397 mm

Piot = ptrain.Q.l + ptrain.Q.2 + Ptrain.p.1 + Ptrain.p.2 + Ptrain.p.3 + Ptrain.p.a + pself + Pwind = 16.005 mm

L
Paliowed = H =17.667 mm

if Piot < Paiiowed

= “Deflection is OK!”

” “Deflection is OK!”

else

04/24/2026

“Deflection is NOT OK!”
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Eigenfrequency
Equations in this part are from EN 1991 1-2: Traffic loads on bridges

L —0.748
No.oper 1= 94.76 « (—) =16.207 [Hz| Table 6.10
m
No.under = if 4+m<L<20-m =7.547 [Hz] Table 6.10
80
2 om
L

elseif 20em<L<100-m

I, \ 0592
23.58 | —
m

ot

LA
- % —0.815mm Standard cases
384-E-I,

5

0p:

17.75
ngi=————=19.66  [Hz] eq. 6.3
60
mm
if Mo under < ) < 1 .over| = “NOT OK!”
H “OK!”

else
| “NOT OK!”
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Utilization Rates

04/24/2026

Eric Nilsson

Emin Gustafsson eming@chalmers.se
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Tension utilization ratio
bending

Compression utilization ratio
bending

Utilization ratio shear only
considering web capacity

Utilization ratio truss-system

Utilization ratio UPE-profile

"Utilization" ratio local instability

Utilization ratio bottom weld

Utilization ratio top weld

Utilization of Local Web Capacity

Utilization Ratio Von Misses
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Fatigue and FLS
Safety Factors
km m . .
Yagpi=1.35 v, =140 F=38.889 - Train Speed in m/s
V=1 I
Ly e == 10.6 Length of bridge (unitless)
Fatigue Load Constant
Equations are from EN 1991-2 Annex D
K jyn = Y _0.243 D.3for L<20 m
160
S
‘pFat.MG:=A: 0.32 D.2
1=Ky + Ky
—L@.;\Ic2
o ratic=0.56.e ' =0.182 D.5

1

1
Pratmc=1+ Py * | PFat.mc T Py * Qs pat.mc | =1.205

A-Coefficient Method
Equations are from EN 1993-2 and "Fatigue design of steel and composite bridges" -
Mohammad Al-Emrani and Mustafa Aygdl

Yey AW -AG, < L
Fae

(( Railway bridges }-+< Safe life design >~‘

D<10

Figure 2.11 Fatigue design procedure of railway bridges

A =09+ 093-0.9 (Lo —12.5) =0.923 Table 9.4, interpolation from the

10-12.5 section on rail traffic with 25 t axles

Table 9.5 and RKFM, Chapter 1.3, load
Ay :=0.72 cycles for fatigue shall be limited to 2.5
million tonnes per year

Ayi=1.04 Table 9.6, Design life are set to 120 years

Ai=1 Table 9.7, The tension ratio becomes 1
when there is only one track

Mgz i= 1.4 eq. 9.15

As=min (A« Ap s Az Ay s M) = 0.691
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Detail 11, Hole in the Upper Flange for Attaching Sleeper

M,

mazx.train.K

AM gy parran = « Pramc0.6=732.888 kN-m  Maximum moment for fatigue in L/2

2

AM, . .
a1 =L (Z,) = 69.95 MPa Maximum, top of the I-girder

1,

O min.1*= 0

AUEd.top.flange = 1%maz.1 ~ Omin1| = 69.95 MPa

AUE.I =N AJEd.tap.flange =48.335 MPa

Ao, :=90-MPa

Ao . g .
if Aop,<—o = “Fatigue is OK” Check according to "Fatigue design of
Tnf steel and compositive bridges” -

| “Fatigue is OK” Mohammad Al-Emrani and Mustafa Aygdil
else

| “Fatigue is NOT OK”
Ao

Pl —72.502%

Aoc,y

Vs
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Detail 5, Main Girder Fillet Weld

— -
S e ——
. S—
R ——
4
T,
— —
e o
5 T
M, mazx.train.K

AMpat v 5= *Pparric= <1-221 . 103) kN -m

2

AM .
Tmaz = —— 08 (7, 4 tp,) = —112.056 MPa

1,

Omin.2 "= 0
AUEd.]VIG.fw =% maz.2 ~ Tmin.2| = 112.056 MPa
Aopyi= A A0 gg i fu=T7-43 MPa

Ac,:=100-MPa,

AUC.Z

if Aog,< = “Fatigue is NOT OK?”
Yoaf

| “Fatigue is OK”
else
| “Fatigue is NOT OK”

Ao
B2 104.53%

Ao,y

Ynayf
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Detail 4, Attachment For Truss-System
' 1 _F T —
| AR :':_::_h ;:;:;:'i-h_
90 eller %““-vli’&://:” €
I'\4 /: r
r>150mm ?" 2
71 LR il
6 L 3 == _“'-::H““:
50 r 1 r
L 6 L: anslutningslangd som vid detalj 1, 2 eller 3
M e traingc.o1 = 2055.31 kN «m x1 =5m
M

maz.train.K.xl

2 *Ppat.vc = <1'239 . 103) kN -m

AM pgy. pvmia =

o AMFat.L]VI?lA
maz.3 "
IZI

o - (2,) =118.223 MPa
O min.3 = 0
AUEd.attach.ts = |%maz.3 ~ Omin.3| = 118.223 MPa

Ao g 5=+ ATgq astach.ts = 31.691 MPa

Aoy =71 MPa

Aoz

if Aogs< = “Fatigue is NOT OK”
Ynif

| “Fatigue is OK”
else

| “Fatigue is NOT OK”

Ao
B3 155.33%

Accs

Vs

04/24/2026
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Page 30



Emin Gustafsson eming@chalmers.se
Eric Nilsson ericnils@chalmers.se

Detail 7, Welding of Flange Stiffeners (Normal Stress)

—
U,
M ae traintc.c2 = 1989.92 kN -m X2 = 4.24m
AM gy paam 7= Mmaw-t;i"'Kﬂ *Ppat.vc = <1-199 . 103> EN.m
T ot ::M- (~Zy+t7,) =—110.017 MPa
y
Omin.a=0

AUEd.stiff = |9 maz.4 — Omin.a| = 110.017 MPa
Ao 4= A AT pg igp = T76.021 MPa

Ao, =80 MPa

AUC.4

if Aog,< = “Fatigue is NOT OK?”
Yoaf

| “Fatigue is OK”
else
| “Fatigue is NOT OK”

Ao
B1 _128.28%

Aogy

Ynayf
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Detail 7, Welding of Web and Stiffeners (Principal Stresses)

e 7
S}
Vmam.train.}(.mZ :=369.77 kN Vmin.train.K.mZ :=—183.96 - kN Xz = 4- 24m
<Vmu:v.train.K 22 Y min.train.K. .w2>
AVed.support.? = 9 * ¢Fat.MG =333.713 kN
AM,
O mag.5 = w * <_th + tfu + Tnotch) =-98.904 MPa

1,

A0 gyiff.2 = | Tima.s| = 98.904 MPa

AVed.suppart.?' ztp.bot.sym
I,-t,

=17.074 MPa

ATI 1.stiffener ‘=

AT ga.stify. ATpq.gifs2 |’
AG g prine = E;”ff 2+\/( E;t’ff 2) + ATy giffenes” = 101.768 MPa

Ao g 5= ATy yrine=T70.321 MPa

Ao ;=80 MPa

AUC.5

if Aogs< = “Fatigue is NOT OK”
Vs

| “Fatigue is OK”
else
| “Fatigue is NOT OK”

Ao
B3 _118.67%

Ic.5

Yy
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Detail 8, Longitudinal Welding Between Web and Flange

Vmaw.t'r‘ain,K: 854.75 kN

maz.train.K

S Graan =515.127 kN

AVed‘support‘S =

AV, .
._ ed.support.8 * M ztp.bot.sym
ATll.bottom.weld = b =49.416 MPa
Iy * Ubot

ATE‘6 =A. ATILbottom.weld =34.146 MPa

Arg.5:=80 MPa

AT,
o6 = “Fatigue is OK”

if Atp<
Ynif

| “Fatigue is OK”
else
‘ “Fatigue is NOT OK”

ATp e
B8 57.62%

TC.6

Ymy
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Appendix B

The primary functions that have been developed for this model are:

o Function Generate_Influence_ Lines: This function generates influence
line matrices for bending moments, shear forces, and vertical deflections. It
is based on a 1D Finite Element Method (FEM) using Euler-Bernoulli beam
theory, where the continuous beam is discretized into elements with two de-
grees of freedom per node and variable flexural stiffness (EI). By applying a
moving unit load and solving the global stiffness matrix, it outputs the struc-
tural response matrices required to evaluate the different load effects vertical
loads.

e Function Load_ Traffic_ IL: This function applies the train load model
(e.g., LM71) across the generated influence lines to identify the most adverse
load positions along the bridge. It evaluates both discrete axle loads and dis-
tributed loads in accordance with Furocode 1: Actions on structures - Part
2: Traffic loads on bridges (Swedish Standards Institute, 2003), yielding the
maximum and minimum values for bending moment and shear force along a
beam.

e Function calc__selfweight_ IL: This function calculates the bending mo-
ments and shear forces, resulting from the permanent dead loads of the bridge.
It calculates a total distributed line load by combining the self-weight of the
main girders, based on their varying cross-sectional areas, with additional su-
perimposed dead loads. The static structural response at each node is then
obtained by numerically integrating this total distributed load over the influ-
ence line matrices.

e Function calc_ wind_ load_ IL: This function calculates the horizontal and
vertical load effects induced by wind pressure. It determines the total hori-
zontal line load based on the projected exposed areas of the bridge and the
train. Furthermore, it calculates the overturning moment about the section’s
centre of gravity. This moment is structurally resolved into a vertical force
couple acting on the main girders. By numerically integrating this vertical
line load over the influence line matrices, the function outputs the resulting
vertical bending moments and shear forces in the main girder.

e Function calc_traction_ load: This function evaluates the structural ef-
fects of longitudinal traction and braking forces from train traffic. It deter-
mines the governing force magnitude based on the characteristic limits de-
fined in Furocode 1: Actions on structures - Part 2: Traffic loads on bridges
(Swedish Standards Institute, 2003). By evaluating the accumulation of these

XXXV



B. Appendix B

distributed forces towards the fixed bearing, the function generates symmet-
ric worst-case curves for axial compression, as well as the associated vertical
bending moments and shear forces induced by the load’s eccentricity relative
to the section’s centre of gravity.

o Function calc_ nosing_load: This function calculates the structural effects
of transverse nosing forces (lateral impacts from trains). It determines the
maximum local lateral bending moment in one beam by modelling it as a
simply supported beam spanning between the horizontal cross-girders, yielding
a constant envelope for lateral bending along the bridge.

e Function Calfem_ truss_ beam: This function performs a 2D hybrid Finite
Element Analysis (FEA) using the CALFEM toolbox to evaluate the structural
response of the horizontal bracing system under wind and transverse nosing
loads. The main girders are modelled as beam elements with flexural stiffness,
while the cross-beams and diagonals are modelled as pinned truss elements.
By assembling and solving the global stiffness matrix for the specified discrete
load cases, the function extracts the governing maximum axial forces (tension
and compression) for the main girders and the individual truss members.

e Function URm_ LT: This ULS function evaluates the structural resistance
of the main girders under combined bending and axial forces. It computes
effective cross-sectional properties by iteratively applying reduction factors for
shear lag and, if needed, local plate buckling (Class 4 cross-sections). The func-
tion outputs utilization ratios for three primary checks: verification of yield
stress under combined bending and axial force, global out-of-plane stability
evaluating combined flexural and lateral-torsional buckling using the General
Method (treating the two main girders as an interacting system), and local
lateral-torsional buckling of the compressed flange between transverse bracing
using the Simplified Method. In addition to this flange induced buckling is
considered only utilizing elastic moment resistance.

o Function URv: This ULS function evaluates the shear capacity of the main
girder webs, considering effects from shear buckling of the web. It determines
the design shear resistance by applying the appropriate shear buckling reduc-
tion factors based on the web slenderness and the spacing of transverse stiff-
eners. Furthermore, the function evaluates the transverse stiffeners. It verifies
their minimum required stiffness to act as rigid boundaries for the web panels.
If the stiffeners attract compressive forces due to tension field action in the
post-buckling regime, their structural stability is assessed by modelling them
as effective columns, including part of the web panels, subject to combined
axial compression and bending.

e Function UR__ MV _Interaction: This ULS function evaluates the cross-
sectional resistance of the main girders under the combined effects of bending
moments, shear forces, and axial forces. In accordance with Eurocode pro-
visions, the interaction verification is only triggered for sections where the
applied design shear force exceeds 50% of the web’s shear capacity. When
activated, the function calculates a reduced bending capacity to account for
the simultaneous presence of shear and axial stresses, applying the appropriate
interaction criteria dependent on the slenderness of the web.
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e Function UR_ weld_ longitudinal: This ULS function evaluates the struc-
tural resistance of the longitudinal flange-to-web connections. It adapts the
assessment criteria depending on whether fillet or full-penetration butt welds
are used. At the bottom flange, the evaluation is governed by longitudinal
shear flow. At the top flange, the function additionally incorporates the effects
of vertical concentrated patch loads from the train axles. For full-penetration
butt welds, the resistance is dictated by the web plate. The function evalu-
ates shear yielding, web crippling (from patch load), the interaction between
local vertical forces and global bending, and local Von Mises yielding under
combined multi-axial stresses. Conversely, for fillet welds, the corresponding
multi-axial stress states are evaluated directly across the effective weld throat
thickness utilizing the directional method.

e Function UR_ truss_ buckling: This ULS function evaluates the structural
resistance of the horizontal bracing system, comprising the UPE cross-beams
and L-profile diagonals, subjected to transverse wind and train nosing loads.
Assuming idealized pinned connections, the members are evaluated exclusively
for axial forces. The function verifies the tension capacity against gross section
yielding and assesses the compression capacity against flexural buckling. To
accurately determine the buckling resistance, the effective buckling lengths for
the respective members are derived from the transverse distance between the
main girder webs and the geometric boundaries of the connecting stiffeners.

e Function calc_ SLS_ target: This SLS function evaluates the vertical de-
flection at a specific target point along the bridge, typically the mid-span.
Utilizing the influence lines generated from the 1D Finite Element model,
which accounts for the varying flexural stiffness along the girders, it com-
putes the static deflections from permanent load, vertical wind pressures and
the LM71. Furthermore, the function approximates the eigenfrequency of the
bridge based on the mid-span deflection under permanent load. This frequency
is verified against the upper and lower limits according to Furocode 1: Actions
on structures - Part 2: Traffic loads on bridges (Swedish Standards Institute,
2003) to prevent dynamic resonance effects.

e Function UR__FLS_HFMI: This FLS function evaluates the fatigue re-
sistance of the specified structural details using the simplified A-coefficient
method. It encompasses both standard as-welded and HFMI-treated details,
in accordance with the upcoming revision of Furocode 3: Design of steel struc-
tures - part 1-9: Fatigue (New) (Swedish Standards Institute, 2022) and its
Annex F. For HFMI-treated details, the function scales the reference fatigue
strength based on the material yield strength according to Equation 2.6. It
explicitly accounts for mean stress effects using the penalty factor Agpyr ac-
cording to Equation 2.17. Furthermore, the function incorporates an overload
check in accordance with Section 2.2.2.2.

e Function UR__FLS_damage HFMI_ acc: This FLS function evaluates
the accumulated fatigue damage using the ESR method. It encompasses both
standard as-welded and HFMI-treated details, in accordance with the upcom-
ing revision of Furocode 3: Design of steel structures - part 1-9: Fatigue (New)
(Swedish Standards Institute, 2022) and its Annex F. The function generates a
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stress history from the traffic mix (according to Eurocode 1: Actions on struc-
tures - Part 2: Traffic loads on bridges (Swedish Standards Institute, 2003)),
which is subsequently processed to extract stress cycles using the rainflow
counting method. These cycles are then used to iteratively compute the ESR
and the corresponding number of cycles according to Equation 2.13 and 2.14,
from which the accumulated fatigue damage (D) is determined. For HFMI-
treated details, the function scales the reference fatigue strength based on the
material yield strength according to Equation 2.6. It accounts for mean stress
effects using the penalty factor A\gpyr according to Equation 2.17. Further-
more, the function considers the overload effects in accordance with Section
2.2.2.2, reverting to the as-welded capacity if limit values is surpassed.
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Appendix C

This appendix presents a comparison between manual calculations and examples
from the book Fatigue Design of Steel and Composite Bridges by (Al-Emrani &
Aygiil, 2014), in order to highlight the inaccuracies in the results when using the
ESR method.
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m_2 5
Delta sigma abow knee point
Detail 1 Detail 2 Detail 3 Delta sigma abow knee point
Contribution to Contribution to Contribution
equivalent equivalent to equivalent
stress for each stress for each stress for each
Antal Cykler Stress range  [stressrange Antal Cykler Stress range stressrange Antal Cykler Stress range stressrange Detail 1 Detail 2 Detail 3
16 6 0 16 6 0 71 6 0 Total years 120 120 120
6 7 0 6 7 0 6 7 0 Total days 43800 43800 43800
78 8 0 78 8 0 29 9 0 Detalj klass 80 71 80
52 9 0 52 10 0 84 10 0 gamma_MF 1,35 1,35 1,35
13 10 0 13 11 0 65 11 0 gamma_Ff 1 1 1
26 12 0 26 13 0 13 13 0 Delta sigma_D 58,96 52,327 58,96
144 22 0 144 22| 493959,9751 144 21 0 Delta sigma_L 32,36904 28,727523 32,36904
26 23 0 26 24| 137798,7952 26 22 0 Delta sigma_D_DIM 43,67407407| 38,76074074( 43,67407407
13 24| 54269,04113 13 25| 84500,49626 13 23 0 Delta sigma_L_DIM 23,97706667| 21,27964667| 23,97706667
39 30| 496847,9107 39 30| 630792,8245 39 27| 293383,7228 Delta_sigma_equivalent 21,15155453| 21,94664721| 14,97805073
16 39| 756825,2361 16 37| 738489,7415 16 32| 281463,7448 N_equivalent 44016372,64| 27544929,25| 123958191,5
13 43| 1001931,931 13 42 963144 13 36| 412105,5311 n_tot 464 464 541
16 45 1458000 16 43 1272112 16 37| 581676,0605 D_day 1,05415E-05| 1,68452E-05| 4,36437E-06
6 47 622938 6 46 584016 6 38[ 249242,3405 D_tot 0,461719101| 0,737820011| 0,191159614
[m_1 [ |
[m2 [ |
Delta sigma below knee point
Detalj 1 Detail 2 Detail 3 Delta sigma below knee point
Contribution to Contribution to Contribution
equivalent equivalent to equivalent
stress for each stress for each stress for each
Antal Cykler Stress range  [stressrange Antal Cykler Stress range stressrange Antal Cykler Stress range stressrange Detail 1 Detail 2 Detail 3
16 6 0 16 6 0 71 6 0 Total years 120 120 120
6 7 0 6 7 0 6 7 0 Total days 43800 43800 43800
78 8 0 78 8 0 29 9 0 Detalj klass 80 71 80
52 9 0 52 10 0 84 10 0 gamma_MF 1,35 1,35 1,35
13 10 0 13 11 0 65 11 0 gamma_Ff 1 1 1
26 12 0 26 13 0 13 13 0 Delta sigma_D 58,96 52,327 58,96
144 22 0 144 22 742123008 144 21 0 Delta sigma_L 32,36904 28,727523 32,36904
26 23 0 26 24 207028224 26 22 0 Delta sigma_D_DIM 43,67407407| 38,76074074( 43,67407407
13 24 103514112 13 25 126953125 13 23 0 Delta sigma_L_DIM 23,97706667| 21,27964667| 23,97706667
39 30 947700000 39 30 947700000 39 27 559607373 Delta_sigma_equivalent 28,26798533| 27,55356113| 22,98066865
16 39 1443587184 16 37 1109503312 16 32 536870912 N_equivalent 44016372,64| 27544929,25| 123958191,5
13 43 1911109759 13 42 1447022752 13 36 786060288 n_tot 464 464 541
16 45 2781025280 16 43 1911214737 16 37| 1109503312 D_day 1,05415E-05| 1,68452E-05| 4,36437E-06
6 47 1188207357 6 46| 877422731,6 6 38 475411008 D_tot 0,461719101| 0,737820011| 0,191159614
D: for details d dent on abow or bellow knee point
Detail 1 Detail 2 Detail 3
D_tot_hand_calc [-] 0,46 0,74 0,19
D_tot_PDM [-] 0,43 0,73 0,17
Difference [%] 6,33% 1,51% 11,07%
Savings from girder height
Material Total
Standard our Difference Standard our Difference
313 217 -44,24% 777 600 -29,50%
626 492 -27,24% 1550 #HHHHHHHH -22,05%
1000 811 -23,30% 2390 HHHHHHHHHHE -15,18%




B3 Total [SEK]

HMFI-treated

HMFI-treated

Appendix D

HMFI-treated

HMFI-treated

HIVF -treated
HWVF -treated 241676,8752]
HWVF -treated $690, L=20m 700260, 7546

HMFI-treated S630, L=30m

1500973,445]

HMFI-treated 5630, L=40 m

2615869,545]

,10%
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Appendix E

This appendix includes all the Excel calculations used to derive the results for the
ESR method presented in the report.
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Combinations

welde, 1= welde |("Factory" if in Included In Min data Sorting away weld with [number of

HFMI) dor |[factoryor Length Steel (=1) 3 mm throat bridges used
0,00|As-wel|factory 10000,00 355,00 1,00 3,00 3,00
0,00]|As-wel|factory 20000,00 355,00 1,00 3,00 4,00
0,00|As-wellfactory 30000,00 355,00 1,00 3,00 7,00
0,00]|As-wel|factory 40000,00 355,00 1,00 3,00 5,00
1,00|HFMI-t{factory 10000,00 355,00 1,00 3,00 3,00
1,00{HFMI-{factory 20000,00 355,00 1,00 3,00 6,00
1,00|HFMI-tffactory 30000,00 355,00 1,00 3,00 3,00
1,00{HFMI-Yfactory 40000,00 355,00 1,00 3,00 2,00
1,00|HFMI-t{factory 10000,00 460,00 1,00 3,00 3,00
1,00|HFMI-ffactory 20000,00 460,00 1,00 3,00 4,00
1,00|HFMI-tffactory 30000,00 460,00 1,00 3,00 3,00
1,00{HFMI-{factory 40000,00 460,00 1,00 3,00 3,00
1,00{HFMI-Yfactory 10000,00 690,00 1,00 3,00 3,00
1,00{HFMI-{factory 20000,00 690,00 1,00 3,00 3,00
1,00{HFMI-Yfactory 30000,00 690,00 1,00 3,00 1,00
1,00|HFMI-Yfactory 40000,00 690,00 1,00 3,00 1,00




Train mix

Plot Name

Total [SEK]

Material [SEK]

Standard train mix |As-welded 355 Standard t 257682,13 110359,82
Standard train mix JAs-welded 355 Standard t 605871,67 217812,41
Standard train mix |As-welded 355 Standard t 1270261,43 492066,55
Standard train mix JAs-welded 355 Standard t 2074660,38 811325,09
Standard train mix |HFMlI-treated factory 355 204969,91 76138,55
Standard train mix |HFMI-treated factory 355 586513,47 199583,04
Standard train mix |HFMlI-treated factory 355 1208432,01 415624,15
Standard train mix |HFMI-treated factory 355 2218018,33 723523,48
Standard train mix |HFMlI-treated factory 460 225140,56 96309,20
Standard train mix |HFMlI-treated factory 460 650074,53 242556,52
Standard train mix |HFMlI-treated factory 460 1316468,75 518711,17
Standard train mix |HFMI-treated factory 460 2340846,69 864301,54
Standard train mix |HFMlI-treated factory 690 241676,88 112845,51
Standard train mix |HFMlI-treated factory 690 700260,75 291559,70
Standard train mix |HFMlI-treated factory 690 1500973,45 645614,98
Standard train mix |HFMlI-treated factory 690 2615869,55 1052679,50




Chategory COST

painting [SEK] Welding [SEK] HFMI [SEK] Total Other Cost [SEK]

58077,50 41255,40 0,00 47989,40
179444,08 105657,82 0,00 102957,35
405240,00 185726,68 0,00 187228,20
629448,60 333899,62 0,00 299987,08

46575,00 37120,68 3470,72 41664,97
169499,08 100993,16 16174,00 100264,19
396926,50 173399,34 31483,32 190998,71
793154,60 309470,85 57881,74 333987,67

46575,00 37120,68 3470,72 41664,97
174847,84 100197,38 15944,37 116528,42
404409,50 172081,89 31145,97 190120,22
770752,20 314050,94 57418,72 334323,29

46575,00 37120,68 3470,72 41664,97
190023,92 102026,87 17228,68 99421,58
447917,75 178737,61 33173,80 195529,31
813074,28 322221,28 57750,09 370144,39




Minimum values Cost & Weight

Relative change in cost compared to $355 As-welded

Change in total cost

Change in material cost

Change in painting cost

Change in welding cost

Change in "other costs"

0,00% 0,00% 0,00% 0,00% 0,00%
0,00% 0,00% 0,00% 0,00% 0,00%
0,00% 0,00% 0,00% 0,00% 0,00%
0,00% 0,00% 0,00% 0,00% 0,00%
20,46% 31,01% 19,81% 10,02% 13,18%
3,20% 8,37% 5,54% 4,41% 2,62%
4,87% 15,53% 2,05% 6,64% -2,01%
-6,91% 10,82% -26,01% 7,32% -11,33%
12,63% 12,73% 19,81% 10,02% 13,18%
-7,30% -11,36% 2,56% 5,17% -13,18%
-3,64% -5,41% 0,20% 7,35% -1,54%
-12,83% -6,53% -22,45% 5,94% -11,45%
6,21% -2,25% 19,81% 10,02% 13,18%
-15,58% -33,86% -5,90% 3,44% 3,43%
-18,16% -31,20% -10,53% 3,76% -4,43%
-26,09% -29,75% -29,17% 3,50% -23,39%




Chategory WEIGHT

Relative change in weight compared to S355 As-welded

Weight plates [kg]

Weight profiles [kg]

Weight Total [kg]

Change in weight of hot-
rolled plates

Weight profiles [%]

Change in total weight

9462 222 9684 0,00% 0,00% 0,00%
18645 535 19180 0,00% 0,00% 0,00%
43200 674 43874 0,00% 0,00% 0,00%
72214 1077 73292 0,00% 0,00% 0,00%

6381 256 6638 32,56% -15,61% 31,46%
16976 572 17548 8,95% -6,93% 8,51%
36262 861 37122 16,06% -27,72% 15,39%
64266 1447 65714 11,01% -34,31% 10,34%

6381 256 6638 32,56% -15,61% 31,46%|
16286 518 16804 12,65% 3,06% 12,38%
36035 908 36944 16,59% -34,81% 15,80%
60894 1006 61900 15,68% 6,66% 15,54%

6381 230 6612 32,56% -3,89% 31,73%|
16811 516 17326 9,84% 3,53% 9,66%
38089 1032 39121 11,83% -53,15% 10,83%
62934 959 63893 12,85% 10,97% 12,82%




Co,

MAX SLS (eigen
CO; [kg] Change in CO,-equivalents MAX ULS frequency) MAX SLS (deflection)
15107,27 0,00% 67,26% 105,50% 62,82%
29920,03 0,00% 99,15% 92,80% 88,04%
68443,45 0,00% 87,06% 85,69% 90,67%
114334,75 0,00% 96,87% 77,06% 99,96%
10354,60 31,46% 99,11% 97,86% 90,53%
27374,26 8,51% 99,94% 90,20% 99,61%
57911,01 15,39% 99,54% 86,29% 99,61%
102513,30 10,34% 93,91% 82,26% 97,67%
10752,86 28,82% 87,07% 97,86% 90,53%
27222,83 9,01% 99,46% 90,77% 100,07%
59848,48 12,56% 89,76% 85,61% 99,60%
100277,22 12,30% 89,09% 82,49% 99,94%
11371,89 24,73% 71,09% 97,86% 90,53%
29801,36 0,40% 84,69% 89,76% 100,02%
67287,36 1,69% 88,30% 85,17% 97,93%
109896,10 3,88% 94,52% 80,80% 98,12%




Chategory Utilization

MAX FLS (Lambda-

MAX FLS (ESR-method) |method) Determining detail

98,10% 109,82%]|WeldingBetweenFlange_Stif_ESR_D
99,92% 115,88%|WeldingBetweenFlange_Stif ESR_D
99,50% 115,14%]AttachmentForL_Profile_ESR_D
99,52% 114,95%|WeldingBetweenFlange_Stif _ESR_D
88,12% 122,38%|MainGirderButtWeldbot/Top_ESR_D
51,27% 98,05%|MainGirderButtWeldbot/Top_ESR_D
90,90% 106,42%|AttachmentForL_Profile_ESR_D
62,03% 96,69%|AttachmentForL_Profile_ESR_D
88,12% 112,90%|MainGirderButtWeldbot/Top_ESR_D
79,00% 107,15%]WeldingBetweenFlange_Stif ESR_D
88,31% 105,81%]AttachmentForL_Profile_ESR_D
79,14% 100,49%|AttachmentForL_Profile_ESR_D
88,00% 107,41%|MainGirderButtWeldbot/Top_ESR_D
55,86% 99,32%|MainGirderButtWeldbot/Top_ESR_D
54,36% 97,06%]MainGirderButtWeldbot/Top_ESR_D
61,31% 92,98%|WeldingBetweenFlange_Stif _ESR_D




Combinations

|Plot Name

HFMI location
("Factory" if in
As- [factory or <

Status (0=As- |welde [aswelded,

welde, 1= dor [|otherwise "On- Included In Mean data

HFMI) HFMI [site") Length  |Steel (=1) Plot Name
0,00[As-wel|factory 10000,00 355,00 1,00]As-welded 355 670
0,00|As-wel|factory 20000,00 355,00 1,00JAs-welded 355 1330
0,00|As-wel|factory 30000,00 355,00 1,00JAs-welded 355 1950
0,00|As-wel|factory 40000,00 355,00 1,00JAs-welded 355 2390
1,00|HFMI-t{factory 10000,00 355,00 1,00]HFMI-treated factory 35 670
1,00{HFMI-Yfactory 20000,00 355,00 1,00|HFMI-treated factory 35 1330
1,00{HFMI-Yfactory 30000,00 355,00 1,00|HFMI-treated factory 35 2000
1,00(HFMI-Yfactory 40000,00 355,00 1,00|HFMI-treated factory 35 2600
1,00{HFMI-Yfactory 10000,00 460,00 1,00|HFMI-treated factory 46 670
1,00{HFMI-Yfactory 20000,00 460,00 1,00|HFMI-treated factory 46 1330
1,00{HFMI-Yfactory 30000,00 460,00 1,00|HFMI-treated factory 46 2000
1,00{HFMI-yfactory 40000,00 460,00 1,00|HFMI-treated factory 46 2670
1,00{HFMI-Yfactory 10000,00 690,00 1,00|HFMI-treated factory 69 670
1,00{HFMI-Yfactory 20000,00 690,00 1,00|HFMI-treated factory 69 1330
1,00{HFMI-Yfactory 30000,00 690,00 1,00|HFMI-treated factory 69 2000
1,00{HFMI-yfactory 40000,00 690,00 1,00|HFMI-treated factory 69 2670
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4 2500 6 140
10 2000 4 140
14 2143 4 140
20 2000 4 180

4 2500 6 140

9 2222 4 140
14 2143 4 160
19 2105 4 220

4 2500 6 140

9 2222 4 140
14 2143 4 200
19 2105 5 140

4 2500 6 140

9 2222 4 160
14 2143 4 240
19 2105 4 160
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808 0[No splice here! No splice here!
909 2 4000|No splice here!
8010 2 10500|No splice here!
8010 4 10000 16500
8010 0[No splice here! No splice here!
9011 2 4000|No splice here!
9011 2 9000(|No splice here!
10012 4 9000 19500
8010 0[No splice here! No splice here!
909 2 5000|No splice here!
909 2 9000(No splice here!
8012 4 9500 19000
808 0[No splice here! No splice here!
8010 2 6000|No splice here!
909 2 10500{No splice here!
909 4 6500 18500
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No splice here! No splice here! 60 60 60
No splice here! 16000 40 50 50
No splice here! 19500 50 45 45
23500 30000 50 60 60
No splice here! No splice here! 60 60 60
No splice here! 16000 50 45 45
No splice here! 21000 60 45 45
20500 31000 45 50 60
No splice here! No splice here! 60 60 60
No splice here! 15000 60 60 60
No splice here! 21000 40 40 40
21000 30500 45 50 45
No splice here! No splice here! 60 60 60
No splice here! 14000 35 40 40
No splice here! 19500 35 50 50
21500 33500 35 50 60
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15 15 15 1850 1860
15 15 15 2280 2270
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10 10 12 1895 1905
12 12 13 2510 2510
10 10 10 550 550
8 8 9 1230 1210
12 12 13 1915 1900
12 20 16 2590 2570
10 10 10 550 550
12 12 12 1265 1245
15 15 15 1930 1915
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550 60 60 60
1230 50 50 50
1860 50 45 45
2270 60 60 60
550 60 60 60
1225 35 60 60
1905 45 50 50
2500 45 40 40
550 60 60 60
1210 40 60 60
1900 45 60 60
2595 35 50 30
550 60 60 60
1245 30 45 45
1915 35 35 35
2570 8 60 40
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60 350 350 350 350
50 250 480 480 403,3333333
47 510 720 720 650
60 430 670 770 623,3333333
60 290 290 290 290
52 340 380 380 366,6666667
48 450 600 600 550
42 510 940 1340 930
60 290 290 290 290
53 260 450 450 386,6666667
55 370 500 500 456,6666667
38 550 770 1310 876,6666667
60 290 290 290 290
40 400 510 510 473,3333333
35 660 1100 1100 953,3333333
36 830 540 1110 826,6666667
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Appendix F

The few sensitivity analyses that have been carried out during the thesis are pre-
sented below.
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2600000 |

13550

15950

16050

17500
18000
18500

19500
19930
20000

738%
486%

a9,32%

3,08%
s0.41%
80.17%
7.97%
66,35%
58.12%
9,26%
39.78%
29.71%
19.12%

000%

000%

27,40%
25,205%
23.10%
2111%

1463%
1463%

a1%
37.52%
37.65%
38.5%
39.35%
002%
053%
%

,10%
41,05%

a1.07%
096%
053%

007%
39.40%
3/57%
7.72%

Weld top (VON misses

319
325
2.7
3285

276
32.08
3201
3136

2950

0.775674187049608

98.23%

MAX FLS ESR

94.87%
94,69%
9089%
B6.87%
83.19%
79.50%
75.86%
7.07%
B068%
83.75%
65,53%
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Utilization [%]

120%

Utilization along bridge, 20m, $355, Aswelded, Sensetivity total height

X coordinate along bridge [mm]
4000 6000 8000 10 000 12 000 14 000
—o-Utilization bending ~0-Shear (only web) —&—Interaction (M-N-V)

* MAX Utilization Weld —-MAX FLS ESR utilization ~0-SLS Utilization




[acdge data < 100000 200 wl 0000 ] oo 200 00000 200000 1100000 1500000 4500 5000 000 sanon oyl 0o 200

Flange innduced

o 1B71% 193 10.48% ! 96.19% 0.00% 7031% 7014% 13,50% 70645% 956% 59,59% 000 76.89% Y X 96.19% 7064%

10 13.92% 193 10.48% Y 96,00% 000% 70.18% 7001% 13,50% 2052% 006 ) X 96,00% 7052%
500 23.70% 193 10.48% . 92.06% 1851% 67.30% 67.13% 13,50% 69,13% 288 . X 92.06% 69.11%
1000 33.12% 193 10.48% Y 88.18% 28.30% 64.46% 64,30% 13,50% Y 68.75% 570 X X 88.18% 68.75%
1500 4200%. 193 10.48% . 84.36% 37.41% 6L67% 6152% 13,50% 69.27% 853 . Y 80.36% 69.27%
2000 50.34% 193 10.48% . 8061% 45.98% 58.93% 58,79% 13,50% 7052% 11.25 . X 8061% 7052%
2500 58,14% 193 2.74% . 7693% 53.99% 56.24% 56,10% 13,50% ) 72,30% 1385 X X 76.93% 72.30%
3000 65.46% 193 23.74% Y 73.40% 6151% 5366% 5353% 1350% 78,52% 16,32 Y Y 74,52% 74.52%
3500 72.29% 193 2.74% 69.71% 68.54% 5096% 5083% 13,50% 76.89% 1863 . 76.89% 76.89%
000 78.43% 193 23.74% Y 66,30% 74.86% 847% 835% 13,50% ¥ 7937% 2077 ¥ . 79.37% 79.37%
4500 8427%. 193 3.27% 32.85% 2.91% 8087% 4599%. 4588% 13,50% X 81,98% 270 . ¥ 84.27% 81.98%
950 89.03% 193 33.27% 3285% 59.82% 85.77% a73% 4362% 13,50% 84,20% 2425 X X 89.03% 80.20%
5000 a7,40% 193 12.07% a737%. 59.78% 4570%. 45.66%. 4530% 1138% . 58,89% 241 . . 59.78% 58.89%
5050 a781% 193 12,07% a237%. 59.68% 16,09% 45,50% 45,14% 1138% 58,97% 257 X . 59.68% 58.97%
5500 50,16% 193 12.07% a737% 56.17% 4851% 4283% 249% 138% Y 58,29% 2595 Y 58.29% 58.29%
6000 52.47% 193 12,07% 4737%. 52.89% 5088% a032% 4000% 1138% 57.87% 2.3 X 57.87% 57.87%
6500 5452% 193 12.07% a737% 49.62%. 53,00% 37.83% 37.53% 138% 2 57,46% 862 Y 57.46% 57.46%
7000 56,30% 193 14.12% a237%. 641% 54.82% 35,38% 35,10% 1138% 57.07% 29,74 57.07% 57.07%
7500 57.63% 193 14.12% a737% a327% 56.19% 32.09% 2.73% 138% Y 56,545% 3070 . Y 57.63% 56.54%
8000 58.90% 193 14.12% a237%. 0.20% 57.51% 3065% 3041% 1138% 5611% 3150 X X 58,90% 56,11%
8500 59,70% 193 14.12% a737%. 37.23% 58.34% 28.38% 28,16% 138% 55,49% 212 z X 59.70% 55.49%
8950 60,24% 193 14.71% a737% 30,58% 58,90% 26,36% 26,15% 11,38% 54,89% 32,5 ! Y 60,24% 54,89%
9000 6025%. 193 1.71% a737%. 53% 58.92% 2632% 26,11% 138% 54,88% 3258 2 60.25% 54.88%
9050 60.26% 193 14.715% 4737%. 34.28% 58.93% 2613% 25,93% 1138% ,25% 54,80% 3261 X X 60.26% 54.80%
9500 6050%. 193 1.71% a737% 3137% 59,19% 291% n72% 138% 38,40% 5397% 3286 . " 6050% 5397%
10000 60.49% 193 14.715% 4737%. 28,60% 59.20% 2180% 2163% 1138% 3841% 53,07% 3295 66%% 60.49% 53.07%
10500 6055%. 193 1.71% a737% 30.49% 59.24% 2.2% 23,06% 138% 3842% 53,72% 3288 . 151% 6055% s372%
10950 60.41% 193 14.715% 4737%. 073% 59.08% 2.43% 23.25% 1138% 3833% 53,69% 3265 1151% 6041% 53.69%
11000 6031%. 193 1W.71% a737%. 3.2% 58.98% 25.33% 2513% 138% 3827% 54,46% 262 z 151% 031% 54.46%
11050 60.21% 193 14.71% a737%. 3.47% 25.52% 25,22% 138% 3822% 54.47% 3258 97.74% 60.21% s4.47%
11500 59.77% 193 14.15% a73m%. 36.34% 2.1% 27,49% 138% 37.97% 55,20% 3218 96,55% 59.77% 55,20%
12000 58,93% 193 14,15% a737%. 39.35% 30.00% 1138% 37.50% 55,78% 3157 94.72% 58.93% 55,78%
12500 57.84% 193 14.15% a737%. a2a2% 2.34% 138% 3692% 5631% 3079 92.38% 57.84% 56,31%
13000 56,24% 193 14.15% a737%. 45,55% 30.73% 1138% 3607% 56,63% 2985 89,55% 56,63% 56,63%
13500 54,65% 193 12.08% a737%. 4876%. 37.17% 138% % 57,13% 874 86.23% 57.13% 57.13%
14000 52,55% 193 12,08% a737%. 52.03% 3967% 1138% 57.47% 2749 82.47% 57.47% s7.47%
14500 50.21% 193 12.08% a737%. 55.29% 4216% 138% . 57.83% 2609 78.27% 57.83% 57.83%
14950 a7.97% 193 12.08% a737%. 55,54% 2.3% 1138% 3167% 56,70% 272 70.15% 56,70% 56,70%
15000 9002%. 193 33.30% 2.85% 58,63% a278% 1350% 57.95% 84,04% 2456 767% 90,02% 84.44%
15050 89.25% 193 33,30% 2.85% 58.72% 2,93% 13,50% 57.50% 83,95% 240 7,19% 89.25% 83,95%
15500 84.64%. 193 33.30% 2.85% 61.98% a531% 1350% 54,79% 81.87% 280 6852% 84,60% 81.87%
16000 78.92% 193 23,88% 2.85% 65,39% a7.80% 13,50% 51.43% 79.31% 2090 62.69% 79.31% 7921%
16500 72.61% 193 23.88% 2.85% 68.80% 50,29% 1350% a7,73% 6,66% 1875 56,26% 76,66% 76,66%
17000 65,93% 193 23,88% 2.85% 72.49% 52,99% 13,50% 74.33% 1643 9.28% 7.33% 74,33%
17500 58,54%. 193 23.88% 2.85% 76,02% 55,57% 1350% 72,00% 13,9 aL82%. 76,02% 72,00%
18000 50,66% 193 1055% 2.85% 79,70% 58.26% 13,50% 70.12% 132 33,96% 79,70% 012%
18500 4220%. 193 1055% 2.85% 83.45% 61.00% 1350% 68,78% 859 25.77% 83.45% 68,78%
19000 33,28% 193 1055% 2.85% 87.26% 63.79% 13,50% 6817% 577 17.32% 87.26% 6817%
19500 2.77% 193 1055% 2.85% 91.14% 66,63% 1350% 68.48% 290 871% 91.14% 68.48%
19990 13,92% 193 1055% 2.85% 91.33% 66,76% 13,50% 67.14% 006, 047% 91.33% 67.14%
20000 1B.71% 193 212% 2.85% 91.33% 66,76% 1350% 67.12% 000 0.00% 91.33% 67.12%
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Utilization along bridge, 20m, S355, HFMI treated, Sensetivity total height
120%

100%

20%

éte along bridge [mm]
10 000 12 000 14 000 16 000 18 000

—o-Utilization bending -0 Shear (only web)  -a-Interaction (M-N-V)  x MAX Utilization Weld ~ —x-MAX FLS ESR utilization ~ —o-SLS Utilization
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[aca, 133000 1000 000,00 Pl wanon] 400000 500000 1200000 1600000 3000 4000 4000
Flange innduced Weld top (interaction patch-  Weld top (VON misses Vertical deflection MAX FLS ESR

0 2010% 156 8143% 0.00% 4378% 45.12% 17.11% 1837% 47.18% 41.30% 97.95% 000 93.43% #DIV/01 350% 8143% 47.18%

10 2036% 156 8129% 0,00% 4370% 5,04% 17.11% 18.55% 47,18% 005 #DIV/0L 0,00% 8129% 47,18%
500 3248% 156 7295% 0.00% 4191% 43,19% 17.11% 26,88% 50,07% 254 0.00% 77.95% 50,07%
1000 43,93% 156 7467% 41,38% 40,14% 4137% 17,11% 34,68% 54,83% 505 0,00% 7467% 5483%
1500 5476% 156 7145% 5279% 3841% 39,59% 17.11% 42,03% 60.73% 7.50 86.21% 7145% 60.73%
2000 65,00% 156 68,35% 6350% 3675% 37,87% 17,11% 48,97% 62,24% 9,86 86.21% 68,35% 67,24%
2500 74,44% 156 6511% 7331% 35,00% 36,07% 17.11% 55.37% 7376% 1212 8621% 74,44% 7376%
3000 83,34% 156 6212% 8262% 33.40% 34.42% 17.11% 61,40% 80,34% 1424 #DIV/0L 49,83% 8334% 8034%
3500 9167%. 156 59,14% 9136% 3180% 3277% 17.11% 67,06% 86,75% 1621 #DIV/01 4983% 91L67% 86,75%
3950 98,63% 156 56,34% 98,69% 3029% 31.22% 17,11% 71,78% 92.23% 17,83 D] 49,83% 98,69% 9223%
4000 46,08% 156 5632% a9.74% B7% 35.42% 1887% 35.74% 52.27% 1800 0l 2169% 5632% 5227%
4050 46.26% 156 56,59%. 49,88% 3357% 35.27% 14,87% 35,83% 52.27% 1817 #0] 49,83% 56,59%. 5227%
4500 49.71% 156 53,64% 53.20% 3182% 33.43% 1887% 37.63% 53,02% 1965 #DIV/01 3354% 53,64% 53,02%
5000 53,28% 156 5073% 5676% 30,09% 3161% 14,87% 39,48% 54,03% 2119 #DIV/01 3354% 5676% 54,03%
5500 5651% 156 a787% 59.97%. 2840% 20,84% 1887% a115% 55,01% 2261 #DIV/01 64.07% 59.97% 55,01%
6000 59,35% 156 4513% 6278% 2677% 28,13% 14,87% 4261% 55,90% 239 #DIV/01 64.07% 6278% 55,90%
6500 61.97% 156 42.30% 6536% 2510% 2636% 1487% 43,95% 56.73% 2509 64.07% 6536% 56.73%
7000 64,22% 156 3967% 67,56% 2353% 2472% 14,87% 45,10% 57,46% 2613 38.79%. 67,56% 57,46%
7500 66,02% 156 32.07% 69.29% 2199% 23.10% 1887% 46,01% 57,95% 2701 3879% 69.29% 57,95%
7950 67,50% 156 34,68% 7071% 2057% 2161% 14,87% 46,75% 58,34% 27,68 38.79%. 7071% 58,34%
8000 67,59% 156 34,64% 7079%. 2055% 2159% 1487% 46,79% 58,39% 275 97,80% 7079% 58.39%
8050 67,67% 156 3447% 70.86% 2045% 21,49% 14,87% 46,83% 58,40% 282 3879% 70,86% 58,40%
8500 68,58%. 156 31,99% 7L69%. 18.98% 19.94% 1487% 47.28% 58.41% 2833 3879% 7L69% 5841%
9000 69,42% 156 2955% 7243% 12,53% 1841% 14,87% 47,68% 58,42% 2875 38.79% 7243% 5842%
9500 69.83% 156 27,16% 7273% 1611% 1693% 1487% 47,86% 58,15% 2001 9951% 7273% 58,15%
10000 69,88% 156 24,86% 7265% 1475% 15.49% 14,87% 47,85% 52.67% 29,10 #DIV/0L 9951% 7265% 57,67%
10500 69.89% 156 2612% 1550% 1487% 47,90% 58,02% 2002 #DIV/01 7279% 58,02%
11000 69,50% 156 2851% 1691% 14,87% 42,72% 58,27% 2878 #DIV/0L 7250% 58.27%
11500 68.73% 156 3093% 1835% 1487% 47,36% 58,30% 2838 0] 7185% 58.30%
11950 67.74% 156 3L10% 7093%. 19,38% 14,87% 46,87% 52,71% 22,88 #DIV/0L 38.79% 7093% 57.71%
12000 67,55% 156 3330% 7075% 2075% 14,87% 4677% 58,05% 2281 #DIV/01 97,80% 7075% 58,05%
12050 67,35% 156 3347% 7056% 2086% 14,87% 46,67% 52,96% 22,75 #DIV/0L 38.79% 7056% 57,96%
12500 66,19%. 156 36,01% 69.47% 14,87% 46,09% 52,81% 22,09 #DIV/01 3879% 69.47% 57,81%
13000 64,27% 156 3863% 67,62% 14,87% 45,12% 52,22% 2621 #DIV/0L 38.79% 67,62% 57,22%
13500 62,12% 156 a1.26% 65,52% 14,87% 44,03% 56,54% 2519 64,07% 6552% 56,54%
14000 59,43% 156 44,09% 6287% 14,87% 42,66% 55,64% 24,02 64,07% 6287% 55,64%
14500 56,56% 156 a6,83% 60,02% 1 41,18% 54,70% 272 #DIV/01 64,07% 60,02% 54,70%
15000 5351% 156 49,69%. 56.99% 14,87% 39,60% 53,80% 2130 #DIV/0L 3354% 56,99% 53,80%
15500 49,93% 156 5258% 5341% 14,87% 32,74% 52,74% 1976 #DIV/01 3354% 5341% 52.74%
15950 46,52% 156 5275% 50,00% 14,87% 35,97% 50,84% 1829 #DIV/0L 49,83% 50,84%
16000, 99,48%. 156 55,41% 99,39%. 17,11% 72.36% 92,71% 1812 #DIV/01 2169% 92.71%
16050 98,96% 156 55,02% 98,82% 17,11% 22.00% 92,27% 12,95 49,83% 98,96%. 9227%
16500 92,22%. 156 57,90% 91,49%. 17,11% 62,42% 86,98% 1632 49.83% 92.22% 86,98%
17000 8393% 156 6093%. 8244% 17,11% 61,80% 80,56% 1434 #DIV/0L 49,83% 83,93% 8056%
17500 74,91% 156 63,92% 7257% 17,11% 55,69% 7382% 221 #DIV/01 86.21% 74,91% 7382%
18000 65,39% 156 67,16% 6211% 17.11% 49,23% 62,18% 993 #DIV/0L 86.21% 67,18% 67,18%
18500 55,06%. 156 7026% 5071% 17,11% 42,23% 60,51% 2,55, #DIV/01 86.21% 7026% 6051%
19000 44,13% 156 73,48% 3857% 17.11% 34,81% 54,46% 5,08 #DIV/0L 0,00% 73,48% 54,46%
19500 32,58% 156 76,76% 0,00% 17,11% 26,94% 49,54% 256 0,00% 76,76% 49,54%
19990 2035% 156 76,90% 0,00% 17,11% 18,54% 44,86% 005 0,00% 76,90% 44,86%
20000 20,10% 156 76,90% 0,00% a3a% a261% 17,11% 1837% 44,79% 000 #DIV/01 350% 76,90% 44,79%
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Utilization along bridge, 20m, S355, As-welded, Sensetivity Mass Optimization

120%

X coordinate along bridge [mm)]
8000 10 000 20 000

—o-Utilization bending -0~ Shear (only web)  -a-Interaction (M-N-V) ~ —x MAX Utilization Weld ~ —x-MAX FLS ESR utilization  —o-SLS Utilization
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Appendix G

Although the aim of the work was not to confirm potential using the A-method,
some smaller and simpler tests were carried out for this purpose as well. These are
presented below.
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Relative change in weight

St T mbinations Sora | T
u Jocaion ot | numberof
(0=A ("Factory” if awa | bridges Change in Change in
o infactory or v |usedtor hangein - maxis | waxs
weld | Aswelded or | sswelded, weid | mean value paining % | ambda
P [y ctheraise |eneth with [aneach |1 mix Totlisein fseia e e 0 |toulcost Chanse i other costs? method | mathod
0 00 300 620500 aooss | ooow 00 00 T
355,00 o0 300 ) 1066108 sorsanos | o000 o000 o000 ETYTTS YT
35500 0[50 130 109350,10| 0,006 o006 o006 399%
15500 a0 300 m [ s9748.00 surssags | 000 0000 o0 YT
35500 a00] 300 355 [ sosas.0 assos3] 1020w | 18,85% 10.09% eren soam
355,00 a0l 300] 200 Inseor ot | 10,000 13, s spas] o
35500 a0l 300 0717850 srsrsess| i s s sasm
35500 P Y Ty Joss 30 aesr | r.osw o 000 essu | onam
6000 o[ 300 assa000 s | sew w0 FEXTS sa.7an
45000 a0l 300 rm Josasr lozs6as Jooearas] s 0,05 L3 03] ss.eon
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Utilization [%)]

Utilization ratio S355 As-welded

105%
100%
95%
90%
85%
80%
75%
70%

65%

60% -
9 000 14 000 19 000 24 000 29000 34 000 39 000

Span Length [mm]

—=— MAX ULS - As-welded 355
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As-welded 355 Standard train mix for 40m span

B Material [SEK] M painting [SEK] = Welding [SEK] = Total Other Cost [SEK]
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Utilization [%]

110%

100%

90%

80%

70%

60%

50%
9 000

Utilization ratio S355 HFMI treated

— o
——ﬁ——'—h-——'—'———'—‘. ———g — p— = Al
- - —
L= o
14 000 19 000 24 000 29 000 34 000 39000

Span Length [mm]

—a— MAX ULS - HFMI-treated factory 355
—o - MAX SLS (deflection) - HFMI-treated factory 355
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As-welded 355 Standard train mix for 10m span

B Material [SEK] ™ painting [SEK] = Welding [SEK] = Total Other Cost [SEK]
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2 500 000 kr

2 000 000 kr

500 000 kr

ive change [%]

.£000 000 kr

Relat

500 000 kr

0 kr

= Material [SEK]

Cost distribution with S355 and As-welded condition

0000
Span Length [mm]

B painting [SEK]

B Welding [SEK]

B Total Other Cost [SEK]
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HFMI-treated factory 355 Standard train mix for 40m span

B Material [SEK] ® painting [SEK] m Welding [SEK] = HFMI [SEK] m Total Other Cost [SEK]
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Relative change [%]

Relative change in cost S355 HFMI treated factory
compared to $355 As-welded using simplified LAMBDA
METHOD

Material [SEK] I painting [SEK] mmm Welding [SEK]
. HFMI [SEK] mmmm Total Other Cost [SEK] —e— Change in total cost

= &~ Change in material cost=X- ChaﬁE@ﬁ‘\ 'p%ﬁ'gmk [:G!m]
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2 500 000 kr
2 000 000 kr
1 500 000 kr
1 000 000 kr
500 000 kr
0 kr



HFMiI-treated factory 355 Standard train mix for 10m span

B Material [SEK] B painting [SEK] m Welding [SEK] = HFMI [SEK] ® Total Other Cost [SEK]
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35% Relative change in cost comparing HFMI -treated and AW bridges using
$355, A-method

30% 29%

25%

20%

B Change in total cost
15% &
H Change in material cost

10%

10% 1 Change in painting cost

5%

0%

L=10m L=20m L=30m L=40m
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IEridge data string 1300,00 9,00 2222,22 4,00 140,00 909,00 Z,OOI 4000,00] 9500,00 | 10500,00 | 16000,00 30,00 45,00 45,00 450,00 810,00 810,00 12,00 12,00
20 m As-welded $355, ULS and SLS

Weld top

(local Weld top Weld top MAX FLS

Global Simplifie Flange Weld bot buckling (interactio (VON Vertical Eigen LAMBDA

Uti ion buckling dLT- innduced Shear Interactio (long Weld top from npatch-  misses UPE-beam L-profile deflection frequency SLS utilizatio

X _coord [mm] bending  factor buckling" buckling  (only web) n (M-N-V) shear) (shear) patch load moment) vielding)  (worst) (worst) [mm] UR Utilization n MAX ULS

0 24,00% 1,73 17,75% 29,34% 84,57% 0,00% 54,17% 48,24% 16,98% 17,57% 49,95% 27,64% 86,84% 0,00 94,11% 0,00%  56,11% 84,57% 54,17%
10 24,24% 1,73 17,75% 29,34% 84,43% 0,00% 54,07% 48,16% 16,98% 17,74% 49,92% 0,05 0,14%  56,11% 84,43% 54,07%
500  35,64% il 75 17,75%  29,34%  80,97% 0,00%  51,86%  46,19% 16,98%  25,47%  51,91% 2,34 7,03%  56,11% 80,97% 51,91%
1000  46,41% 1,73 17,75%  29,34%  77,57%  41,89%  49,68%  44,25% 16,98%  32,72%  55,62% 4,65 13,96%  56,11% 77,57% 55,62%
1500 56,62% a7/ 17,75% 29,34% 74,23% 53,21% 47,54% 42,34% 16,98% 39,54% 60,46% 6,91 20,73%  93,58% 74,23% 60,46%
2000 66,22% 1,73 17,75% 29,34% 70,95% 63,75% 45,44% 40,47% 16,98% 45,96% 65,93% 9,08 27,24%  93,58% 70,95% 65,93%
2500 75,21% 1,73 39,29% 29,34% 67,73% 73,59% 43,38% 38,63% 16,98% 51,96% 71,67% 11,14 33,43%  93,58% 75,21% 71,67%
3000  83,59% 1,73 39,29%  29,34%  64,57%  82,78%  41,35%  36,83% 16,98%  57,56%  77,44% 13,07 39,22%  93,58% 83,59% 77,44%
3500  91,43% 1,73  39,29%  29,34%  61,55%  91,43%  39,42%  35,11% 16,98%  62,80%  83,16% 14,85 44,55%  93,58% 91,43% 83,16%
3950 98,09% 1,73 39,29% 29,34% 58,52% 98,78% 37,48% 33,38% 16,98% 67,25% 88,11% 16,30 48,89%  93,58% 98,78% 88,11%
4000 41,08% 1,73 9,45% 46,43% 58,49% 44,51% 41,98% 37,14% 14,20% 32,35% 49,65% 16,45 49,34%  93,58% 58,49% 49,65%
4050 41,28% 1,73 9,45% 46,43% 58,72% 44,74% 41,82% 37,00% 14,20% 32,47% 49,65% 16,60 49,79%  81,88% 58,72% 49,65%
4500  43,80% il 7E 13,12%  46,43%  5576%  47,79%  39,71%  35,14% 14,20%  34,03%  49,81% 17,91 53,74%  84,26% 55,76% 49,81%
5000 46,54% 1,73 13,12% 46,43% 52,61% 51,08% 37,47% 33,15% 14,20% 35,71% 50,17% 19,28 57,85%  84,26% 52,61% 50,17%
5500 49,32% 1,73 13,12% 46,43% 49,69% 53,93% 35,39% 31,31% 14,20% 37,16% 50,54% 20,55 61,66%  84,26% 53,93% 50,54%
6000 51,90% 1,73 13,12% 46,43% 46,78% 56,56% 33,32% 29,48% 14,20% 38,49% 50,93% 21,71 65,14%  93,21% 56,56% 50,93%
6500 54,15% 1,73 13,12% 46,43% 43,93% 58,84% 31,28% 27,68% 14,20% 39,65% 51,26% 22,76 68,27%  93,21% 58,84% 51,26%
7000  56,09% 1,73 15,32%  46,43%  41,13%  60,79%  29,29%  25,92% 14,20%  40,65%  51,51% 23,68 71,03%  93,21% 60,79% 51,51%
7500  57,73% 1,73 15,32%  46,43%  38,40%  62,42%  27,35%  24,20% 14,20%  41,49%  51,68% 24,47 73,41%  93,21% 62,42% 51,68%
8000 59,04% 1,73 15,32% 46,43% 35,73% 63,71% 25,45% 22,51% 14,20% 42,16% 51,73% 25,12 75,37% 100,77% 63,71% 51,73%
8500 60,04% 1,73 15,32% 46,43% 33,12% 64,66% 23,59% 20,87% 14,20% 42,65% 51,63% 25,64 76,92% 100,77% 64,66% 51,63%
9000 60,72% 1,73 15,95% 46,43% 30,58% 65,28% 21,78% 19,27% 14,20% 42,98% 51,40% 26,02 78,05% 100,77% 65,28% 51,40%
9450 61,08% 1,73 15,95% 46,43% 28,28% 65,57% 20,14% 17,82% 14,20% 43,15% 51,04% 26,23 78,68%  93,21% 65,57% 51,04%
9500 61,08% 1,73 15,95% 46,43% 28,24% 65,56% 20,12% 17,80% 14,20% 43,14% 51,02% 26,24 78,73% 100,77% 65,56% 51,02%
9550 61,08% 1,73 15,95% 46,43% 28,05% 65,54% 19,98% 17,68% 14,20% 43,14% 50,97% 26,26 78,78% 100,77% 65,54% 50,97%
10000 61,17% 1,73 15,95% 46,43% 25,69% 65,55% 18,30% 16,19% 14,20% 43,16% 50,45% 26,33 78,98%  78,66% 65,55% 50,45%
10450 61,23% 1,73 1595%  4643%  24,83%  6570%  17,69%  1565%  14,20%  4322%  50,41% 26,27 78,82% 100,77% 65,70% 50,41%
10500 61,14% 1,73 15,95% 46,43% 26,90% 65,61% 19,15% 16,95% 14,20% 43,17% 50,77% 26,26 78,78% 100,77% 65,61% 50,77%
10550 61,05% 1,73 15,95% 46,43% 27,08% 65,53% 19,29% 17,07% 14,20% 43,13% 50,76% 26,24 78,73%  93,21% 65,53% 50,76%
11000 60,78% 1,73 15,95% 46,43% 29,56% 65,35% 21,05% 18,63% 14,20% 43,02% 51,20% 26,05 78,14% 100,77% 65,35% 51,20%
11500  60,11% 1,73 15,34%  46,43%  32,11%  64,74%  22,87%  20,23% 14,20%  42,69%  51,43% 25,69 77,06% 100,77% 64,74% 51,43%
12000 59,13% 1,73 15,34% 46,43% 34,72% 63,80% 24,73% 21,88% 14,20% 42,20% 51,51% 25,18 75,55% 100,77% 63,80% 51,51%
12500  57,82% il 75 15,34%  46,43%  37,39%  62,52%  26,63%  23,56% 14,20%  41,54%  51,45% 24,54 73,62%  93,21% 62,52% 51,45%
13000  56,19% 1,73 15,34%  46,43%  40,12%  60,90%  28,58%  25,28% 14,20%  40,71%  51,27% 23,76 71,28%  93,21% 60,90% 51,27%
13500  54,25% 1,73 13,13%  46,43%  42,92%  58,94%  30,56%  27,04% 14,20%  39,71%  50,98% 22,85 68,55%  93,21% 58,94% 50,98%
14000 51,99% 1,73 13,13% 46,43% 45,77% 56,65% 32,60% 28,84% 14,20% 38,54% 50,62% 21,82 65,45%  93,21% 56,65% 50,62%
14500 49,37% 1,73 13,13% 46,43% 48,68% 53,98% 34,67% 30,68% 14,20% 37,18% 50,18% 20,66 61,98%  84,26% 53,98% 50,18%
15000 46,65% 1,73 13,13% 46,43% 51,60% 51,19% 36,75% 32,52% 14,20% 35,77% 49,81% 19,40 58,19%  84,26% 51,60% 49,81%
15500  44,02% il 13,13%  46,43%  54,73%  48,01%  38,98%  34,49% 14,20%  34,16%  49,49% 18,03 54,09%  84,26% 54,73% 49,49%
15950 41,41% 1,73 9,52% 46,43% 54,92% 44,81% 39,12% 34,61% 14,20% 32,55% 47,98% 16,72 50,15%  81,88% 54,92% 47,98%
16000 98,89% 1,73 39,59% 29,34% 57,56% 99,27% 36,58% 32,58% 16,98% 67,78% 88,49% 16,57 49,70%  93,58% 99,27% 88,49%
16050 98,25% 1,73 39,59% 29,34% 57,24% 98,53% 36,66% 32,65% 16,98% 67,36% 87,97% 16,41 49,24%  93,58% 98,53% 87,97%
16500  92,02% 1,73 3959%  29,34%  60,39%  91,33%  38,68%  34,45% 16,98%  63,19%  83,38% 14,96 44,87%  93,58% 92,02% 83,38%
17000 84,12% 1,73 39,59% 29,34% 63,43% 82,16% 40,62% 36,18% 16,98% 57,91% 77,57% 13,17 39,51%  93,58% 84,12% 77,57%
17500 75,67% 1,73 39,59% 29,34% 66,59% 72,32% 42,65% 37,98% 16,98% 52,26% 71,68% 11,23 33,68%  93,58% 75,67% 71,68%
18000 66,59% 1,73 17,86% 29,34% 69,81% 61,72% 44,71% 39,82% 16,98% 46,20% 65,81% 9,15 27,45%  93,58% 69,81% 65,81%
18500  56,89% 1,73 17,86%  29,34%  73,09%  50,34%  46,81%  41,69% 16,98%  39,73%  60,19% 6,96 20,88%  93,58% 73,09% 60,19%
19000 46,60% 1,73 17,86% 29,34% 76,43% 38,18% 48,95% 43,60% 16,98% 32,84% 55,21% 4,69 14,07%  56,11% 76,43% 55,21%
19500 35,73% a7/ 17,86% 29,34% 79,83% 0,00% 51,13% 45,53% 16,98% 25,53% 51,37% 2,36 7,08%  56,11% 79,83% 51,37%
19990 24,23% 1,73 17,85% 29,34% 79,97% 0,00% 51,22% 45,62% 16,98% 17,73% 47,47% 0,05 0,14%  56,11% 79,97% 51,22%
20000 24,00% 1,73 13,27% 29,34% 79,97% 0,00% 51,22% 45,62% 16,98% 17,57% 47,41% 0,00 0,00%  56,11% 79,97% 51,22%
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Bridge data string 1330 9 222222 4 140 909 2 4000 7000 13000 16000 35 40 40 370 600 600 12

20 m HFMI treated $355, ULS and SLS

Weld top
(local Weld top Weld top MAX FLS
Global "Simplifie Flange Weld bot buckling (interactio (VON Vertical Eigen LAMBDA
tion buckling  dLT- innduced Shear Interactio (long Weld top from npatch-  misses UPE-beam L-profile deflection frequency SLS utilizatio MAX Utilization
factor buckling" buckling  (only web) n (M-N-V) shear) (shear) patch load moment) vielding)  (worst) (worst) [mm] UR Utilization n Weld
0 23,21% 1935} 21,60% 29,14% 83,02% 0,00% 51,83% 46,33% 16,83% 17,69% 48,20% 27,06% 91,80% 0,00 90,18% 0,00%  37,21% 83,02% 51,83%
10 23,45% 1,35 21,60% 29,14% 82,88% 0,00% 51,75% 46,25% 16,83% 17,86% 48,19% 0,06 0,17%  74,20% 82,88% 51,75%
500  34,93% 1,35  21,60%  29,14%  79,47% 0,00%  49,62%  44,34% 16,83%  25,65%  50,49% 2,83 8,48%  74,20% 79,47% 50,49%
1000 45,81% 1,35 21,60% 29,14% 76,19% 41,81% 47,57% 42,52% 16,83% 32,97% 54,57% 5,62 16,87%  74,20% 76,19% 54,57%
1500 56,01% 1935} 21,61% 29,14% 72,74% 52,84% 45,42% 40,59% 16,83% 39,80% 59,58% 8,37 25,10%  63,58% 72,74% 59,58%
2000 65,70% 1,35 21,61% 29,14% 69,58% 63,27% 43,44% 38,82% 16,83% 46,28% 65,33% 11,02 33,07%  63,58% 69,58% 65,33%
2500 74,74% 1,35 47,55% 29,14% 66,40% 72,96% 41,46% 37,05% 16,83% 52,32% 71,25% 13,57 40,72%  63,58% 74,74% 71,25%
3000  83,16% 1,35  47,55%  29,14%  63,28%  82,01%  39,51%  3531% 16,83%  57,94%  77,16% 15,99 47,97%  63,58% 83,16% 77,16%
3500  91,03% 1,35  47,55%  29,14%  60,23%  90,53%  37,61%  33,61% 16,83%  63,21%  82,96% 18,25 54,76%  79,42% 91,03% 82,96%
3950 97,63% 1,35 47,55% 29,14% 57,37% 97,70% 35,82% 32,01% 16,83% 67,63% 87,94% 20,14 60,42%  79,42% 97,70% 87,94%
4000 57,77% 125 16,62% 39,04% 57,34% 57,59% 40,54% 34,81% 15,34% 42,48% 58,97% 20,34 61,02%  79,42% 58,97% 58,97%
4050 58,15% 1,35 16,62% 39,04% 58,05% 57,99% 40,42% 34,71% 15,34% 42,73% 59,19% 20,54 61,62%  75,20% 59,19% 59,19%
4500  61,65% 1,35  23,09%  39,04%  5503%  61,92%  3832%  32,90% 15,34%  44,98%  60,80% 22,28 66,83%  70,94% 61,92% 60,80%
5000 65,26% 1,35 23,09% 39,04% 52,05% 66,01% 36,25% 31,12% 15,34% 47,30% 62,68% 24,09 72,26%  70,94% 66,01% 62,68%
5500 68,51% 1935} 23,09% 39,04% 49,14% 69,70% 34,21% 29,38% 15,34% 49,39% 64,45% 25,76 77,29%  70,94% 69,70% 64,45%
6000 71,34% 1,35 23,09% 39,04% 46,28% 72,94% 32,23% 27,67% 15,34% 51,22% 66,02% 27,29 81,87%  85,41% 72,94% 66,02%
6500  73,93% 1,35  23,09%  39,04%  43,50%  7589%  30,29%  26,01% 15,34%  52,90%  67,50% 28,66 85,98%  85,41% 75,89% 67,50%
6950  76,00% 1,35  2691%  39,04%  40,98%  78,24%  28,53%  24,50% 15,34%  54,25%  68,69% 29,75 89,26%  89,26% 78,24% 68,69%
7000  76,13% 1,35  26,89%  39,04%  40,94%  78,40%  2851%  24,48% 15,34%  54,34%  68,79% 29,87 89,60%  89,26% 78,40% 68,79%
7050 76,27% 1,35 26,89% 39,04% 40,78% 78,56% 28,39% 24,38% 15,34% 54,43% 68,87% 29,98 89,93%  89,26% 78,56% 68,87%
7500 77,86% 125 26,89% 39,04% 38,03% 80,37% 26,48% 22,74% 15,34% 55,48% 69,68% 30,90 92,69%  89,26% 80,37% 69,68%
8000 79,27% 1,35 26,89% 39,04% 35,46% 81,98% 24,69% 21,20% 15,34% 56,41% 70,41% 31,75 95,25%  96,31% 81,98% 70,41%
8500  80,30% 1,35  26,89%  39,04%  32,90%  83,16%  22,91%  19,67% 15,34%  57,11%  70,86% 32,42 97,25%  96,31% 83,16% 70,86%
9000 81,02% 1,35 27,98% 39,04% 30,40% 83,99% 21,17% 18,18% 15,34% 57,62% 71,09% 32,89 98,68%  96,31% 83,99% 71,09%
9500 81,12% 1,35 27,98% 39,04% 27,97% 84,12% 19,48% 16,72% 15,34% 57,73% 70,81% 33,18 99,53%  97,70% 84,12% 70,81%
10000 81,18% 1,35 27,98% 39,04% 25,62% 84,21% 17,84% 15,32% 15,34% 57,83% 70,55% 33,27 99,80%  97,70% 84,21% 70,55%
10500  81,37% 1,35  27,98%  39,04%  26,81%  84,40%  18,67%  16,03% 15,34%  57,89%  70,87% 33,16 99,49%  97,70% 84,40% 70,87%
11000 80,91% 1,35 27,98% 39,04% 29,25% 83,87% 20,37% 17,49% 15,34% 57,55% 70,82% 32,86 98,59%  96,31% 83,87% 70,82%
11500  80,46% 1,35 2693%  39,04%  31,74%  83,34%  22,10%  18,98% 15,34%  57,21%  70,81% 32,37 97,12%  96,31% 83,34% 70,81%
12000 79,37% 1,35 26,93% 39,04% 34,30% 82,09% 23,88% 20,51% 15,34% 56,48% 70,29% 31,69 95,08%  96,31% 82,09% 70,29%
12500 77,97% 1935} 26,93% 39,04% 36,86% 80,50% 25,67% 22,04% 15,34% 55,54% 69,55% 30,83 92,50%  89,26% 80,50% 69,55%
12950 76,44% 1,35 26,93% 39,04% 37,03% 78,75% 25,78% 22,14% 15,34% 54,54% 68,26% 29,90 89,71%  89,26% 78,75% 68,26%
13000  76,19% 1,35  2695%  39,04%  39,48%  78,46%  27,49%  23,61% 15,34%  54,37%  68,54% 29,79 89,38%  89,26% 78,46% 68,54%
13050 75,94% 1,35 26,95% 39,04% 39,65% 78,18% 27,61% 23,71% 15,34% 54,21% 68,36% 29,68 89,04%  89,26% 78,18% 68,36%
13500 74,10% 1,35 23,11% 39,04% 42,33% 76,08% 29,47% 25,31% 15,34% 53,01% 67,37% 28,58 85,75%  85,41% 76,08% 67,37%
14000 71,43% 1,35 23,11% 39,04% 45,12% 73,04% 31,42% 26,98% 15,34% 51,28% 65,80% 27,21 81,63%  85,41% 73,04% 65,80%
14500  68,56% 1,35  23,11%  39,04%  47,98%  69,77%  33,41%  28,69% 15,34%  49,43%  64,18% 25,68 77,05%  70,94% 69,77% 64,18%
15000 65,50% 1,35 23,11% 39,04% 50,89% 66,27% 35,44% 30,43% 15,34% 47,45% 62,53% 24,01 72,03%  70,94% 66,27% 62,53%
15500 61,88% 1935} 23,11% 39,04% 53,85% 62,13% 37,50% 32,20% 15,34% 45,12% 60,60% 22,21 66,62%  70,94% 62,13% 60,60%
15950 58,43% 1,35 16,73% 39,04% 54,02% 58,18% 37,62% 32,30% 15,34% 42,90% 58,02% 20,47 61,42%  75,20% 58,43% 58,02%
16000  98,79% 1,35  47,88%  29,14%  56,76%  98,67%  34,91%  31,20% 16,83%  68,40%  88,65% 20,27 60,82%  79,42% 98,79% 88,65%
16050  97,94% 135  47,88%  29,14%  56,05%  97,70%  3500%  31,28% 16,83%  67,84%  87,95% 20,07 60,22%  79,42% 97,94% 87,95%
16500  91,56% 1,35 47,88%  29,14%  59,04%  90,46%  36,86%  32,94% 16,83%  63,56%  83,13% 18,19 54,57%  79,42% 91,56% 83,13%
17000 83,70% 1,35 47,88% 29,14% 62,10% 81,52% 38,77% 34,65% 16,83% 58,30% 77,30% 15,93 47,79%  63,58% 83,70% 77,30%
17500 75,20% a5) 47,88% 29,14% 65,22% 71,82% 40,72% 36,39% 16,83% 52,62% 71,28% 13,52 40,56%  63,58% 75,20% 71,28%
18000 66,08% 1,35 21,74% 29,14% 68,40% 61,36% 42,70% 38,17% 16,83% 46,53% 65,22% 10,98 32,93%  63,58% 68,40% 65,22%
18500  56,29% 1,35  21,74%  29,14%  71,56%  50,09%  44,68%  39,93% 16,83%  39,99%  59,33% 8,33 24,99%  63,58% 71,56% 59,33%
19000 45,99% 1,35 21,73% 29,14% 75,01% 38,15% 46,83% 41,86% 16,83% 33,09% 54,16% 5,60 16,80%  74,20% 75,01% 54,16%
19500 35,02% 1,35 21,73% 29,14% 78,28% 0,00% 48,88% 43,68% 16,83% 25,71% 49,96% 2,81 8,44%  74,20% 78,28% 49,96%
19990 23,44% 1,35 21,73% 29,14% 78,43% 0,00% 48,97% 43,76% 16,83% 17,85% 45,80% 0,06 0,17%  74,20% 78,43% 48,97%
20000  23,21% e 9,60%  29,14%  78,43% 0,00%  48,97%  43,76% 16,83% 17,69%  45,74% 0,00 0,00%  37,21% 78,43% 48,97%
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20 m As-welded $355, FLS Simplified Lambda

Detail 1 Detail 2 Detail 3 Detail 4 Detail 5 Detail 6 Detail 7 Detail 8 Detail 9
3999,00 0,30 3999,00 0,51 0,00 0,00 0,00 0,00 0,00 0,56 10,00 0,56 3999,00 0,64 3999,00 0,72 4500,00 0,84
4001,00 0,30 4001,00 0,50 2222,20 0,88 2222,20 0,81 2222,20 0,94 3999,00 0,94 4001,00 0,65 4001,00 0,71
9499,00 0,47 9499,00 0,78 4444,40 0,70 4444,40 0,69 4444,40 0,82 4001,00 0,82
9501,00 0,47 9501,00 0,78 6666,70 0,88 6666,70 0,86 6666,70 0,93 9499,00 0,93
10000,00 0,47 10000,00 0,79 8888,90 0,99 8888,90 0,97 8888,90 1,01 9501,00 1,01
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
10000,00 0,47 10000,00 0,79 11111,10 0,99 11111,10 0,97 11111,10 1,01 10499,00 1,01 #N/A #N/A #N/A #N/A #N/A #N/A
10499,00 0,47 10499,00 0,78 13333,30 0,88 13333,30 0,86 13333,30 0,93 10501,00 0,93 #N/A #N/A #N/A #N/A #N/A #N/A
10501,00 0,47 10501,00 0,78 15555,60 0,70 15555,60 0,69 15555,60 0,82 15999,00 0,82 HN/A HN/A HN/A #N/A #N/A #N/A
15999,00 0,30 15999,00 0,50 17777,80 0,88 17777,80 0,81 17777,80 0,94 16001,00 0,94 15999,00 0,65 15999,00 0,71 #N/A #N/A
16001,00 0,30 16001,00 0,51 20000,00 0,00 20000,00 0,00 20000,00 0,56 19990,00 0,56 16001,00 0,64 16001,00 0,72 15500,00 0,84
20 m As-welded S355, Eigen frequency [Hz]
Upper bound
Total Other Cost Change in total Change in material [Change in painting Change in welding Change in "other Change in weight of Change in total Change in C(
Total [SEK] Material [SEK] painting [SEK] Welding [SEK] HFMI [SEK] [SEK] cost cost cost cost costs" Weight plates [kg] Weight profiles [kg] _|Weight Total [kg] hot-rolled plates Weight profiles [%] | weight CO: [kgl i
Top Flange Area Top Flange Area Top Flange Area Bot Flange Area Bot Flange Area Bot Flange Area Web Area Section |Web Area Section [Change in Top Flange |Change in Top Flange |Change in Top Flange |Change in Bot Flange |Change in Bot Flange |Change in Bot Flange |Change in Web Area |Change in Web Area |Change in Web Area
Section 1 Section 2 Section 3 Section 1 Section 2 Section 3 2 3 Area Section 1 Area Section 2 Area Section 3 Area Section 1 Area Section 2 Area Section 3 Section 1 Section 2 Section 3

X_plate_plot

0

2,00
2,00
10500,00
10500,00
20000

Top Flange
0,00%
0,00%
0,00%
0,00%
0,00%
0,00%

Bottom Flange
0,00%
0,00%
0,00%
0,00%
0,00%
0,00%

Web Plate
0,00%

0,00% |
0,00%
0,00% |
0,00%

0,00%
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20 m HFMI treated $355, FLS Simplified Lambda

Detail 3 Detail 5
3999,00 0,434 3999,00 0,6637 0,00 0,00 0,00 0,3721 10,00 0,742 3999,00 0,6306 3999,00 0,7942 4500,00 0,7094
4001,00 0,43 4001,00 0,63 2222,20 0,61 2222,20 0,56 2222,20 0,64 3999,00 0,31 4001,00 0,75 4001,00 0,75
6999,00 0,62 6999,00 0,89 4444,40 0,68 4444,40 0,58 4444,40 0,64 4001,00 0,59
7001,00 0,62 7001,00 0,89 6666,70 0,85 6666,70 0,74 6666,70 0,74 6999,00 0,52
10000,00 0,67 10000,00 0,98 8888,90 0,96 8888,90 0,83 8888,90 0,81 7001,00 0,52
#N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A #N/A
10000,00 0,67 10000,00 0,98 11111,10 0,96 11111,10 0,83 11111,10 0,81 12999,00 0,52 HN/A HN/A #N/A #N/A #N/A #N/A
12999,00 0,62 12999,00 0,89 13333,30 0,85 13333,30 0,74 13333,30 0,74 13001,00 0,52 #N/A #N/A #N/A #N/A #N/A H#N/A
13001,00 0,62 13001,00 0,89 15555,60 0,68 15555,60 0,58 15555,60 0,64 15999,00 0,59 #N/A #N/A #N/A #N/A #N/A #N/A
15999,00 0,43 15999,00 0,63 17777,80 0,61 17777,80 0,56 17777,80 0,64 16001,00 0,31 15999,00 0,75 15999,00 0,75 #N/A #N/A
16001,00 0,43 16001,00 0,66 20000,00 0,00 20000,00 0,00 20000,00 0,37 19990,00 0,74 16001,00 0,63 16001,00 0,79 15500,00 0,71
20 m HFMI treated $355, Eigen frequency [Hz]
Lower bound Upper bound
Total Other Cost Change in total Change in material [Change in painting [Change in welding Change in "other Change in weight of Change in total Change in C(
Total [SEK] Material [SEK] painting [SEK] Welding [SEK] HFMI [SEK] [SEK] cost cost cost cost costs" Weight plates [kg] | Weight profiles [kg] _|Weight Total [kg] hot-rolled plates Weight profiles [%] _|weight €O, [kgl i
Top Flange Area Top Flange Area Top Flange Area Bot Flange Area Bot Flange Area Bot Flange Area Web Area Section |Web Area Section |Web Area Section [Change in Top Flange |Change in Top Flange |Change in Top Flange |Change in Bot Flange |Change in Bot Flange [Change in Bot Flange |Change in Web Area |Change in Web Area |Change in Web Area
Section 1 Section 2 Section 3 Section 1 Section 2 Section 3 1 2 3 Area Section 1 Area Section 2 Area Section 3 Area Section 1 Area Section 2 Area Section 3 Section 1 Section 2 Section 3

X_plate_plot Top Flange Bottom Flange Web Plate
0 0,00% 0,00% 0,00%
2,00 0,00% 0,00% 0,00% |
2,00 0,00% 0,00% 0,00% |
13000,00 0,00% 0,00% 0,00%
13000,00 0,00% 0,00% 0,00%
20000 0,00% 0,00% 0,00%




Utilization [%]

Utilization along bridge, 20m, S355, As-welded A-method
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