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Abstract

Approximately one-third of all bridges operating in the current Norwegian railway infra-
structure are steel bridges built before 1960. More than 80 % of all failure in steel structure
is caused by fatigue. The fatigue mechanism was however not fully understood until the
last half of the 20th century. Therefore, it is now essential to predict the state of older
bridges regarding fatigue, such that collapse is avoided and the cost of maintenance and
replacements is minimized.

To find the historic fatigue damage for a bridge component, the loading history has to
be known. However, there is limited data available about the train traffic before the late
20th century. There is, nevertheless, some knowledge regarding the evolution of trains and
in which periods they operated. Although the types of trains are known, there could be
significant variations in, e.g., wagons, axles, passages and speeds.

Eurocode 1 provides a load model for trains to be used throughout history. The issue
with this and other earlier established fatigue load models for railways is that they are not
consistent, meaning that the load models may favor some bridge components. It will then
be significant variations in damage introduced from a train in the load model relative to
the train introducing the worst possible damage from one bridge component to another.
In 2019 Frøseth & Rønnquist proposed a new load model, referred to as the Consistent
Load Model, which takes this issue into account. The main criteria of the new load model
were that it should be simple, conservative and consistent.

This thesis evaluates whether the Consistent Load Model fulfills the main criteria for
bridges with curvature and components not included in the load model calibrations. In
2018 Bane NOR assessed 21 riveted steel bridges built before 1930. They performed
fatigue life analyses using reference trains from Eurocode 1 and the Norwegian University
of Science and Technology. These trains are together referred to as the Conventional Load
Model. Two of these bridges, Svånå and Sokna Bridge, are in this thesis reassessed with
the Consistent Load Model, using the results from Bane NOR as a comparison.

The Consistent Load Model is more conservative than the load model used in the previous
assessment. The analysis with the Consistent Load Model gave fatigue damages up to 50
times higher for some cross-sections. These damage values are far beyond the critical level,
indicating that the bridges should have collapsed. As the bridges have not collapsed, the
load model can be considered conservative with unrealistically high damage values.

There was also a change in the ranking of most critical components. The Consistent Load
Model found other and a greater variety of critical components than the Conventional load
model. It does however not prove that the new load model fulfills the consistency criterion.
For a calibration set of influence lines, the Consistent Load Model is designed to have con-
sistencies of 40-50 %. The influence lines of a bridge will however have unlimited different
shapes and lengths. The actual consistencies of Svånå and Sokna Bridge were therefore
determined using most damaging train analyses. These analyses showed extremely poor
consistencies. The consistency requirement can consequently not be considered fulfilled.

The reason for the poor consistencies was found to be the effect of the centrifugal force
occurring from track curvature. Both Svånå and Sokna Bridge have horizontal curvature,
introducing centrifugal forces depending on the speed of the passing train. How the centri-
fugal forces affect the influence lines varies greatly. The most distinct was found to be the
cases where a high speed increases the peak of the influence line, and thereby the fatigue
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damage. When the most damaging train is found at high speed, while much lower speeds
are used in the load model, the fatigue damage introduced by the load model tends to be
a million times smaller than for the most damaging train.

The consistencies were also calculated for two bridges with no curvature. The consistencies
of these bridges were close to the desired levels found with the calibration set. This proves
that the effect of the centrifugal force is causing the poor consistencies. The consistency
requirement of the Consistent Load Model is therefore only fulfilled for a bridge not affected
by centrifugal forces.

To increase the consistency for bridges with curvature, several alternatives have been tested.
One alternative, where the speed for each passing train is chosen as the most damaging
speed, showed a remarkable increase in consistency. The load model is then still kept
simple and even more conservative than the original Consistent Load Model. However,
it is important to acknowledge that the consistencies found are theoretical results. The
ranking of the most exposed components may be different if the actual speed of the passing
trains differs significantly from the most damaging one.
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1 Introduction

1.1 Background

In the 1840s, trade and transportation needs increased in Norway. Therefore, the interest
was large for building a railway which would make these processes more effective. The
construction of railways started in 1851, and three years later, the 68 km long Hovedbanen
between Oslo and Eidsvoll was finished [1]. The Norwegian railway network continued to
grow over the next century, reaching its peak length in 1962 of approximately 4500 km [2].
Today, the Norwegian railway network with regular traffic is about 3900 km long [3]. Much
of the existing network has not been replaced since it was built. This is especially the case
for bridges, as constructing new ones introduces significant investment costs and interrupts
the railway operation. A large portion of the Norwegian railway bridges are therefore built
more than 60 years ago [2].

The first railway bridges were mainly built using timber, as this was cheap and could be
found locally. Although some techniques for making steel are said to have been from 500
BC, the process was slow and expensive for a long time. It was not until 1880 that the
price of steel had a massive drop, making it competitive on the market [4]. In the mid
20th century, reinforced concrete also made its entrance to the construction industry and
has been the dominating building material in the latest decades. However, most of the old
bridges are in steel, with one-third of all bridges in the current Norwegian network being
steel bridges built before 1960, as seen in Figure 1.1 [2].
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Figure 1.1: Cumulative distribution of construction year for bridges in the current Norwe-
gian railway network differentiated for material [2]1.

Steel has many qualities making it superior for construction, as it is strong both in tension
and compression and generally ductile. There are however multiple challenges connected
to the old steel bridges. The loads which the bridges were originally designed for are not
valid for the current situation, and as the structural engineering field has evolved, the
knowledge of possible failure mechanisms has increased.

1Figure is taken from Frøseth [2] with permission from the author (February 2021).
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1.2 Fatigue Life Analysis for Railway Bridges

In the 19th century industrial revolution, it was found that fracture could occur from
cycling loading, although a constant load of the same magnitude would do no damage. It
was however not understood why this happened or how it could be taken into account in
the design process. It was not until the last half of the 20th century that the theories and
knowledge of the fatigue mechanism had substantial improvements [5].

Fatigue is a weakening mechanism where cyclic loading initiate cracks in a material. As
the crack extends a little for each cycle, it eventually reaches its critical length. When
the reduced cross-section can not resist the applied load, fatigue failure occurs [6]. The
fatigue loads leading to failure are lower than the static strength of the material. How
many cycles the steel can withstand depends on ductility, strength, roughness and faults
of the component [2].

It is considered that 80-90 % of all failures in steel structures are related to fatigue and
fracture [7], often in combination with other phenomena such as sliding or physical contact,
corrosion or elevated temperatures [8]. As many of the steel bridges in the Norwegian
railway network were built before fatigue was fully understood, they are not explicitly
designed to withstand this mechanism, possibly having disastrous consequences. However,
replacing all old steel bridges would be too expensive, especially since it generally would
require operation interruptions on the lines. It is therefore necessary to find the remaining
fatigue life of the components of these bridges, such that resources for maintenance and
replacements are used where it is needed.

To estimate the fatigue damage, D, it has to be known what cyclic loading a component is
subjected to and how many cycles the component can withstand for the specific loading.
Through decades of experiments and testing, the capacity of the different components are
well known, described with SN-curves as presented in Subsection 2.1.3. The static response,
e.g., the stress in a specific point at the bridge, is found by taking the convolution between
the cyclic load, f , and the influence line of the specific point, l [9] :

zs(s) = (l ∗ f)(s) (1)

The influence line is a representation of the response at a certain location due to a moving
unit load [9] and can be found theoretically. The big issue is however the load function, f .
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1.3 Load Models for Railway Bridges

The design loads, including size, distribution and frequency, have changed a lot over the
last century. The most significant contributor to fatigue damage in steel railway bridges
is the trains, such that the load function is all trains that have ever operated on the
bridge. There is however minimal data available about the trains from before the late 20th
century [2]. Yet, it is known what types of trains operated in different time periods [10].
Although the trains are known, there could be considerable variations in, e.g., axle loads,
number of wagons and number of passages.

Eurocode 1 proposes a load model for trains regarding historic fatigue based on different
time periods [11]. The company responsible for the Norwegian national railway network,
Bane NOR, assessed, in 2018, 21 riveted steel railway bridges built before 1930. For
this fatigue life estimation, they used a combination of the load model from Eurocode 1
and additional trains suggested by the Norwegian University of Science and Technology,
summing up to a load model denoted the Conventional Load Model in this thesis. It was
then found that seven of these bridges have components exceeding their theoretical fatigue
lifetime, while the remaining bridges still can operate safely for several more years [12].

The Conventional Load Model used by Bane NOR does have one prominent weakness.
Depending on the influence line of the stress points on the bridge, the response from a
specific train can vary greatly. For one point, maximum axle loads on all wagons will be
most damaging, while another point may experience more damage from a train where some
wagons are empty. The trains in the load model used in Bane NOR’s assessment seem to
be selected somewhat randomly and not with the intention of making consistent levels of
introduced fatigue damage relative to the traffic inflicting most damage. Therefore, it is
likely that some components are found to be more critical to fatigue than others, all though
this may not be the case. Without this issue taken into account in the load model, it might
also result in non-conservative damages for some stress points.

In 2019 Frøseth & Rønnquist published a suggestion for a new load model that takes this
into account [13], referred to as the Consistent Load Model in this thesis. Their main focus
was to find a simple, conservative and consistent model, meaning that the model should be
easy to use, conservative for all points, and have the same relative damage in all elements.
The latter requirement is important in fatigue assessments as it provides a correct ranking
of the most exposed structural details of the bridge. The work of Frøseth & Rønnquist
resulted in a model containing eight different trains defined either for passenger or freight
trains, each applying for one specific time period.
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1.4 Objectives

The main objective of this thesis is to evaluate the load model proposed by Frøseth &
Rønnquist and whether or not it fulfills the criteria of being simple, conservative and con-
sistent. Initially, this is done by performing fatigue calculations based on the Consistent
Load Model, with the results from the Conventional Load Model as the basis of compar-
ison. A fatigue life analysis with the Consistent Load Model is thus performed on two of
the bridges already assessed by Bane NOR. Comparing the results and investigating the
damage in different components can determine which load model is the most conservative
and if the ranking of critical components changes. The two riveted steel bridges to be con-
sidered are Svånå Bridge and Sokna Bridge by Lundamo (further denoted Sokna Bridge),
both being one-track bridges on the Norwegian railway Dovrebanen. Both bridges have
horizontal curvature, with a radius of 1000 meters for Svånå Bridge and 500 meters for
Sokna Bridge.

The fatigue analysis will provide some information about how the new, more consistent
load model is compared to the old, more conventional one. However, it is difficult to say
anything about true conservatism and consistency based on just fatigue life analyses. An
additional analysis is therefore performed based on most damaging train. For each stress
point and belonging influence line, the possible most damaging train is found for a specific
time period for both passenger and freight trains. It is then determined how the damage
from the Consistent Load Model compares to the true most damaging train. Based on the
most damaging train analyses, it will be examined whether the new load model has any
weaknesses and how these potential weaknesses can be treated.
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2 Fatigue Damage for Railway Bridges

2.1 Fatigue

2.1.1 Basic Principles

Fatigue is a weakening mechanism where cracks initiate and grow in a material due to cyclic
loading. When the crack has grown to a critical length, the reduced cross-section can not
resist the applied load, and fatigue failure will occur [6]. The fatigue loads leading to failure
are smaller than the static strength of the material. The fatigue mechanism can be divided
into three phases; crack initiation, crack growth and ultimate failure. The characteristics of
the different phases are highly dependent on whether the material behaves ductile or brittle.
A brittle fracture occurs by rapid crack extension under elastic conditions. For ductile
materials, the cyclic loading introduces plastic deformations and cleavages along certain
planes in the material structure. Local stress concentrations will occur along these planes,
which initiate small cracks and further propagate as the crack tip opens and closes until the
cross-section can no longer withstand the load [14]. Steel structures may be subjected to
both brittle and ductile fatigue depending on the conditions of the material with strength,
roughness, faults and component design highly affecting the growth [2]. The treatment
of the steel also influences the fatigue behavior. Welds are especially problematic as they
generally introduce imperfections, high stress concentrations and residual stresses [15].
How the differences in material and design are treated will be presented in Subsection
2.1.3.

The fatigue endurance of a structural component is determined by Basquin’s relation, given
by

N(S) = CS−m (2)

where N is the number of cycles until failure with a cycle stress of S . C and m are the
fatigue resistant parameters, corresponding to a scaling of the relation and the slope of
the log N - log S curve [2, 6]. The stress range, S, is defined as the difference between
maximum and minimum stress in one cycle

S = ∆σ = σmax − σmin (3)

The fatigue damage, Di, can be expressed as

Di =
ni
Ni

(4)

where ni is the number of cycles the structural component is subjected to in the specific
stress range and Ni is the number of cycles the component can withstand for this stress.

The component may be subjected to varying stress histories during its lifetime and thereby
different stress ranges. To account for the differences in stress range, the Palmgren-Miner
linear damage hypothesis, often called the Miner’s rule, may be applied [6]:

D =
n1
N1

+
n2
N2

+ ...+
ni
Ni

=
I∑
i=1

ni
Ni

(5)
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This can further be combined with Basquin’s relation given in Eq. (2), yielding the fol-
lowing:

D =
1

C

I∑
i=1

Smi (6)

The remaining fatigue life of a bridge at a point in time is dependent on the already
introduced historic fatigue damage and the fatigue damage from future cyclic stress. The
remaining number of years, TRL, for the fatigue service life can be calculated as

TRL =
Dcr −Dh

D1
(7)

where Dcr is the critical level of fatigue damage and Dh is the historic fatigue damage from
already experienced load cycles [2]. D1 is the estimated yearly future damage.

2.1.2 Rainflow Counting Method

Most load histories introduce large varieties in stress cycles. Fatigue analysis requires that
the loading sequence is decomposed into distinct cycles, Si. For estimating the service life
of bridges, the rainflow counting method is most commonly used [2]. The technique was
first developed by Matsuishi-Endo in 1968 [16] and has its name after how raindrops fall
from a typical Japanese roof. This may be represented by a flipped time-stress series as
shown in Figure 2.1. From this, the number of cycles of each stress range can be determ-
ined [6]. The rainflow counting algorithm is thoroughly presented by C. Amzallag et al. [17].

Figure 2.1: Principle of rainflow cycle counting.
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2.1.3 SN-curves

SN-curves are logarithmic plots of how the stress range and number of cycles until failure
corresponds. The curves for different materials and connections are determined empirically
by multiple tests for constant stress ranges. Eurocode 3 defines a generalized curve that
fits most steel structures, where NR is the number of cycles that can be withstood for a
stress range ∆σR [18]. The curves are defined from Eq. (8) & (9) and illustrated in Figure
2.2.

∆σmR NR = ∆σmC 2 · 106 with m = 3 for N ≤ 5 · 106 (8)

∆σmR NR = ∆σmD 5 · 106 with m = 5 for 51̇06 ≤ N ≤ 108 (9)

Figure 2.2: Typical SN-curve as defined in Eurocode 3.

∆σC is the detail category, which is the reference value of the fatigue strength for 2 million
cycles. The slope changes at 5 million cycles for the constant amplitude fatigue limit, ∆σD.
It is assumed that fatigue failure will not occur for low stress ranges, and the component
can therefore withstand an unlimited number of cycles at stresses lower than this limit.
The limit for fatigue failure is called the cut-off limit, ∆σL. Both the constant amplitude
fatigue limit and the cut-off limit are found from the detail category by

∆σD = 0.737∆σC , ∆σL = 0.549∆σD

Eurocode 3 contains multiple tables defining the detail category for different steel compon-
ents in a structure [18]. The tables include bolted and welded joints, in addition to plain
members. Further on, the Eurocode applies the Miner’s rule as presented in Eq. (5) with
critical fatigue damage, Dcr, equal to 1.0. It also acknowledges rainflow cycle counting as
a suitable method for extracting the load cycles.

The Eurocode does not include detail categories for riveted joints. In 2010 Taras & Greiner
[19] suggested detail categories for riveted bridge components based on previous fatigue
tests. A detail category of 71 MPa was then found to be conservative for all members. A
secondary lower-bound option was also presented. Taras & Greiner found a linear curve
with detail category 85 MPa and a slope of m = 5 to be appropriate for riveted joints.
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2.2 Generation of Response in a Railway Bridge

Any variable loading applied to a railway bridge will induce stress cycles in the bridge
material and possible challenges regarding fatigue. There are two sources of variable loads
on a railway bridge, traffic loads and environmental loads. The traffic loads are generally
higher in both intensity and frequency than the environmental loads. Heavy snow and
wind only occur few times a year and can be considered small compared to the traffic
loads. Consequently, in the estimation of the fatigue life of a railway bridge, only traffic
loads have to be considered [2].

2.2.1 Static Loading

Figure 2.3: Load function of a train [2]1.

The static load function, f , of a train on a railway bridge is illustrated in Figure 2.3.
This train has eight axles in position xi with a load magnitude of pi. To define the static
loading at an arbitrary point, x, the Dirac-delta function, δ, has to be introduced [9]. The
Dirac-delta function is a generalized function that enables representations of singularities
and point loads in mathematical and structural problems [20]. The function is defined zero
except for one point, x0, by:

δ(x− x0) = 0 for all x 6= x0 (10)

and ∫ ∞
−∞

δ(x− x0) dx = 1 (11)

Representing each axle by the load magnitude and the Dirac-delta function, the static load
function can be defined as

f(x) =

np∑
i=1

piδ(x− xi) (12)

where np is the number of axles in a train [9].
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2.2.2 Influence Lines

An influence line (IL) represents the response at a certain location in a structural member
due to a moving unit load [9]. The influence line can represent any measurable quantity
(moment, deflection, axial stress etc.) as a function of the position of the applied load. An
illustration of the influence line for the moment in the midspan of a simply supported beam
is shown in Figure 2.4. Assuming a linear structure, where the principle of superposition
holds, it has been shown that it is possible to generate the response to an arbitrary load
using the influence line [9]. Defining the arbitrary load as the load function in Eq. (12),
the static response, zs is obtained by the convolution of the influence line, l, and the load
function, f, as

zs(s) = (l ∗ f)(s) =

np∑
i=1

pil(s− xi) (13)

The shift variable, s, denotes the distance the load has moved along the path of the influence
line [2].

Figure 2.4: Illustration of an influence line. Moment in the mid-span of a simply supported
beam with the x-coordinate as the position of the moving unit load [2]1.

2.2.3 Dynamic Amplification Factor

The complete response in a structure subjected to cyclic loading consists of both a static
and dynamic response. In fatigue analysis, it has been shown that a complete response
generated by a static solution and a dynamic amplification factor (DAF) yields similar
results as a complete dynamic analysis. This conclusion applies only if the speed of the train
and the mass ratio between train and bridge do not impose resonance in the structure [21].
However, such conditions are usually only seen for speeds higher than 200 km/h [22]. An
approach with a static solution obtained by influence lines and a dynamic amplification
factor is therefore generally considered sufficient to predict the response history of existing
railway bridges in fatigue assessments [2, 23].
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The dynamic amplification factor, Φ, is defined somewhat differently in different codes.
Eurocode 1 (EC1) includes different definitions depending on how well the track is main-
tained and which calculations are to be done. For fatigue assessments of loading due to
trains, the reduced amplification factor in Eq. (14) is to be used [11].

Φ = 1 + φ = 1 +
1

2
(φ′ +

1

2
φ′′) (14)

Here

φ′ =
K

1−K +K4
(15)

where

K =

{
v

160 , Lφ ≤ 20m
v

47.16L0.408
φ

, Lφ > 20m
(16)

and

φ′′ = 0.56e−
L2
φ

100 (17)

where v is the vehicle speed and Lφ is the determinant length. The determinant length is
determined according to Table 6.2 in Eurocode 1 [11].

The total response, z(s), is then obtained by the static response from Eq. (13) multiplied
with the dynamic amplification factor in Eq. (14) [21]:

z(s) = zs(s) · Φ (18)
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3 Loading from Trains

3.1 A Brief Introduction to the Norwegian Railway History

Historically, four types of tractive vehicles have been present in the Norwegian railway
network, where the distribution is shown in Figure 3.1. Steam locomotives were the only
type present until 1923 when electric locomotives were introduced [10]. Diesel locomotives
were put into service in the 1950s, about the same time the decline in the use of steam
locomotives began. Around 1930, multiple units (MU) were introduced. These trains do
not have a dedicated locomotive, but multiple wagons joined together where one or more
of the wagons are equipped with a motor [24]. MUs provide approximately 40 % of today’s
total running train distance.
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Figure 3.1: Distribution of tractive vehicles in Norway, as percentages of total running
distance of trains [10]2.

It is not only the use of tractive vehicles that have changed during the railways’ history.
Both axle load, train speed and number of wagons have generally increased, as a result
of trade and population growth together with technical advances. Figure 3.2 shows the
evolution of maximum axle loads for locomotives, freight wagons and passenger wagons.
For locomotives, the axle load has increased from approximately 11 tonnes to 21 tonnes.
The gray markers represent narrow-gauge locomotives, i.e., locomotives with a narrower
track than standard dimensions [10]. As seen in the figure, freight wagons have a higher
maximal axle load than passenger wagons.

It is also worth mentioning that the axle load of an empty freight wagon can be assumed
25 to 50 % of the maximum axle load, dependent on the type of freight. The axle load of a
passenger wagon depends on the number of passengers. It has been shown that subtracting
2.5 tonnes per axle from the maximum axle loads yields reasonable estimates of an empty
passenger wagon [10].

2Figure is taken from Frøseth & Rønnquist [10], with permission from the authors and the publisher
Taylor & Francis (April 2021).
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Figure 3.2: Evolution of maximal axle load [10]2.

The fastest steam locomotive in the Norwegian railway network was introduced in 1913
with a maximum nominal speed of 90 km/h. Electric-powered trains were introduced a few
years later, and reached a speed of 100 km/h around 1940. The maximum speed continued
to increase after 1950, reaching 200 km/h in modern electric locomotives [10]. However,
the maximum locomotive speed is not the only factor of permitted train speed. There are
also speed restrictions on the infrastructure to ensure safe and economical operations [25].
Table 3.1 shows the development of maximum speed on the infrastructure imposed by such
restrictions. Due to a higher axle load for freight trains, the speed limits are noteworthy
lower than for the passenger trains.

Table 3.1: Historic maximum speed on the infrastructure, speed given in km/h [10].

Type of train 1950 1970 1990 2000 2016
Passenger 90 120 130 160 210
Freight 65 80 80 80 100

In addition to passenger and freight trains, some trains can be categorized as mixed trains
with both passenger and freight wagons. Mixed trains have generally been used on lines
with low traffic volume, or in the initial years after a new line opening [10]. Mixed trains
were in service until 1968 [26], but the use was limited. Already in 1936, mixed trains
accounted for only 6 % of the total running train distance. Most of the traffic on the
Norwegian railway network can therefore be considered as either passenger-only or freight-
only trains [10].
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The number of axles and wagons in a train has also changed during the history. With
data on both train running distance and axle running distance available, it is possible to
estimate the historical average number of axles in each train. Such estimates shows that
freight trains have had a significantly higher average number of axles than passenger trains
throughout the history. This is related to a higher number of wagons in freight trains.
While the number of freight wagons has been 20-25 through most of the history, it has
been 5-8 for passenger trains. In multiple units, the number of wagons has increased from
one wagon in 1930 to three wagons in 1990. MUs have also had a lower number of axles
in each train compared to regular passenger trains [10].

The number of axles on a train is also dependent on the wagon design and geometry. A
wagon is described by the distance between buffer and wheelset center, a, the center-center
distance between two wheelsets, b, and the distance between wheels, c, in addition to the
wagon length. The most common wagons are the two-axle wagons, the four-axle bogie
wagons and the six-axle Jacobs bogie wagons, all shown in Figure 3.3. While the two-axle
wagon and the bogie wagon have been in service since the beginning of the railway history,
Jacobs bogie wagons were not introduced before 1993. The distribution between the three
wagon types has varied for freight trains, with a current distribution of approximately 40
% two-axle wagons, 20 % bogie wagons and 40 % Jacobs bogie wagons. The design of
passenger trains has, on the other hand, largely remained the same, with the bogie wagon
as the most common type. Jacobs bogie wagons are however found in the newest multiple
unit trains. The length of each wagon has generally increased during the history for both
freight and passenger wagons [10].

Two-axle wagon

Jacobs bogie wagon

Bogie wagon

Figure 3.3: Geometry of wagons [10]2.
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3.2 Load Models for Trains with Respect to Fatigue

A load model represents the load a structural component is subjected to at any instant
of time as a function of magnitude and frequency [9]. Life estimation of railway bridges
depends on the stress cycles in the material, represented by the load model. An accurate
load model for trains is therefore essential in assessments of remaining fatigue life. A
fatigue load model consists of a reference load and a set of calibration factors. According
to Frøseth [2] there are two different types of load models presented in the literature. The
first has a collection of standard trains as the reference load, with calibration factors that
allow different compositions of these standard trains. Contrariwise, the second type has the
reference load as one single load case with calibrations factors that account for differences
in traffic and structural parameters.

Regardless of the type of load model, the primary intention is to introduce as similar fatigue
damages to the components as the actual traffic loads. To make the model as equivalent as
possible, calibration factors are adjusted by relevant data on the traffic situation. However,
the traffic on the railway network is not homogeneous, and the load model must be adjusted
for every investigated structure [2]. This fact requires available data on the historical traffic.

A major challenge in fatigue life estimations is the lack of such data. Measurements of
historical traffic loads are generally not available. There is also a lack of data from other
sources that could have been used to determine realizations or probabilistic descriptions of
the load situation. Therefore, there are generally not sufficient data available to calibrate
a load model, and the exact past traffic conditions can consequently not be thoroughly
represented [10]. With only limited data available, several load cases may correspond to a
given set of data. Each case introduces different fatigue damages in the structure, and to
ensure a safe fatigue estimation the most damaging load case must be considered [2].

Therefore, it is necessary to establish load models that can represent all traffic cases. There
are three desirable requirements of a load model [13]:

• Simple

• Conservative

• Consistent

The criterion of being simple refers to the usage of the load model. A complex load model
is challenging to implement and the possibility of making errors increases. A simple load
model, with few reference loads and attached factors, is therefore advantageous [13].

A conservative load model is a model that induces the same or more damage to the structure
compared to the true traffic. This requirement will ensure that the true remaining life
of the investigated component is at least as long as the calculated reaming fatigue life.
Fulfilling this criterion ensures that the bridge is safe to operate within the estimated
fatigue life [13]. Even though there is a lack of data on historical traffic, there are good
descriptions of the locomotives and wagons that existed during different time periods. This
makes it possible to determine the composition of locomotive and wagons that caused the
most fatigue damage in a specific period. Assuming that all trains passed the component
with this train composition, a conservative prediction of the traffic is made.
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A load model should however not be too conservative. If the fatigue life of a bridge is
estimated significantly shorter than the true life, there will be unnecessary use of resources
and investments. Structural components may be replaced long before needed, or even
worse, a safe and sufficient bridge might be demolished. It is also important that the same
level of conservatism is introduced in each structural component. If the load model is more
conservative for some components than others, the ranking of most critical cross-sections
may have faults. Inspections are often performed based on analyses. If the fatigue analysis
indicates one specific component as critical, this component will likely be inspected more
thoroughly than other sections. This introduces the last criterion of consistency [13].

Figure 3.4 illustrates this issue. For different IL lengths, the fatigue damage is normalized
against the damage introduced by the most damaging train and plotted for two different
hypothetical components of the same structure. If the structural properties of the two
components and the stress which they are subjected to are roughly equal, the fatigue
damage introduced should be equal as well. This is not seen in the figure, where component
1 is more conservative than component 2. For a length of 7 meters, the analysis will
conclude that component 2 only has 20 % of the damage compared to component 1. A
railway load model for fatigue is considered consistent if all structural components have
the same level of introduced fatigue damage relative to the fatigue damage from the most
damaging train. The level of consistency can be expressed by the consistency factor, ζ,
defined as the ratio between the minimum and maximum normalized fatigue damage in all
components of the structure [13]. The consistency factor is further defined in Subsection
3.3.2.
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Figure 3.4: Normalized fatigue damage introduced in two structural components for an
arbitrary load.

Several load models are suggested for fatigue life estimations in the literature, with two
of them presented in the following subsections. The first is the load model used by Bane
NOR [27], the Conventional Load Model, while the second is the load model proposed by
Frøseth & Rønnquist [13], the Consistent Load Model. Both load models are thoroughly
described, as the fatigue calculations in this thesis are based on the Consistent Load Model
with the Conventional Load Model as the basis of comparison.

3.2.1 Load Model 1: The Conventional Load Model

Bane NOR has proposed a load model suitable for fatigue damage assessments [27]. The
model uses a combination of reference trains from Eurocode 1 [11] and customized trains
suggested by NTNU. The reference trains in Figure 3.5 are used to represent the freight
traffic after 1985 and freight traffic in the future. Freight traffic before 1985 is represented
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by the reference trains in Figure 3.6. Passenger traffic, both before and after 1985, are
represented by the reference trains in Figure 3.7. In the EC1 trains, Q is the total axle
load and q the axle load distributed over the total length of train, L. V in the figure is the
speed of the reference train. Letters in the train loop refer to the locomotive (L) or type
of wagon (A, B or C). For both EC1 trains and NTNU trains, axle loads are shown above
the trains while axle pitches are showed below. The axle loads are defined in newtons or
tonnes, and the axle pitches in meters.

As seen in the figures, the traffic load is divided into five periods of time; pre-1900, 1900-
1930, 1930-1960, 1960-1985 and post-1985. Since Figure 3.5 contains multiple reference
trains for one time period, a distribution according to Table D.1 in EC1 [11] is used. The
final distribution is presented in Table 3.2.

Table 3.2: Distribution of reference trains from EC1 [11].

Reference train Distribution [%]
5 21.2
6 36.4
7 24.2
8 18.2

The presented reference trains are however not used directly in the load model. They
are instead used with an adjusted number of wagons, determined by Bane NOR. The
adjustments are fulfilled when the weight of each train is approximately 225 tonnes for
passenger trains and 750 tonnes for freight trains, but no smaller than these values [27].

The speed of each reference train is also defined somewhat differently in the load model.
For the reference trains applying for periods before 1985, the speed is determined by the
speeds in Figures 3.6 & 3.7 and the current speed over the investigated bridge by

v = speed in reference train ≤ current speed (19)

where the current speed is found from national databases. Traffic after 1985 is, on the
other hand, only described by a speed equal to the current speed over the investigated
bridge.

Results from fatigue assessment by Bane NOR state that there may be some issues with the
Conventional Load Model, as the same structural components tend to be indicated critical
in most of the bridges studied [12]. The reason may be an inconsistent load model that
induces higher relative fatigue damage in some of the components. As described in Section
2.2, fatigue damage is highly affected by the influence line. Some of the components will
therefore experience highest fatigue damage when a train passes with maximum axle load,
while others have the highest damage from trains where some wagons are empty. The
reference trains in the Conventional Load Model seem to be selected somewhat randomly
and not with the intention of making consistent levels of introduced fatigue damage in all
structural components. There might therefore be errors when ranking the most exposed
details and thus challenges in the inspections.
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Figure 3.5: Reference trains for freight traffic, given by EC1 [11]3.

3Type 5 - Type 8 section D.3 (1) in NS-EN 1991-2:2003+NA:2010: Action on Structures - Part 2: Traffic
loads on bridges copied by Ingvild Sørbel and Ane Bræin Skagestad for use in the thesis "Evaluation of the
Consistent Load Model for Norwegian Railway Bridges Subjected to Fatigue Considering Track Curvature
and Non-Standard Influence Lines" with permission from Standard Online AS 09.03.2021. Standard Online
is not responsible for any errors in the reproduced material. See www.standard.no.
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Figure 3.6: Reference trains for freight traffic as suggested by NTNU [27]. Figure is used
with permission from NTNU (March 2021).

Figure 3.7: Reference trains for passenger traffic as suggested by NTNU [27]. Figure is
used with permission from NTNU (March 2021).
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3.2.2 Load Model 2: The Consistent Load Model

A more consistent load model for fatigue life estimations is proposed by Frøseth & Røn-
nquist [13]. This model is designed to introduce 1-2 times higher fatigue damage than the
possible most damaging train composition passing the bridge. The Consistent Load Model
is developed for bridges in the Norwegian railway network and consists of eight reference
trains. Four trains apply for passenger traffic and four trains apply for freight traffic. Each
reference train represents traffic from a historical period, where the periods 1900-1930,
1930-1960, 1960-1985 and 1985-today are studied. Traffic before 1900 is not considered
due to small fatigue damage contributions compared to modern traffic.

All reference trains are presented in Figures 3.8 & 3.9. Each reference train consists of
a locomotive (L) and base wagons (A,B,C,D). The numbers above the locomotives and
wagons denote the axle load, while the numbers below denote the axle pitch, given in
respectively tonnes and meters. The loop in each reference train indicates the composition
of locomotives and wagon, where some of the wagons have a belonging number. This is a
load modifier, meaning that the axle load from the specific base wagon should be modified
with this number. Each reference train has a belonging traffic mix coefficient, ai. The
traffic mix coefficient is used to determine the total numbers of passages ni by reference
train Ti, in the relation

ni = ai ∗ n0 (20)

where n0 is the total number of train passages for a line in the railway network during a
particular time period. The total fatigue damage introduced by the load model for one
train passage can then be written as

D = ai ∗ dSC(Ti) (21)

where dSC(Ti) is the fatigue damage introduced in structural component SC by train Ti.
Unlike the Conventional Load Model, the speed is only determined by the speed in Figures
3.8 & 3.9, not the current speed over the investigated bridge.
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Figure 3.8: Reference trains for passenger traffic [2]1.
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Figure 3.9: Reference trains for freight traffic [2]1.
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Figure 3.10: Calibrated influence lines in the Consistent Load Model [2]1.

The Consistent Load Model is calibrated on the standard influence lines in Figure 3.10,
parameterized by a length, LIL. A structural component is then defined by one of these
influence lines with a length selected form LIL = {2.0, 3.0, 4.0, 5.0, 7.0, 9.0, 11.0, 15.0,
17.0, 23.0, 29.0, 37.0, 53.0, 101.0}. Components with short IL lengths are more sensitive to
load positioning than components with longer lengths [13], which explains why the set of
LIL contains a higher density of small lengths than the longer ones. As seen in Figure 3.10,
some of the influence lines are asymmetric with two belonging numbers; IL and ILr. ILr
represents the same influence line as IL, only reversed to the right side.
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Figure 3.11: Consistency for passenger and freight trains in the Consistent Load Model [2]1.
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Figure 3.11 illustrates the level of consistency in the proposed load model. The consistency
is slightly better for passenger traffic, with approximately 50 % for passenger trains and
40 % for freight trains. The consistencies described apply however only to structural
components with influence lines and lengths from the calibration set. Frøseth & Rønnquist
discuss several reasons and consequences for the suboptimal level of consistency. They
conclude that the structural component indicated critical to fatigue damage by the load
model may be reassessed with a methodology that finds the most damaging train for
each structural element, in order to make an entirely correct ranking of the most exposed
details [28]. Further information on this methodology and the consistency is described in
the following section.

3.3 Consistency based on Most Damaging Train (MDT)

The reference trains in the Consistent Load Model are suggested based on a methodology of
finding the train that introduces the worst fatigue damage in different structural elements
based on their influence line [13]. Due to high computational demands, such analyses
can not be done for every component of an entire bridge on a daily basis. However,
finding the most damaging train can, as mentioned, be used to investigate the consistency
and ensure a correct ranking of the most exposed details. Finding the most damaging
train is an optimization problem where the exact solution is found by checking the fatigue
damage introduced by different trains in a defined train set. Theoretically, this can be done
by checking all possible sets of trains, but due to computational demands approximate
methods must be adopted [28].

3.3.1 Hill-Climbing and Late Acceptance Hill-Climbing

There are several strategies to obtain the solution to an optimization problem. A local
search is one strategy. In a local search, a local neighborhood around every element in the
solution space is used to reach the final solution. Each step slightly modifies the current
solution, by for instance a swapping or a deleting of items [29]. Thus, the solution is
improved by searching close to the current best-known solution. Local search algorithms
start from an arbitrary solution and iterates by rejecting or accepting solution candidates
until a final stopping condition occurs [30].

Hill-Climbing (HC) is one of the simplest local search strategies [30], where the final solution
is obtained at the maximum or minimum in a graphical representation of the solution
space. At these points, all neighbors lead in the wrong direction, and the search for the
final solution must consequently be fulfilled. Local search heuristics work best in a coherent
solution space, where a better solution is expected to lead in the right direction of the final
solution [29]. However, there is a possible issue with the HC heuristic if the solution space
contains local maxima. In this case, HC finds an optimum depending on the starting
point, but most likely not the true global maxima [28]. This phenomenon is illustrated in
Figure 3.12. If the starting point is close to the local maximum, the algorithm leads the
solution towards this point. When the local maximum is reached, no better solution is
found and the stopping condition occurs, even though the global maximum is not found.
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Figure 3.12: Principle of hill climbing.

The Late Acceptance Hill-Climbing (LAHC) is another local search algorithm, able to
escape local optimums [30]. Unlike the HC heuristic, LAHC accepts non-improving moves
depending on the recent moves in the solution history. While the solution candidate in HC
is compared with the current solution, LAHC compares the solution candidate with the
solution a given number of iterations ago. The history length, λ, is the only customized
parameter in the LAHC algorithm and determines the number of non-improving moves
accepted. A LAHC heuristic with λ = 1 corresponds simply to the standard HC heuristic
[28].

3.3.2 The Consistency Factor

HC and LAHC can both be used to find the most damaging train for all structural com-
ponents [28]. The maximum fatigue damage, d ↑, induced in a component is then found
by the most damaging train for this particular component and its belonging influence line,
according to Eq. (13) & (18). The maximum fatigue damage can further be used in the
evaluation of the consistency. With the level of fatigue damage induced in component SC
as in Eq. (21), the definition of the consistency factor yields

ζ(T1, ..., Tn, a1..., an) =
min(

∑n
i=1 aidSC(Ti)

dSC↑ )

max(
∑n
i=1 aidSC(Ti)

dSC↑ )
(22)

which is equal to one for an entirely consistent load model [13].
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4 Methodology

This thesis is based on the calculations of the fatigue life of two different bridges, Svånå
Bridge and Sokna Bridge. Even though the truss systems differ, as Svånå Bridge has most
of its truss underneath the train tracks (Figure 4.2) and Sokna Bridge has its truss on
the upper side of the tracks (Figure 4.4), the principle used for estimating the remaining
fatigue life is the same. Therefore, the method presented in this section applies to both
bridges considered.

The remaining fatigue life of these bridges was in 2018 assessed by Bane NOR [31, 32].
Their results are therefore used as a basis for comparison. The main objective of this
thesis is to distinguish how the results from the Consistent Load Model for trains differ
from what has previously been used. Assumptions and simplifications are therefore kept
the same as in the calculation done by Bane NOR.

4.1 Initial Calculations

4.1.1 Material Properties

The material properties used for the fatigue life estimation are based on the Norwegian
Handbook for Classification of Bridges, R412 [33]. All relevant properties are presented in
Table 4.1.

Table 4.1: Steel properties used for fatigue life estimation.

Steel property Magnitude
Density γs = 77 kN/m3

Yielding strength fy = 220 N/mm2

Tensile strength fu = 350 N/mm2

Young’s Modulus E = 2.1 ∗ 105 N/mm2

Shear Modulus G = 0.8 ∗ 105 N/mm2

Poisson’s Ratio ν = 0.3

The partial safety factors depend on the consequence of failure. According to NS-EN
1993-1-9 [18] the factor of the primary bearing, γMf,p, is set to 1.35 while the factor of
the secondary bearing, γMf,s = 1.15. See Subsection 4.1.2 for the differentiation between
primary and secondary bearing.
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4.1.2 Bridge Models

Nodes, elements and classification of Svånå and Sokna Bridge are provided by Bane NOR
[31,32], and form the basis of the fatigue life calculations. Both Svånå and Sokna are riveted
steel bridges, built before 1920. The bridge components are differentiated into primary
and secondary bearing, depending on how the loads are transferred through the structure.
Generally, the primary system transfers the loads throughout the structure until it reaches
the supports. The secondary bearing’s main purpose is to transfer additional loads, i.e.,
the train load, to the primary system. To illustrate the differentiation of primary and
secondary bearing, an element model of Sokna Bridge has been replicated and presented
in Figure 4.1 as an example.

Figure 4.1: Structure categories for Sokna Bridge.

Svånå Bridge

Svånå Bridge is a part of the Norwegian railroad Dovrebanen, on the route between
Hjerkinn and Oppdal. It was built in 1918 and has a span of 21 meters. Svånå is a truss
bridge with the truss constructed beneath the train track. The bridge has a horizontal
curvature with a radius of 1000 meters.

The cross-sections are combinations of rectangular plates and L-profiles. The element
model of the bridge contains the two main trusses, two stringers and seven cross girders.
It also has wind, wobble and break bracing.

Some simplifications and assumptions have been made by Bane NOR. In 1935 the bridge
was locally reinforced around one of the supports. Some additional rivet plates were also
added. It is assumed that these reinforcements do not affect the behavior of the structure
and are therefore disregarded. It is further assumed that the center of gravity for each
bridge element coincides with the grid lines of the bridge. For larger eccentricities, rigid
coupling springs are used. It is also assumed that some smaller bars do not contribute
to the cross-sectional area or the second area of moment, but do contribute to torsion.
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An equivalent plate thickness is therefore calculated for these bars. The cross girders are
modeled with crossing diagonals in order to obtain the correct stiffness.

Figure 4.2 shows the placement and classification of the different structural elements for
Svånå Bridge, as given by Bane NOR. For details about the cross-sections and element
numbering and more thorough explanations of the assumptions and simplifications, see
the report on Svånå Bridge from Bane NOR [31].

Figure 4.2: Replica of element model of Svånå Bridge showing cross-sections classes.

Sokna Bridge

Sokna Bridge is also a part of Dovrebanen, on the route between Støren and Trondheim.
The bridge was built in 1917 and consists of three equal truss bridges as shown in Figure 4.3.
Each bridge has a span of 20 meters, with the truss constructed above the train track.
Sokna Bridge has a horizontal curvature with a radius of 500 meters.

The element model contains the two trusses on each side of the track, wind bracing at the
lower chord, stringers, cross-girders, wobble bracing and stiffeners between the stringers.
The cross-sections consists of combinations of rectangular plates and isosceles L-profiles.

Some simplifications and assumptions by Bane NOR have also been done for Sokna Bridge.
The bridge was reinforced in 1942, and these reinforcements are assumed to apply for the
entire lifetime of the bridge. The node between the cross-girder and vertical in the truss is
further assumed rigid. It is also assumed that the center of gravity in each bridge element
coincides with the grid lines of the bridge. For larger eccentricities, rigid coupling springs
are used. It is also assumed a constant eccentricity between the center of the bridge and
the center of the rails, determined as the eccentricity at the midspan of the bridge.
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Figure 4.3: Picture of Sokna Bridge.

The element model of Sokna Bridge is visualized in Figure 4.4. Note that the model only
shows one of the three equal spans. For more details on modeling and calculations, see
Bane NORs report on Sokna Bridge by Lundamo [32].

Figure 4.4: Replica of element model of Sokna Bridge showing cross-sections classes.

28



4.1.3 Finding the Response

To find the response as explained in Subsection 2.2.2, the influence lines of the bridges
have to be determined. These are found using a unit load over the two train tracks of
each bridge. As both Svånå and Sokna Bridge have horizontal curvature, centrifugal forces
are introduced in addition to the axle load of the train, as illustrated in Figure 4.5. The
trainload is split into three parts to get the correct effect of the centrifugal force in the
determination of the influence line [27]:

• Vertical axle load, Ra

• Vertical forces introduced by the centrifugal force, Rv

• Horizontal load from the centrifugal force, Rh

Figure 4.5: Contributions from train loading.

These three influence lines are provided by Bane NOR for each defined stress point in the
element model. The influence lines are provided for each category of axial force, moment
about y-axis and moment about z-axis [31, 32]. In order to obtain the correct scaling of
Rv and Rh due to the centrifugal force, the following is applied [11,27]:

Qtk,i =
v2

127r
(fr ·Ril,i) (23)

where v is the train speed, r is the radius of the curvature and Ril,i is either the value of
Rv or Rh for the stress point considered. The reduction factor, fr, is neglected both by
Bane NOR and in the analysis with the Consistent Load Model.

The permanent loads on the train tracks are also provided. However, the analysis does
not consider whether the component is under tension or compression. As the permanent
loads do not change the magnitude of the stress ranges, they do not impact the results for
fatigue damage. Permanent loads are consequently not considered in the analysis with the
Consistent Load Model.
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The response is further found by taking the convolution of the influence lines and the
loading from the considered train, f , as explained in Section 2.2. The load function is
defined by the reference trains in Figures 3.8 & 3.9, and provided in Python codes by
Frøseth [34]. The dynamic amplification factor from Eq. (14) is included for the vertical
loads, while 1.0 is used for the horizontal load caused by the centrifugal force [27]. The
determinant length needed as input for the DAF is also provided by Bane NOR. The
response from the three influence lines is then found by the following:

z = f ∗ [(Ra +Qtk,v) · Φ +Qtk,h] (24)

The response is found for the axial load, Nx, the moment about the y-axis, My, and
the moment about the z-axis, Mz. The three responses are combined into one single
stress history, σ, by dividing each response by the corresponding cross-sectional parameter,
respectively Ax, Wy and Wz, before adding them together.

4.2 Fatigue Life Estimation

To find the fatigue damage, the stress history has to be translated to stress ranges. Here,
the rainflow cycle counting function, which executes the principle described in Subsection
2.1.2, is used. The fatigue damage for the specific train is further found by applying Miner’s
rule, as in Eq. (5).

SN-curves are used to obtain the number of cycles a component can withstand for a specific
stress range. Since both Svånå and Sokna Bridge are steel bridges with riveted compon-
ents, a trilinear SN-curve with detail category 71 MPa is primarily used. After the fatigue
damage is calculated, the elements with Dh higher than the critical level of 1.0 are changed
to a linear curve with detail category 85 MPa, and slope m = 5, as this also was found
to be conservative by Taras & Greiner [19]. The partial safety factors are introduced by
dividing the detail category by the value corresponding to the primary or secondary bear-
ing. Figure 4.6 shows the four curves used in the fatigue life analyses.
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Figure 4.6: The four different SN-curves used in the fatigue life analysis.
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The fatigue damage found by applying Miner’s rule, dT i, corresponds to the damage from
one passing of one of the reference trains from the Consistent Load Model. Depending
on the direction, positive or negative influence lines are used in the convolution when
calculating the response. It is further assumed that half of the trains pass in one direction
and the other half in the opposite direction. Therefore, the fatigue damage for one train is
calculated as the average of the damage found using the structural element’s positive and
negative influence lines. The total fatigue damage for the particular train is found by the
following:

DT i = ai ·
dT i,pos + dT i,neg

2
· ni (25)

where ai is the traffic mix coefficient for the reference train i, and ni is the total number
of passages for the specific train type and period.

Historically, there have been very few counts of passages on the Norwegian railroad, making
the data available limited. An assumption of the number of trains passing on each track
every year has therefore been made. Bane NOR used the passages in 2011, 2014 and 2015
as the basis for their calculations. The maximum yearly passages from those three years
were used for all years in the historical fatigue calculations. The yearly passages used for
Svåna and Sokna Bridge are presented in Table 4.2 [27].

Table 4.2: Yearly number of train passages as a maximum of 2011, 2014 and 2015.

Bridge Route Yearly Passenger Trains Yearly Freight Trains
Svånå Hjerkinn - Oppdal 2850 4480
Sokna Støren - Trondheim 5367 4480

The total number of passages is found by multiplying the yearly passages by the number of
years the reference train is valid. The historic damage is found from the construction year
of the bridge until 2018. 2018 is considered instead of 2021, as this was the year the basis
of comparison was performed. A linear yearly increase in passages of 5 % for passenger
trains and 2 % for freight trains is further assumed [27]. The total number of passages
used for each reference train is presented in Table 4.3. T41year and T81year denote the first
year after the historic fatigue calculations are made. See Subsection 3.2.2 for details about
the loading from reference trains T1 - T8.

Table 4.3: Passages for each reference train in the fatigue analysis, using the same yearly
number of passages as determined by Bane NOR.

Train Period Type ni, Svånå ni, Sokna
T1 Year built-1930 Passenger 34 200 69 771
T2 1930-1960 Passenger 85 500 161 010
T3 1960-1985 Passenger 71 250 134 175
T4 1985 → Passenger 94 050 177 111
T5 Year Built-1930 Freight 53 760 58 240
T6 1930-1960 Freight 134 400 134 400
T7 1960-1985 Freight 112 000 112 000
T8 1985 → Freight 147 840 147 840

T41year Future Passenger 2 850 5 367
T81year Future Freight 4 480 4 480
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The calculation in Eq. (25) is performed for trains T1 - T8. The total historic damage for
each structural element is found as the sum of the fatigue damage from each train by

Dh = DT1 +DT2 +DT3 + ...+DT8 (26)

The critical level of fatigue damage, Dcr, is considered as 1.0 [18], meaning that the com-
ponents with damage smaller than 1.0 still have remaining theoretical fatigue life, TRL. As
it is assumed an increase in passages of 5 % for passenger trains and 2 % for freight trains
in the future, Eq. (7) has to be rewritten. The remaining fatigue life is then determined
by applying Newton’s Method [35] on the following equation:

TRL =
1−Dh

D1,T4 ∗ 1.05TRL +D1,T8 ∗ 1.02TRL
(27)

where D1,T4 and D1,T8 is the damage introduced by T4 and T8 in one year.

Frøseth & Rønnquist estimated historical yearly train passages by studying old timetables.
These estimates [13] are reproduced and presented in Appendix A. Even though their
findings are assumed more realistic than using the same number of passages for all years,
the numbers presented in Table 4.3 are used in the main fatigue analysis. Keeping all other
factors than the actual load model constant makes it easier to distinguish how the change
in load model affects the results.

However, the number of passages obtained by Frøseth & Rønnquist is used in a supple-
mentary analysis to study how the difference in passages affects the results. The total
number of passages for each period and train type, as presented in Table 4.4, is found by
interpolating the yearly passages from Figure A.1.

Table 4.4: Passages for each reference train in the fatigue analysis, using passages inter-
polated from timetables.

Train Period Type ni, Svånå ni, Sokna
T1 Year built-1930 Passenger 19 272 89 936
T2 1930-1960 Passenger 71 723 260 340
T3 1960-1985 Passenger 74 095 499 220
T4 1985 → Passenger 129 940 601 060
T5 Year Built-1930 Freight 41 792 65 445
T6 1930-1960 Freight 95 448 171 915
T7 1960-1985 Freight 100 560 118 810
T8 1985 → Freight 174 900 191 500

T41year Future Passenger 3 650 22 630
T81year Future Freight 5 110 6 925
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5 Results from the Fatigue Analyses

5.1 Svånå Bridge

5.1.1 Critical Components

Table 5.1 presents the most damaged element in each section class found from the analysis
with the Consistent Load Model. For the cross-section classes not presented in the table,
all stress points had fatigue damage, Dh, smaller than 0.3. Table 5.2 is a collection of the
results from the calculations done by Bane NOR [31]. It also shows the most damaged
point for each cross-section class. Note that only the results for points with remaining
fatigue life smaller than 50 years were available.

Table 5.1: Svånå Bridge - Most critical point for each section class found with the Con-
sistent Load Model.

Element TRL [yrs] Dh ∆σC [MPa] Section Category
24041 0.0 11.4196 85 Di2 primary
13061 0.0 10.5817 85 Ve3 primary
42021 0.0 6.7964 85 St1 secondary
32031 0.0 1.8779 85 CG4 secondary
24061 0.0 1.7364 85 Di1 primary
11044 0.0 1.5725 85 LC2 primary
22041 0.0 1.2095 85 UC2 primary
44251 0.0 1.1624 85 St2 secondary
31061 0.3 0.9915 71 CG5 secondary
35101 1.4 0.9681 71 CG1 secondary
22013 4.2 0.9065 71 UC1 primary
23021 7.9 0.8272 71 Ve1 primary
36151 36.1 0.3108 71 CG3 secondary

Table 5.2: Svånå Bridge - Most critical point for each section class found with the Con-
ventional Load Model [31].

Element TRL [yrs] Dh ∆σC [MPa] Section Category
13061 0.0 1.3646 85 Ve3 primary
41121 2.3 0.9470 71 St1 secondary
14041 6.7 0.8468 71 Di2 primary
11044 26.4 0.6373 71 LC2 primary
36021 26.7 0.5485 71 CG4 secondary
14014 36.9 0.5461 71 Di1 primary

The Consistent Load Model results in more severe fatigue damage, with the highest being
11.4. As the damage values from the Consistent Load Model are significantly higher, eight
cross-section classes are found critical, compared to only one (Ve3) with the Consistent
Load Model. Ve3 is also found critical in the new analysis, but is now passed in ranking by
the diagonals (Di2). Although the ranking has changed, the six cross-section types most
damaged are the same for both load models.

33



5.1.2 Damage Distribution

In Table 5.3, the most damaged point from Table 5.1 is considered. For this specific point,
freight trains cause the greatest fatigue damage, as it is found that almost 98 % of the total
damage is done by freight trains. For the passenger trains, the distribution of damage is
fairly similar for all periods. Freight trains have, on the other hand, 99 % of the damage
done after 1960. Table 5.3 also shows that T8 for 1985 until 2018 provides the most
significant damage.

Table 5.3: Svånå Bridge - Distribution of damage from each reference train for the most
critical point at element 24041.

Train Dtot [%] [%]
T1 0.0224 0.20
T2 0.1056 0.92
T3 0.0406 0.36 Passenger
T4 0.0659 0.58 2.06
T5 0.0305 0.27
T6 0.0745 0.65
T7 2.6636 23.32 Freight
T8 8.4165 73.70 97.94
Sum 11.4196 100 100

Figure 5.1 takes a closer look at the four most critical cross-section types. It shows a fairly
similar distribution of damage for the different reference trains, as presented in Table 5.3.
The only deviation is that the relative damage from passenger trains is slightly higher for
cross-section type Ve3 (Element 13061) and CG4 (Element 32031).
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Figure 5.1: Svånå Bridge - Damage by train for most critical elements in most critical
cross-section types.
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5.1.3 Detail Category

Preliminary, the calculation was run with all points having a detail category of 71 MPa
and a trilinear curve from Eurocode 3. Based on these results, all elements with historical
damage higher than 1.0 were changed to a detail category of 85 MPa and a linear curve,
as explained in Section 4.2. Although 85 MPa is also seen as lower-bound, it significantly
impacted the estimated historical damage. Table 5.4 compares the most damaged cross-
sections before and after the SN-curve was changed. The fatigue damage of the most
critical points is then halved or reduced even more. The change in curve also affects the
ranking.

Table 5.4: Svånå Bridge - Change in fatigue damage when detail category is changed for
critical components.

Section type ∆σC = 71 MPa ∆σC = 85 MPa
Ve3 Dh = 26.29 Dh = 10.58
St1 Dh = 23.25 Dh = 6.80
Di2 Dh = 22.82 Dh = 11.42
CG4 Dh = 7.85 Dh = 1.88

5.1.4 Number of Passages

The same fatigue calculations were also performed using the number of passages as defined
in Table 4.4. The difference in passages between Bane NOR’s constant passages and Frø-
seth & Rønnquist’s timetable is also shown in Figure 5.2. Table 5.5 presents the results
found for the timetable analysis. Compared to the fatigue damage obtained with constant
yearly passages, it is slightly higher. What is found to be the most critical cross-section
type does however remain unchanged.
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Figure 5.2: Svånå Bridge - Passages defined as constant each year versus passages from
timetable.
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Table 5.5: Svånå Bridge - Most critical point for each section class found with the Con-
sistent Load Model and number of passages from timetable.

Element TRL [yrs] Dh ∆σC [MPa] Section Category
24041 0.0 12.6596 85 Di2 primary
13061 0.0 11.9552 85 Ve3 primary
42021 0.0 7.4878 85 St1 secondary
32031 0.0 2.0780 85 CG4 secondary
24061 0.0 1.8769 85 Di1 primary
11044 0.0 1.7267 85 LC2 primary
44251 0.0 1.5101 85 St2 secondary
22041 0.0 1.2979 85 UC2 primary
22013 0.1 0.9976 71 UC1 primary
35061 1.4 0.9669 71 CG5 secondary
35091 2.1 0.9496 71 CG1 secondary
23021 4.0 0.9083 71 Ve1 primary
36151 31.7 0.3674 71 CG3 secondary
23111 32.6 0.3487 71 Ve2 primary
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5.2 Sokna Bridge

5.2.1 Critical Components

Table 5.6 presents the most damaged element in each section class found with the Con-
sistent Load Model. For the cross-section classes not presented in the table, all details
had fatigue damage smaller than 0.7. Table 5.7 is a collection of the results from the
calculations performed by Bane NOR [32]. It also shows the most damaged point in each
cross-section class. Note that only the results for stress points with remaining fatigue life
smaller than 100 years were available.

Table 5.6: Sokna Bridge - Most critical point for each section class found with the Con-
sistent Load Model.

Element TRL [yrs] Dh ∆σC [MPa] Section Category
41102 0.0 14.6949 85 St secondary
61141 0.0 10.9867 85 StBr secondary
41081 0.0 8.1810 85 StCon secondary
13024 0.0 3.5119 85 Di2 primary
63121 0.0 2.3978 85 StDi secondary
72061 0.0 2.1154 85 WB2 primary
11044 0.0 1.8982 85 LC2 primary
11061 0.0 1.7912 85 LC1 primary
31034 0.0 1.3785 85 CG1 secondary
16034 0.0 1.2428 85 Ve1 primary
16024 0.0 1.0074 85 Ve2 primary
12033 0.7 0.9838 71 UC primary
72021 2.5 0.9268 71 WB1 primary
71052 5.5 0.8779 71 BB2 primary
72031 7.1 0.8364 71 WB3 primary
13044 7.3 0.8307 85 Di3 primary
16014 9.0 0.7791 85 Ve3 primary
65022 6.8 0.7759 71 CG2 secondary

Table 5.7: Sokna Bridge - Most critical point for each section class found with the Con-
ventional Load Model [32].

Element TRL [yrs] Dh ∆σC [MPa] Section Category
13024 32.8 0.5617 71 Di2 primary
11044 46.1 0.5223 71 LC2 primary
16034 52.1 0.3313 71 Ve1 primary
41151 54.4 0.3385 85 St secondary
41031 55.3 0.3540 71 StCon secondary
11014 55.8 0.4330 71 LC1 primary
16024 63.2 0.2748 71 Ve2 primary
16014 85.5 0.1989 71 Ve3 primary
71074 95.4 0.1966 71 WB2 primary
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The Consistent Load Model results in more extensive fatigue damage for Sokna Bridge,
with the highest being 14.7. Different parts of the stringers (St) were found to be the
most critical parts, along with some of the diagonals (Di2) and the wind bracing (WB2).
Eleven different cross-section types were critical for fatigue damage with the Consistent
Load Model, while the Conventional Load Model resulted in all components still having
remaining fatigue life. There are also considerable differences in which cross-sections were
found to be most exposed.

5.2.2 Damage Distribution

Tables 5.8 & 5.9 describes the contribution to fatigue damage from each train for the most
critical point at the stringer and at the diagonal, respectively. While Svånå Bridge had a
clear tendency for freight trains contributing the most, this varies more for Sokna Bridge.
The stringer had almost 88 % of its fatigue damage from passenger trains, where the
highest contribution is from T4. For the diagonal, freight trains are the most damaging.

Table 5.8: Sokna Bridge - Distribution of damage from each reference train for the most
critical point at element 41102.

Train Dtot [%] [%]
T1 0.0085 0.06
T2 0.0787 0.53
T3 0.1529 1.04 Passenger
T4 12.6549 86.12 87.75
T5 0.0061 0.04
T6 0.0380 0.26
T7 0.4731 3.22 Freight
T8 1.2827 8.73 12.25
Sum 14.6949 100 100

Table 5.9: Sokna Bridge - Distribution of damage from each reference train for the most
critical point at element 13024.

Train Dtot [%] [%]
T1 0.0262 0.75
T2 0.1058 3.01
T3 0.0792 2.25 Passenger
T4 0.6126 17.44 23.45
T5 0.0304 0.87
T6 0.0694 1.98
T7 0.6258 17.82 Freight
T8 1.9626 55.88 76.55
Sum 3.5119 100 100

As for Svånå Bridge, Sokna Bridge also has most of its contribution from the more recent
periods. The period after 1960 accounts for approximately 95 % of the total damage in
Elements 41102 & 13024. This can also be seen in Figure 5.3, where all the most damaged
parts of the bridge have the highest contribution from the most recent periods.
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Figure 5.3: Sokna Bridge - Damage by train for most critical elements in most critical
cross-section types.

5.2.3 Detail Category

Table 5.10 shows how the historical fatigue damage changed for Sokna Bridge when the
SN-curves were altered from a trilinear 71 MPa curve to a linear 85 MPa curve.

Table 5.10: Sokna Bridge - Change in fatigue damage when detail category is changed for
critical components.

Section type ∆σC = 71 MPa ∆σC = 85 MPa
St Dh = 31.54 Dh = 14.70

StCon Dh = 20.46 Dh = 8.18
StBr Dh = 12.60 Dh = 10.99
Di2 Dh = 11.98 Dh = 3.51

All section types have reduced fatigue damage with the linear curve. The most significant
reduction is found for St, StCon and Di2.

5.2.4 Number of Passages

The fatigue life calculations were repeated using the number of passages defined in Table
4.4. The difference in the number of passages is also shown in Figure 5.4. It is then
clear that the passages found from timetables are much higher than the passages used by
Bane NOR after approximately 1920. This affects the results, presented in Table 5.11,
where the damage of the stringer is more than three times higher in this supplementary
analysis. All components have more serious fatigue damage when the number of passages
from timetables is used. While only 11 cross-section types were critical regarding fatigue
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damage for the assumed constant passages, 18 were found critical in this analysis. Al-
though the ten most critical components are the same in the two analyses, there are some
slight changes in ranking.
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Figure 5.4: Sokna Bridge - Passages defined as constant each year versus passages from
timetable.

Table 5.11: Sokna Bridge - Most critical point for each section class found with the Con-
sistent Load Model and number of passages from timetable.

Element TRL [yrs] Dh ∆σC [MPa] Section Category
41103 0.0 45.7588 85 St secondary
61141 0.0 37.2774 85 StBr secondary
41081 0.0 27.4652 85 StCon secondary
63121 0.0 8.1348 85 StDi secondary
72061 0.0 6.2178 85 WB2 primary
13024 0.0 5.8483 85 Di2 primary
11061 0.0 4.4670 85 LC1 primary
11044 0.0 3.5873 85 LC2 primary
31034 0.0 2.6751 85 CG1 secondary
16034 0.0 2.2815 85 Ve1 primary
81011 0.0 1.9984 85 BB1 primary
16024 0.0 1.9072 85 Ve2 primary
72081 0.0 1.8145 85 BB2 primary
65021 0.0 1.5632 85 CG2 secondary
16014 0.0 1.5278 85 Ve3 primary
13044 0.0 1.3330 85 Di3 primary
71041 0.0 1.3282 85 WB3 primary
72021 0.0 1.2845 85 WB1 primary
18034 1.2 0.9600 71 Ve8 primary
13011 2.2 0.9414 71 Di1 primary
22014 2.3 0.9373 71 UC primary
18024 7.7 0.7389 71 Ve9 primary
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6 Discussion of the Fatigue Analysis

The main focus of this discussion is how the new Consistent Load Model differs from the
previously used Conventional Load Model. It is also considered how the fatigue life analysis
is performed and whether this may affect the results.

6.1 Conservatism

It is generally found much greater historical fatigue damage, Dh, with the Consistent
Load Model. For Svånå Bridge, the most significant deviation between the Consistent and
Conventional Load Model is more than 1200 %. This tendency is even higher for Sokna
Bridge, with a difference of 4240 % for the stringers. The most common deviation for all
components is in the range of 200 - 600 %.

The Consistent Load Model suggested by Frøseth & Rønnquist is definitely more con-
servative than the Conventional Load Model used by Bane NOR. The main idea of the
Consistent Load Model is that the composition of trains and traffic mix coefficients should
result in damages that are 1-2 times higher than the damage from the possible most dam-
aging train for all components of the bridge. The deviation between the two load models
is much higher than 100 - 200 %, even for the cross-section types found to be most critical
by Bane NOR. It is then likely that the reference trains used in the Conventional Load
Model are not the most damaging train for any bridge component.

Both bridges were found with very high fatigue damage with the Consistent Load Model,
suggesting that the bridges needed reparation or replacement many years ago. As the
analyses are based on the year 2018, and the bridges still are operating three years later,
these damage levels are not realistic. The Consistent Load Model is based on the the-
oretical most damaging trains. However, it is not likely that all trains passing are the
most damaging ones. It is also possible that the theoretical most damaging train does
not exist in the actual traffic. Therefore, all older steel railway bridges would, most likely,
be found to have historic damage higher than the critical with this level of conservatism.
As a load model should be conservative, it is reasonable that collapse is indicated before
the actual lifetime is reached. However, the damage level of the Consistent Load Model
seems too conservative, and the loads should therefore be somehow reduced. A reduction
factor could, for example, be estimated by measuring the actual damage from the trains
operating today and comparing this to the damages from the Consistent Load Model.

There are also other factors than the load model resulting in conservative fatigue dam-
age levels. The SN-curves used in the analyses are assumed conservative for riveted steel
bridges. Partial safety factors are included as well, making the curves even more conser-
vative. The SN-curves are of immense importance to the fatigue damage levels. A slight
change in detail category may significantly decrease the number of cycles that the struc-
tural component can withstand. This is especially the case for a trilinear curve where the
slope changes along the curve.

Using the trilinear curve with a detail category of 71 MPa seems to be more conservative.
All the most damaged points had their fatigue damage reduced when changed to the linear
85 MPa curve, as shown in Tables 5.4 & 5.10. This may however not always be the case.
The trilinear 71 MPa curve is less conservative for high stress ranges, as shown in Figure
4.6. The bracing of the stringer (StBr) for Sokna Bridge had less reduction when changing
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the curve than the rest of the components. It is then likely that this part experiences
higher stress ranges than the other critical components. One should therefore be careful
with assuming that the trilinear 71 MPa curve always is more conservative.

Adjustments of the SN-curve are made both in the analysis with the Consistent Load
Model and by Bane NOR. As the same adjustment is made, the deviation between the
two assessments should not be affected. Still, it might give slight differences in ranking of
critical components, further discussed in Section 6.2. Bane NOR has also checked that the
force in the rivets with changed SN-curve does not exceed the rivets’ shear capacity. All
rivets checked by Bane NOR were found with forces well below the shear capacity [31,32].
Thus, an assumption done for the analysis with the Consistent Load Model is that none of
the rivets have reached their shear capacity. If this is not the case, the deviation between
the two analyses would be even more distinct as the fatigue damage is larger with the
trilinear curve.

6.2 Critical Components

The primary purpose of the Consistent Load Model is that all structural components
should have the same relative damage with respect to the most damaging train. When
trains with maximum axle load are used, some elements will be pretty damaged, while it
introduces almost no damage for others. Suppose inspections of the bridges are being done
based on these results. In that case, it may lead to the inspectors overlooking parts of the
bridge that might be critical to fatigue damage, but that has not shown up as crucial in
the calculations. This is the issue that Frøseth & Rønnquist are trying to avoid with their
new load model.

For Svånå Bridge, Bane NOR found the verticals as the only components with fatigue
damage greater than 1.0. With the Consistent Load Model, a total of eight section types
were found to be critical. As the new model is more conservative, the damage should be
greater. What is more important is that the ranking of the most critical element type has
changed. The analysis performed in this thesis found that the diagonals are most critical.
The Consistent Load Model also finds the verticals having severe damage, although less
critical than the diagonals.

The change in the ranking of most critical components is not as obvious for Sokna Bridge,
as no components were found with fatigue damage higher than the critical level with the
Conventional Load Model. From Table 5.7 it can, however, be seen that the diagonals and
lower chord were found with greater damage than the remaining element types. Different
parts of the stringer were found to be most critical with the Consistent Load Model. It
is possible that the stringer (St) also had a high damage value with the Conventional
Load Model, as this is the only cross-section class that was changed to a linear 85 MPa
curve. However, the remaining parts of the stringer, StCon and StBr, were by Bane NOR
found with remaining fatigue life of respectively more than 50 and 100 years, such that the
change in SN-curve does not apply for these components. Changing the detail category
also resulted in a slight change in ranking for the Consistent Load Model. Di3 and Ve3
were calculated with a detail category of 85 MPa. This means that they initially, in the
analysis with 71 MPa, were assessed with damages above the critical level of 1.0. When
the detail category was changed, they were ranked less critical than some of the other
cross-section classes with damage just below 1.0.
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With the Conventional Load Model, the primary bearing was most critical for both Svånå
and Sokna Bridge. For Svånå Bridge, this is still the case with the Consistent Load Model,
but the stringer, a part of the secondary bearing, is also found to have fatigue damage well
above the critical level. For Sokna Bridge, the stringer is now clearly the most vital part
of the structure, making the secondary bearing of higher importance than the primary.

The previously stated implies that the Consistent Load Model finds a larger variety of
cross-section classes as critical. The vertical components of Svånå Bridge were the only
components found to have exceeded their fatigue life by Bane NOR. The fact that these
and other members were found critical with the Consistent Load Model substantiates
that the Consistent Load Model finds a wider specter of cross-section classes, and might
therefore be more consistent than the Conventional Load Model. However, this finding does
not guarantee that the new load model truly satisfies the consistency criterion. Further
evaluation of the consistency is put under the loop in Chapter 7.

6.3 Damage Distribution

As already stated in Subsections 5.1.2 & 5.2.2, the most recent periods provide the most
fatigue damage. The historic fatigue damage after 1960 provides 93, 98 and 99 % of the
total damage for the section points presented in Tables 5.3, 5.8 & 5.9. The trains repres-
enting the traffic from 1985 until 2018, T4 and T8, are the most significant contributors to
the historical damage. The main reason is that the trains have evolved to having higher
axle loads and more wagons over the last hundred years, as presented about the evolution
of trains in Section 3.1. These factors largely affect the stress ranges introduced on the
steel structure.

The total damage from a reference train is dependent on the years defined for each train.
This especially applies to T1 and T5. These reference trains are only defined from when
the bridge was built until 1930, resulting in only 12 and 13 years. Therefore, the relative
damage from one passing of these trains is slightly higher than the percentages presented
in Tables 5.3, 5.8 & 5.9. If the fatigue damage for each train is seen as yearly damage, the
later periods would still contribute more to the total damage. Table 6.1 shows an example
of this for Sokna Bridge.

Table 6.1: Yearly damage from each reference train for element 13025 for Sokna Bridge.

Train Period Years D Dyear [%]
T1 1917-1930 13 0.0262 0.0020 1.73
T2 1930-1960 30 0.1058 0.0035 3.03
T3 1960-1985 25 0.0792 0.0032 2.72
T4 1985-2018 33 0.6126 0.0186 15.94
T5 1917-1930 13 0.0304 0.0023 2.01
T6 1930-1960 30 0.0694 0.0023 1.99
T7 1960-1985 25 0.5258 0.0250 21.50
T8 1985-2018 33 1.9626 0.0595 51.08
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To make the new load model even more simple, one possibility could be only to consider
reference trains T3, T4, T7 and T8. Since the model generally is conservative, the damage
prior to 1960 could either be neglected or added as 5-10 % of the damage found after 1960.
As this is stated only by considering the eight stress points in Figures 5.1 & 5.3, it would
need some further examination to be concluded.

Freight trains are usually assumed to be the most damaging. Even though they generally
operate at lower speeds than passenger trains, the freight trains have higher axle loads and
more wagons which introduces higher stress ranges. The tendency is clear for the points
considered for Svånå Bridge in Figure 5.1. However, this is not the case for Sokna Bridge,
as shown in Figure 5.3. Two of the points considered have more damage from passenger
trains, and the percentage of damage from passenger trains is generally more prominent
than what is seen for Svånå Bridge.

Sokna Bridge is likely to have more damage from passenger trains as more passenger trains
are passing than freight trains. Svånå, on the other hand, has more passages of freight
trains. This can be seen from Table 4.2. Another factor that may introduce more significant
fatigue damage from passenger trains is that the speed of these trains in the Consistent
Load Model is a lot higher than for the freight trains. Higher speed also introduces higher
centrifugal forces on the structural elements. This might be more distinct for Sokna Bridge
as the radius of the horizontal curvature is 500 meters versus 1000 meters for Svånå.

Figure 6.1 compares the influence line and stress ranges obtained for T4 and T8 for the
most damaged point at Sokna Bridge. From the influence lines, it is seen that the peak is
remarkably higher for the speed from T4 than the speed from T8. It can then be concluded
that this point of the stringer is highly affected by centrifugal forces. The bottom figure
shows the stress ranges that are obtained for the two trains. It is then likely that the
passenger train, T4, introduces higher fatigue damage, as there are both more cycles and
higher ranges.
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Figure 6.1: The effect of different train speeds on an influence line with large contributions
from centrifugal forces.
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As an example of the opposite case, when the freight train T8 provides the most consid-
erable fatigue damage, element 13024 from Sokna Bridge is considered. From Figure 6.2,
it is seen that the change in the influence line is not as distinct. The centrifugal force is
therefore not as important. It is not easy to tell which train introduces the most fatigue
damage as the stress ranges are approximately the same. The figure represents one passage
of T4/T8, and it may seem like T4 is more damaging as it has more cycles and 887 more
yearly passages than T8. This is however not the case when the traffic mix coefficient is
introduced. T4 only has a = 2.8 against T8 with a coefficient of 15.0. The traffic mix
coefficient is included in the Consistent Load Model to account for differences in traffic
and structural parameters and is of great importance to the fatigue damage.
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Figure 6.2: The effect of different train speeds on an influence line with smaller contribu-
tions from centrifugal forces.

6.4 Differences in Speed

One of the most significant differences between the Conventional Load Model and the
Consistent Load Model is the permitted speed in each reference train. The speeds are
higher for the Conventional Load Model and determined by both the allowable speed in
the reference trains and the current speed over the investigated bridge. In contrast, the
Consistent Load Model only is determined by relatively low speeds in the reference trains.
The velocities in the Conventional Load Model are generally more realistic and most likely
closer to the actual speeds the trains have passed with throughout history. However, there
could be significant variations, e.g., for bridges close to stations or where the curvature
would require lower speeds.

The lowest speeds are found for the freight trains, where for example T8 has a speed
of 5 km/h in the Consistent Load Model. The reason is not that the passing trains are
assumed to have such low speeds. Instead, the speed is adjusted to obtain the desired level
of consistency. The speed of T8 with the Conventional Load Model is, on the other hand,
determined by the current speed over the bridge and is likely much higher than 5 km/h.
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As already shown in Section 6.3, many influence lines are dependent on speed through the
centrifugal forces. The lower speeds in the Consistent Load Model cause lower centrifugal
forces than the speeds in the Conventional Load Model, where the Conventional Load
Model most likely has the most realistic ones. However, it is not sure that the highest
centrifugal force causes the worst damage, as the load models are dependent on other
parameters like wagon design and axle loads. Fatigue damage is also reliant on differences
in stress, not only the maximum level. The results from the fatigue analysis also confirm
this. The Consistent Load Model provides worse damage than the Conventional Load
Model even though it has lower speeds and introduces lower centrifugal forces.

6.5 Number of Passages

It is also taken a closer look at how the number of passages throughout history affects
fatigue damage. A supplementary analysis, using the passages as defined in Table 4.4, was
then performed. The results for the two bridges are presented in Subsections 5.1.4 & 5.2.4.

For Svånå Bridge, the most critical components experience an increase in damage of ap-
proximately 10 % when the passages from the timetables are considered. Figure 5.2 shows
that these passages are fewer than what has been used in the primary analysis until ap-
proximately 1980 before they increases to a level above the constant level of passages.
Since most of the fatigue damage is by trains from the most recent periods, the increase
in damage is a likely observation.

The stringer components of Sokna Bridge have an increase of 240 %. Figure 5.3 shows
that the stringer (Element 41102) has almost all its damage from the period after 1985.
Figure 5.4 shows that the passages found from timetables are higher than the constant
level passages through the whole lifetime of the bridge, with the difference increasing with
time. As the number of passages in 2018 is around three times higher for the timetables, it
also makes sense that the damage for this component is three times higher. The increase
of the remaining section types varies wildly, depending on how much of the damage is from
the most recent period. The cross-section classes generally have an increase of around 80
% for Sokna Bridge.

It would be reasonable to assume that the number of passages from timetables is more
historically correct than the assumption of constant yearly passages, as the timetables are
based on historical data. They also show that it has been both an increase and decrease
in passages over the last 100 years. The constant yearly passages should be more reliable
around 2010-2015, as they are taken as the maximum count of passages from 2011, 2014
and 2015. However, the passages from the timetables are significantly higher both for
Svånå and Sokna Bridge around these years.

One possibility is that the counting system has been out of service for some periods.
However, it is not likely that this has happened for all three counted years without being
discovered. Another more likely explanation is that the local trains have not been included
in the counts by Bane NOR. Local trains are smaller, with smaller axle loads and fewer
wagons. Therefore, these trains might have been assumed not to contribute as much to the
total fatigue damage. As the specific cause for differences in passages is not known, this
is only an assumption. To obtain the correct damage, it might be wise in future fatigue
analyses to use the passages found from timetables for historical data and the passages
from counts for the years available.
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7 Further Exploration of Consistency

Even though the 14 influence lines in Figure 3.10 can represent many different structural
components, a much greater set of influence lines is represented in a real railway bridge.
Furthermore, the length parameter may also take other values than given in the set of LIL.
It is impossible to include all possible influence lines and lengths when developing a load
model. The calibration set is therefore incomplete compared to an actual set of structural
components [13]. Since the consistency level of 40 % to 50 % in the Consistent Load Model
only apply to the calibration set, it is interesting to investigate the level of consistency for
all influence lines and lengths. Such a consistency exploration will then evaluate how well
the Consistent Load Model is suited for fatigue calculations of railway bridges.

7.1 Methods

7.1.1 Correlation Between Influence Lines

As a preliminary exploration, the correlations between the standard influence lines from
Figure 3.10 and the actual influence lines of both Svånå and Sokna Bridge were studied.
The standard influence lines with lengths in the set of LIL were generated and compared
with the ILs of the bridges. The correlation was then found using cross-correlation [36].
In order to compare the damage from a specific train for the standard influence lines and
the ILs of the bridge, all lines were scaled, with the highest point being 1.0. The ratio
between damage from the influence line of the bridge and the standard influence line with
the highest correlation, was then found for all stress points on the bridges.

The correlation was found reasonably good, with an average of over 90 % for both bridges.
However, the fatigue damage ratio did vary greatly, and no connection between correlation
and damage ratio was found. One reason might be the shape of the peaks. A sharp peak
will generally result in greater fatigue damage as it produces higher stresses. If one line
has a rounded peak and the compared line has a sharp peak, the cross-correlation will be
close to 1.0 as long as the remaining parts of the line correspond. Since a sharp peak might
provide both a high correlation and low damage ratio, it was concluded that this check
was not suited to investigate the consistency.

7.1.2 Check with Most Damaging Train

In further investigation of the consistency, the most damaging train for all stress points
defined at the two bridges was studied. Late Acceptance Hill-Climbing, explained in Sub-
section 3.3.1, was used for the optimization problem. The objective function to be max-
imized was the fatigue damage, D, and the state was a predefined set of trains.

The work of Frøseth & Rønnquist [13,28] was used as the basis for the MDT analyses. For
each time period, a unique set of locomotives and wagons were defined corresponding to
possible passenger or freight trains from this period. For each reference train T1-T8, the
most damaging train was found for all stress points for the corresponding period and type
of train.
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LAHC is a time-consuming algorithm, especially since thousands of stress points were to
be checked for its most damaging train. Some restrictions were therefore made to make it
possible to perform the analyses within a limited time. T4 and T8 cover two of the defined
periods, 1985 - 2000 and 2000 - →. It was found that these periods provided close to the
same damage and were consequently merged. Therefore, the most damaging train for T4
and T8 was only taken as the most damaging train from 2000 - →.

It should also be noted that when finding the most damaging train, all possible trains
from Frøseth & Rønnquist [13] were not considered. Both locomotives and wagons were
reduced to make the optimization problem less demanding. The reduced train set used in
the MDT optimization is presented in Appendix B. It is chosen as those locomotives and
wagons that are most different from each other, such that the deviation from the most
damaging train in the reduced set to the complete set should be minimal. Even with this
reduced set, the MDT analysis turned out to spend several weeks on the most demanding
periods and type of trains. A complete train set, including all possible locomotives and
wagons, would be too challenging concerning computational efficiency.

The intention was to increase the success rate of finding the global maximum within an
acceptable time frame. Frøseth & Rønnquist found the success rate of finding the most
damaging train for some of the influence lines in the calibration set. These success rates [28]
are shown in Figure 7.1. It can be seen that a history length of 2000 has to be used to
achieve a success rate close to 100 % for all IL lengths. However, they also show that a
history length of 100 provides the highest increase in success rate for most influence lines.
The history length used in the MDT analysis was therefore chosen as λ = 100.
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By running through the optimization algorithm multiple times for some of the stress points,
it was found that the difference between the fatigue damage for the iteration with the
smallest and highest damage was less than 1 %. However, since only some of the points
were checked, the optimization was run twice in every stress point to minimize the risk of
picking out a local maximum. The most damaging train was then taken as the train giving
the greatest damage out of these two iterations.

The damage from one passing of each reference train was then compared to the most
damaging train for the corresponding time period and type of train. The ratio of each
stress point for reference train i, ϕi, was then found by

ϕi =
DT i

DMDTi
(28)

All ratios for the specific reference train, Ti, were collected in a vector containing the ratios
of all stress points of the bridge, Φi. The consistency for each train was then found from
this vector by

ζi =
min(Φi)

max(Φi)
(29)

A preliminary check with MDT showed that some of the ratios between the fatigue damage
from the load model and the most damaging train were remarkably high, resulting in poor
overall consistency. It was then discovered that the damage from the most damaging train
gave unlikely low values compared with the load model and consequently a high ratio, ϕi.

The contribution from the centrifugal forces was also here found to be the cause. Fig-
ure 7.2 shows an example of how an influence line with no centrifugal force differs from an
influence line with the centrifugal force for a train speed of 144 km/h. In this case, a high
speed evens out the original influence line, resulting in a low damage value. A lower speed
would therefore give greater fatigue damage for this particular element.
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In the original MDT algorithm used in the development of the Consistent Load Model,
the speed of the trains was only taken into account in the calculation of the dynamic
amplification factor [13]. The speed was determined by the following:

v = min(vL, v ↑) (30)

where vL is the maximum speed of the locomotive and v ↑ is the maximum allowable speed
for each period and type of train. These maximum speeds are given in Appendix B.

Since both Svånå and Sokna Bridge have horizontal curvature and consequently centrifugal
forces dependent on speed, the speed must also be considered in the calculations of the
influence lines. The train set in the optimization algorithm was therefore extended to
include different scaling of the speed. Each train then got three additional speeds, as in
Eq. (31), such that the influence lines were updated for each velocity.

V = {0.25× v, 0.50× v, 0.75× v, v} (31)

The fact that the influence lines are dependent on speed does raise a possible issue with the
reduced train set. The locomotives have different permitted velocities, where the reduced
train set does not contain all the highest speeds. If all locomotives were considered, the
permitted speed of the line would determine the maximum speed for most of the freight
traffic. In some of the reduced train sets, none of the locomotives have permitted speed
higher than the maximum allowable speed. A similar issue may occur if the fatigue damage
is worse at low speeds and such locomotives are not taken into account in the train set.
Since almost all periods consist of several locomotives with different speeds, and the damage
is calculated as 25, 50 and 75 % of the maximum speed, this effect will most likely be
negligible. However, it is essential to acknowledge that this is a possible source of error
and that the same maximum speeds should be used in any comparison with the MDT
analysis.

Including additional velocities resulted in higher MDT damage values for those elements
initially indicated very low. More realistic ratios between damage from the Consistent Load
Model and most damaging train were then found. However, there was still a low overall
consistency, as some elements had low ratio values, i.e., the most damaging train induced
remarkably greater fatigue damage than the load model. The MDT analysis results are
presented in Subsection 7.2.1.
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7.2 Evaluation of Consistency

7.2.1 Results of Most Damaging Train Analyses

The damage ratio, ϕ, and consistency, ζ are found for all stress points in both Svånå and
Sokna Bridge, where Table 7.1 shows the collected results for all points corresponding to
the different trains in the Consistent Load Model. All damage ratios from the check with
the most damaging train are visualized in Figure 7.3.

Table 7.1: Damage ratio and consistency in the different time periods.

Svånå Bridge Sokna Bridge
Train Average ϕ Max ϕ Min ϕ ζ [%] Average ϕ Max ϕ Min ϕ ζ [%]
T1 1.4491 2.5397 0.0012 4.9e-2 1.3578 2.5450 0.0010 3.9 e-2
T2 1.5324 2.6264 0.0016 5.9e-2 1.4789 2.6091 0.0859 3.3
T3 1.1245 2.3559 0.0001 2.8e-3 0.7666 2.3139 0.0013 5.8 e-2
T4 2.2049 4.2385 0.0482 1.1 2.2575 4.5476 0.0086 0.2
T5 2.2799 4.3692 9.13e-7 2.1e-5 2.0621 4.1724 3.51e-6 8.4e-5
T6 2.0758 6.6720 1.47e-7 2.2e-6 1.7169 4.5100 5.12e-7 1.1e-5
T7 1.9791 4.0630 1.82e-5 4.5e-4 1.7423 4.0880 2.83e-5 6.9e-4
T8 1.6169 5.5511 3.45e-9 6.2e-8 1.3476 4.3317 5.99e-9 1.4e-7

Figure 7.3: All damage ratios for Svånå and Sokna Bridge.

All reference trains have poor consistency, far from the desired level of 50 % for passenger
trains and 40 % for freight trains. Svånå and Sokna Bridge show especially low consistencies
for freight trains. Both bridges considered, the highest consistency is found for T4. T2
for Sokna Bridge shows a better consistency than the other trains, but the same train is
lower for Svånå Bridge. Therefore, it is difficult to determine whether T2 is better than
the others or if the values are random.

T3 for Sokna Bridge is the only train with a lower average ϕ than 1.0. It means that
reference train T3 generally is introducing lower damages than the most damaging trains.
If the most damaging train is one of the actual trains passing, there might be an issue with
the conservatism. A ratio below 1.0 is not necessarily a problem since the majority of the
trains most likely have passed with lower damage than MDT, but since data is missing,
one can not be sure. However, it is essential that all trains introduce damage similar to
the damage from MDT with regards to consistency.
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7.2.2 Causes of Poor Consistency

The low consistencies found for the two bridges are far from the desired level for the
Consistent Load Model. Once again, the differences in speeds were found to be the cause.
For some stress points, the centrifugal force has close to no attribution to the influence line.
One example of this is shown in Figure 7.4. For these cases, the ratio between the fatigue
damage from the Consistent Load Model and the most damaging train, ϕ, was generally
between 1 and 2, which is the desired result.
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Figure 7.4: The influence line of a stress point not affected by the centrifugal force.

Some ratios are also higher than 2. One possible reason is that only four different speeds are
included in the MDT algorithm. The most damaging speed may lay somewhere between
these four speeds, such that the true most damaging train is not found. This will generally
result in ratios slightly higher than the true ratios, as already explained as a possible issue
with the reduced train set in Subsection 7.1.2.

The lower ratios are however the biggest challenge. A large number of influence lines are
most critical at high speeds. Especially the freight trains are assigned low speeds in the
load model, resulting in fatigue damage up to 10 million times smaller than the damage
from MDT. This might also explain why the freight trains had especially low consistencies.
Figure 7.5 shows an example of how an influence line with a low damage ratio is affected
by different train speeds. How the fatigue damage varies for this line is shown in Figure
7.6. This particular relation between speed and damage is typical for many stress points,
but could take any shape, as many influence lines are critical at lower speeds.
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Figure 7.5: The effect of different train speeds on an influence line with low ratio.
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Figure 7.6: Relation between fatigue damage and speed for an influence line with low ratio.

7.2.3 Differences in Cross-Section Classes

The consistency within the different cross-section classes is also explored. The results
are attached in Appendix C. Sokna Bridge has in general lower consistency in each class
compared to Svånå Bridge, with an average of 4.2 % for Sokna and 12.5 % for Svånå.
One reason may be differences in radius of curvature. Sokna has a smaller radius than
Svånå, and consequently a sharper turn, which introduces higher horizontal forces on the
elements. Since the horizontal forces are highly dependent on speed, and the speed in the
reference trains and MDT often are quite different, it is explicable that the fatigue damage
and the ratios are in a broader range for Sokna than for Svånå. Sokna also has almost
twice the number of stress points defined, giving more possibilities for abnormalities.

The stringers and stringer-connected elements are found among those components with
the lowest consistency in both bridges. These are shown as the elements starting with St
in Figures 4.2 & 4.4. These elements are all a part of the secondary bearing system, which
absorbs the axle loads directly and transfers them to the primary system. The stringers
are mainly resisting the forces by bending about both the strong and weak axis. The main
contribution to the moment about the weak axis is the horizontal forces occurring from
the centrifugal force. The speed is therefore very decisive for the stringers. The influence
line, and thus fatigue damage, will then vary significantly with speed, resulting in low
consistency when the MDT and load model speeds are not the same.

The wind bracing (WB) also shows a very low consistency for Svånå Bridge. These elements
transfer mainly horizontal forces and are therefore sensitive for changes in centrifugal force
due to speed. Like the stringers, this may explain low consistency values. The wind bracing
in Sokna Bridge has however somewhat better consistency than those in Svånå. A different
bearing system in the two bridges may be the explanation. While the wind bracing is a
part of the secondary system for Svåna, it is a part of the primary in Sokna. The bracing
has different geometry, being crossed in Sokna and V-shaped in Svånå. The forces are then
transferred differently, and the impact of speed seems reduced when the wind bracing is
shaped as for Sokna Bridge.
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7.2.4 Lower Damage Values

Some elements have extremely low fatigue damage, both by the reference trains in the
Consistent Load Model and the most damaging train. Such low values are very sensitive
to changes and provide unwanted damage ratios, which result in a low overall consist-
ency. Since these values also contribute minimally to the total fatigue damage, it may be
reasonable to disregard these ratios in the evaluation of the complete consistency.

The greatest fatigue damage in each stress point for each train was generally found in the
magnitude of 10−6 to 10−7. Fatigue damage smaller than 0.1 % of the greatest damage
is considered insignificant of the total fatigue damage. All stress points with an MDT
damage smaller than 10−10 were therefore disregarded.

Table 7.2: Damage ratio and consistency for all stress points with MDT damage higher
than 10−10.

Svånå Bridge Sokna Bridge
Train Mean ϕ Max ϕ Min ϕ ζ [%] Mean ϕ Max ϕ Min ϕ ζ [%]
T1 1.6802 2.5397 0.4851 19.1 1.4680 2.4624 0.0019 7.9 e-2
T2 1.7339 2.6264 0.7167 27.3 1.5058 2.6091 0.1361 5.2
T3 1.2088 2.3559 0.0001 1.2 0.7461 2.3139 0.0013 5.8 e-2
T4 2.2283 4.2385 0.0482 1.1 2.2738 4.5476 0.0086 0.2
T5 2.4220 3.3830 0.9308 27.5 2.3386 3.9825 0.0745 1.9
T6 2.2093 4.4167 0.4219 10.2 1.8912 4.5100 5.12 e-7 1.1 e-5
T7 2.1659 4.0119 0.0006 1.5 e-2 1.7898 4.0879 2.83 e-5 6.9 e-4
T8 1.6272 4.1522 1.14 e-6 2.8 e-5 1.3557 4.3239 5.99 e-9 1.4 e-7

Table 7.2 presents some key values of the damage ratios for Svånå and Sokna Bridge
when the stress points with low fatigue damage are removed. Compared to Table 7.1, the
consistency has increased for some trains, especially for Svånå Bridge. The average ratios
do not change significantly and are both increasing and decreasing for different periods
and trains, suggesting that the points with low fatigue damage may lay both in the high
and low spectra of ratios.

Figure 7.7: All ratios for Svånå and Sokna Bridge when stress points with low damage are
removed.

54



Although some of the trains now have acceptable consistency, some do not change at all.
Most of the values are still far from what is desired for the Consistent Load Model. The
ratios for the stress points with fatigue damage higher than 10−10 are plotted for both
bridges in Figure 7.7. When compared to all ratios for the two bridges in Figure 7.3, it can
be seen that they still cover almost the whole range. This is especially the case for Sokna
Bridge. Sokna has, as already mentioned, a smaller radius of curvature which introduce
larger centrifugal forces. Therefore, the effect is more extensive for Sokna, such that more
points, also the ones with high fatigue damage, are greatly influenced by the train speed.

7.2.5 Consistency for Bridges with No Horizontal Curvature

The effect of centrifugal force as presented in Subsection 7.2.2 seems to be the leading
cause of the poor consistency. The tracks of some of the bridges assessed by Bane NOR
do not have any horizontal curvature. An MDT analysis was performed on two of these
bridges to test the Consistent Load Model when centrifugal forces have no contribution.
The method used for the MDT analyses was the same as presented in Subsection 7.1.2.

Møstadbekken Bridge

One of the bridges chosen was a simple beam bridge, Møstadbekken Bridge. The element
model of this bridge is very straightforward, with only two parallel beams and a total of
128 defined stress points [37]. Figure 7.8 shows a replica of the model used by Bane NOR.

Figure 7.8: Replica of element model of Møstadbekken Bridge.

The most damaging train was found for all influence lines of this bridge, such that all
ratios, ϕ, and consistencies, ζ, could be found. The consistencies of the beam bridge are
presented in Table 7.3. The ratios are in the conservative range, with the smallest ratio
being 1.336 for T8 and the highest being 2.833 for T5.
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Table 7.3: Consistencies for Møstadbekken Bridge.

Train Consistency, ζ [%]
T1 74.3
T2 65.1
T3 83.8
T4 66.3
T5 86.8
T6 62.1
T7 63.9
T8 67.6

The results are actually better than the desired level of consistency for the calibration set
in the Consistent Load Model. As the bridge has similar structural components and few
stress points, this is a likely observation. Two typical IL shapes are found for Møstadbekken
Bridge, both shown in Figure 7.9.
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Figure 7.9: The most common shapes of the influence lines of Møstadbekken Bridge.

Note that the magnitude differs significantly, where the lower influence line presented is
essentially zero. These lines result in fatigue damages in the magnitude of approximately
10−48. The ratios are however still at the desired level, resulting in superior consistencies.
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Driva Bridge

As the previous bridge only considered a limited variety in influence lines, a second bridge
without horizontal curvature was assessed. The bridge chosen was Driva Bridge. A replica
of the model used by Bane NOR [38] is shown in Figure 7.10. The MDT analyses for Driva
Bridge were performed using a history length of 50 and only running the calculation one
time. This modification was made to reduce the computational time.

Figure 7.10: Replica of element model of Driva Bridge.

By finding the most damaging train and ratios, the consistencies presented in Table 7.4
were found. The consistencies for T5 and T6 are approximately half of what is desired for
freight trains in the Consistent Load Model. For the remaining trains, the consistencies are
close to those observed for the influence lines in the calibration set. By checking multiple
stress points, it was found that the influence lines of Driva Bridge differ a lot and may take
on any shape. Therefore, it is likely that the consistencies are lower for Driva than both
for the calibration set and Møstadbekken Bridge.

Table 7.4: Minimum damage ratio and consistency for Driva Bridge.

Train Min ϕ Consistency, ζ [%]
T1 1.1891 52.7
T2 1.1645 41.8
T3 0.8993 48.6
T4 1.6819 52.7
T5 0.7488 23.6
T6 0.7394 19.1
T7 1.4530 47.3
T8 0.9194 32.0

There is a possible issue with the conservatism for some of the reference trains. It can be
seen from Table 7.4 that T3, T5, T6 and T8 have some ratios below the critical level of
1.0. It is however found that many of these ratios are connected to minor damages. As
in Subsection 7.2.4, the smaller damage values are removed to determine if these ratios
can be disregarded. The minimum ratios and consistencies found for damage points with
MDT damage greater than 10−10 are presented in Table 7.5.
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Table 7.5: Minimum damage ratio and consistency for all stress points with MDT damage
higher than 10−10 for Driva Bridge.

Train Min ϕ Consistency, ζ [%]
T1 1.1976 53.1
T2 1.1756 42.2
T3 0.8993 48.6
T4 1.6924 53.1
T5 1.0589 35.2
T6 1.0495 32.3
T7 1.4530 48.7
T8 0.9194 33.6

When only the higher damage values are considered, T3 and T8 are the only reference
trains with a ratio below 1.0. These reference trains, therefore, do not fulfill the desired
level of conservatism for all stress points. How one might treat this issue is discussed in
Subsection 7.3.3. However, the remaining trains all have damages relative to the most
damaging train above the desired level. As the stress points with lower damage values are
less critical, the conservatism requirement may be considered fulfilled for these reference
trains.

Removing the smallest damage values has also increased most of the consistencies. The
most significant increases are found for the freight trains, such that all consistencies are
beyond 32 %. The results indicate that the Consistent Load Model provides adequate
consistencies for a bridge not affected by centrifugal forces. The consistency also appears
to be satisfactory for non-standard influence lines in general.

The number of non-standard influence lines appears to be the determining factor, where
the consistency decreases with a structure’s complexity. For bridges equally or less com-
plex than Driva Bridge and without horizontal curvature, the consistency criterion may
however be considered fulfilled. These results also confirm that centrifugal force is the
main challenge for Svånå and Sokna Bridge. Therefore, the focus continues to be on how
one can eliminate the negative impact of centrifugal force.
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7.3 Possible Solutions

To solve the consistency issue caused by the influence of centrifugal force, some possible
solutions have been tested. Note that some of the presented alternatives are not recom-
mended, rather included to show the thought process and some occurring challenges.

7.3.1 Alternative 1: MDT for Stress Points with High Influence from Speed
Using Gradient

The first idea was to measure how much the influence line and fatigue damage change
with speed. For the stress points where speed significantly impacts the fatigue damage,
the most damaging train has to be found. Multiple speeds were then defined from 0 km/h
to the maximum speed of the period and type of train considered, according to Eq. (30).
The maximum speeds for the reduced train set are presented in Table 7.6.

Table 7.6: Maximum speed in km/h found for each train in the Consistent Load Model.

Train Max speed [km/h]
T1 70
T2 70
T3 120
T4 143
T5 45
T6 65
T7 80
T8 90

For each speed, the influence line was updated, and the fatigue damage was calculated.
The gradient was used as the primary measurement for how much the influence line is
affected by speed. In general, the gradient of a function h(x) is defined as in Eq. (32).

∇h = (
δh

δx1
, ...,

δh

δxn
) (32)

In this case, the gradient is dependent on the fatigue damage, D, and the speed, v:

∇Di =
D(vi)−D(vi−1)

∆v
(33)

The magnitude of the fatigue damage varies for each point. The gradient therefore has
to be normalized such that a common limit, β, can be chosen for all points. The average
damage for the point is consequently used. The criterion for when the most damaging
train has to be found was defined as follows:

max(|∇D|)
Daverage

> β (34)

|∇D| is the vector containing the absolute value of all gradients, as the fatigue damage of
the influence lines both can be increasing and decreasing with higher speeds.
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The gradient alone was not sufficient to find all critical points. For some of the stress points,
the difference in fatigue damage from a high and low speed was considerable, although the
gradient was low. These influence lines experienced an even gradient throughout the whole
speed spectra. Therefore, a second criterion had to be introduced:

Dv=0

Dv=max(v)
V

Dv=max(v)

Dv=0
> κ (35)

The limits, β and κ, were chosen such that all points with MDT damage greater than
10−10 and ratio, ϕ, smaller than 0.5, were returned.

This method was tested for reference trains T1-T4 for Svånå Bridge. Table 7.7 shows
the limits found for the four different trains tested. It also presents the number of stress
points found with a damage ratio below 0.5 and fatigue damage higher than 10−10, and
the number of points with a ratio smaller than 1.0. The two last columns show how many
points with a ratio beneath 1.0 were returned as needing MDT analysis (true positives)
and the number of points with a ratio higher than 1.0 that this method returned as critical
(false positives).

Table 7.7: β and κ found for Svånå Bridge and returned number of stress points.

Train β κ ϕ < 0.5 & D > 10−10 ϕ < 1 True positives False positives
T1 ∞ 7.10 4 783 416 44
T2 ∞ ∞ 0 609 0 0
T3 0.0749 ∞ 557 1634 951 0
T4 ∞ 2.94 125 466 175 2225

It can be seen from Table 7.7 that this alternative provides a large number of false posit-
ives. It returns that all influence lines dependent on speed must be checked for the most
damaging train, whether a low or high speed is the most damaging. T1 has a fairly low
speed of 34 km/h for the Consistent Load Model. The points returned as false positives
for this train are critical at low speeds. It is therefore just a coincidence that this reference
train has a low speed. T2 and T3 in the Consistent Load Model have neither exceptionally
high nor low speeds, such that the deviation is not as significant, and no false positives are
found. The problem of false positives is especially considerable for T4 with a speed of 144
km/h. The check then returns 2225 false positives. These stress points have the largest
damage from high speeds. As the train runs at a high speed, the ratio is good, although
the stress points are highly dependent on the speed.

The limit for which points are to be returned as critical could be lowered. One example
could be that all points with a ratio smaller than 0.1 are to be returned. Lowering the limit
would decrease the number of points having to be checked. This solution would however
be less conservative for some points and provide unsatisfactory consistency.

Svånå Bridge is defined with a total of 3932 stress points. For T4 alone, this alternative
finds that 2400 points have to be checked for MDT with the limits presented above. MDT
analysis is a time-consuming and advanced operation, and the simplicity requirement of
the Consistent Load Model does not apply if this alternative is used. Alternative 1 was
therefore not further tested. Instead, other alternative methods were explored.
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7.3.2 Alternative 2: Maximum Speed and MDT for Stress Points with Highest
Fatigue Damage for Low Speeds

From Table 7.7, it was seen that most stress points are critical at high speeds, as T4
provided the highest number of false positives. The second alternative solution includes
changing the speed of the trains in the Consistent Load Model to the highest allowed speed
for the period. Only the stress points with a lower critical speed than the maximum speed
must then be checked for MDT.

Similar to the first alternative, multiple speeds were defined between 0 km/h and the
maximum speed for each train. The fatigue damage for trains T1-T8 was found for all
speeds and all stress points. The criterion for which points have to be checked for MDT
was then defined as follows:

max(D)

Dv=max(v)
> κ (36)

κ was set to 2.0, meaning that all stress points with critical fatigue damage higher than
two times the damage for the highest speed have to be checked for most damaging train.
The number of stress points returned to be checked for each train is presented in Table
7.8.

Table 7.8: Number of stress points having to be checked for MDT with Alternative 2.

Train Svånå Bridge Sokna Bridge
Total stress points 3932 7424

T1 244 438
T2 242 403
T3 213 1643
T4 292 1631
T5 196 105
T6 292 504
T7 208 517
T8 209 625

The number of stress points having to be checked for most damaging train is significantly
reduced. For T4 for Svånå Bridge, it has changed from 2400 to 292, making this method
less time-consuming than Alternative 1. For Svånå Bridge, approximately 6 % of the stress
points have to be checked for MDT. However, more variation is found for Sokna, where it
ranges from 1-22 %.

To determine the change in consistency, T4 has been used. T4 is the only reference train
with speed in the Consistent Load Model similar to what is suggested in this alternative.
How the minimum ratios and consistency changed for Svånå and Sokna Bridge can be
seen in Table 7.9. The smallest ratio, ϕ, is now 0.74 for both bridges. This results in
consistencies of 17.4 % and 16.2 %, which is a lot closer to the desired level. Figure
7.11 shows logarithmic scatter plots of the ratios for T4 before and after Alternative 2 is
performed. It is then seen that all the lowest ratios are removed.
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Table 7.9: Change in consistency for T4 for Svånå and Sokna Bridge with Alternative 2.

Svånå Bridge Sokna Bridge
ϕmin,before check 0.0482 0.0086
ϕmin,after check 0.7369 0.7387
ζbefore check 1.1 % 0.2 %
ζafter check 17.4 % 16.2 %

Figure 7.11: Change in ratios for T4 for Svånå and Sokna Bridge with Alternative 2.

Although this alternative increases the consistency of the model while performing an MDT
analysis on fewer points than the previous alternative, it still requires the user of the
model to master the MDT optimization algorithm. As mentioned, this is a more advanced
and time-consuming analysis, taking away the simplicity criterion in the Consistent Load
Model.
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7.3.3 Alternative 3: Finding the Most Damaging Speed

It is desirable to keep the load model simple, such that all engineers can easily adopt it.
As the previously proposed alternatives both had difficulties on this criteria, a more simple
option without using an MDT analysis is considered.

The speeds for each reference train in the Consistent Load Model were chosen because
they showed a tendency of higher consistency for the calibrated influence lines. It was
however not considered that the influence lines of bridges with horizontal curvature are
highly dependent on the speed of the train passing.

One possible option is to change the speeds in the reference trains to the mean value of
the speed for all passing trains in each period. This would give a more correct influence
line for bridges with horizontal curvature, and therefore more realistic fatigue damage.
However, the consistency of the model would not improve that much, as the true most
damaging train most likely would have a lower or higher speed. Another challenge is the
lack of data on passing trains. The maximum speed of the locomotives in each period is
known, but not the actual speed when the train passed the bridge. There could also be
significant variations from one bridge to another. The accurate mean value of the speed
is therefore difficult to determine. Since the consistency of the model most likely is not
notably improved, this is a problematic solution.

Another option is to check the fatigue damage with different speeds, and choose the speed
causing the worst damage for each influence line. A vector, v, is established from a
minimum speed of 5 km/h to the maximum speed of the period and type of train considered,
according to

v = {5, max(vL, v ↑)} (37)

See Frøseth & Rønnquist [13] for the complete data on the maximum speed for each period
and train type. The fatigue damage from reference train Ti is then calculated with the
Consistent Load Model for speed number n in the speed vector by

Dn = ai ∗ dSC(Ti,vn) (38)

This calculation is performed for all speeds and collected into a vector, D. The final fatigue
damage in each element is then taken as the one causing the greatest damage:

D = max(D) (39)

This option was primarily explored by determining the new consistencies with Alternative
3. The fatigue damage was calculated as explained above. Instead of using 5 km/h as the
lowest speed, it was set to the minimum speed from the MDT analysis in Subsection 7.1.2
in each time period. This change was done to make the fatigue damages more comparable,
as the minimum speed in the MDT analysis was set to 25 % of maximum speed. The
maximum speed was determined according to Table 7.6. The ratios between damage from
this adjusted load model and MDT was then found, resulting in the consistencies presented
in Table 7.10.
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Table 7.10: Consistency for the Consistent Load Model with adjusted speeds.

Train Svånå, ζ [%] Sokna, ζ [%]
T1 53.6 49.0
T2 41.0 43.2
T3 45.2 52.3
T4 31.9 26.8
T5 30.9 24.0
T6 11.8 13.1
T7 30.1 36.8
T8 20.1 33.9

Compared to the results in Table 7.1, the consistencies are remarkably better when the
elements have adjusted speeds instead of the one initially presented in the reference trains.
When the speed is adjusted to the most damaging speed, the damage from the load model
becomes closer to the damage from MDT. For example, the lowest ratio for T1 is found as
0.001 in the original load model while it is 1.318 with adjusted speeds. The same tendency
is found for all other reference trains, and with the small ratios avoided, a much better
consistency is found. All ratios are plotted in Figure 7.12, where a huge improvement is
seen for Alternative 3.

Figure 7.12: Change in ratios for Svånå and Sokna Bridge with Alternative 3.
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The average consistency is 42.8 % for passenger trains and 25.1 % for freight trains. The
fact that the passenger trains provide the highest consistency agrees well with the consist-
ency measures for the calibration set. The desired consistencies were 50 % for passenger
trains and 40 % for freight trains, but these are only valid for the influence lines and lengths
in the calibration set. As the consistencies in Table 7.10 are valid for all influence lines
of the elements in Svånå and Sokna Bridge, the new consistency levels must be assumed
good.

The consistency is a bit lower for T6. This train has a smaller minimum ratio than the
other trains. For Svånå Bridge, T6 also provides the highest maximum ratio. The minimum
and maximum values are here linked to those elements with very low fatigue damages. As
previously discussed, these are sensitive to changes, contributing to relatively high or low
ratios. On the other hand, low damage values are also present in the other periods without
giving particularly low or high ratios. Therefore, a lower consistency in T6 might simply
indicate that T6 does not match the MDT analysis as well as the other reference trains.

Applying Alternative 3

Alternative 3 is tested for Svånå and Sokna Bridge to examine how the most damaging
speed affects the fatigue results. All other factors than the speed were kept the same as
in the initial analyses with the Consistent Load Model. Table 7.11 presents the five most
critical cross-sections for the Consistent Load Model with original speeds and with the
most damaging speeds found with Alternative 3. Results from Bane NOR’s assessments
with the Conventional Load Model are also included for comparisons.

Table 7.11: Most damaged cross-section types for the different load models.

Svånå Sokna
Load Model Section Dh Section Dh

Conventional Ve3 1.3646 Di2 0.5617
St1 0.9470 LC2 0.5223
Di2 0.8468 Ve1 0.3313
LC2 0.6373 St 0.3385
CG4 0.5485 StCon 0.3540

Consistent Di2 11.4196 St 14.6949
Ve3 10.5817 StBr 10.9867
St1 6.7964 StCon 8.1810
CG4 1.8779 Di2 3.5119
Di1 1.7364 StDi 2.3978

Consistent Ve3 20.9406 St 34.7193
with Di2 19.7891 StBr 13.8264

Alternative 3 St1 14.2563 StCon 12.8834
St2 3.9516 Di2 8.3655
LC2 3.3401 LC1 6.0166
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It can be seen that the fatigue damage increases with a factor of approximately 2 for most
cross-section types, comparing the original Consistent Load Model and Alternative 3. The
change in speed has a more significant effect on some components, resulting in a slight
change in the components’ priority. As the consistency for this alternative was remarkably
better than in the original analysis with the Consistent Load Model, the ranking of com-
ponents found with Alternative 3 should theoretically be more correct. Since Alternative
3 is an adjustment of the Consistent Load Model, the results are more comparable with
this load model than the conventional one. However, it is interesting to see that both
Alternative 3 and the Conventional Load Model find Ve3 as most critical for Svånå Bridge.
Compared to the Conventional Load Model, it is also clear that Alternative 3 provides
significantly more conservative damage results.

For all cross-section groups, including those with lower damage not presented in the table,
the maximum speed is found as most damaging when applying Alternative 3. However, this
does not mean that all stress points within each group necessarily have maximum speed
as most damaging, only those points with the most severe damage in each cross-section
group.

As presented, the adjusted load model provides even more conservative fatigue damages
than the original Consistent Load Model. The consistency is also definitely better with
the speed adjustments. The requirement of a conservative and consistent load model is
thus fulfilled. As it comes to simplicity, the adjusted load model is a bit more complex
than the original one. Since each influence line’s most damaging speed has to be found,
the method is somewhat more time-consuming than using the same speed for all elements.
However, without the use of an MDT algorithm, it is much simpler than Alternatives 1
& 2. Therefore, it is assumed that the simplicity requirement still is accepted, especially
since the speed adjustments provide such improvements in the overall consistency.

The weakness of this alternative is that the fatigue damage in each element is calculated
for different speeds. In reality, when one train passes, all components are stressed at the
same speed. This means that even though one element is ranked most critical to fatigue
damage, others may have more severe damage if the true speeds of the passing trains have
been far off from the most damaging speed in the element ranged most critical. At the
same time, if the true speed is close to other elements’ most damaging speed, it is possible
that this element has greater damage than the theoretical most critical cross-section. This
issue shows that even though the consistency is high, it is essential to acknowledge that
it is a theoretical result. The ranking may be different if the real speed differs much from
the most damaging one.

Damage By Train

In the original analysis with the Consistent Load Model for Sokna Bridge, it was found
abnormal that passenger trains were the biggest contributor to the fatigue damage, as
presented in Table 5.8 & Figure 5.3. Reasons were further discussed, where the difference
in speed was one possible reason. For Alternative 3, where critical speeds are used instead
of constant speeds, this distribution has changed. The same stress points plotted in Figure
5.3 are now plotted again, shown in Figure 7.13. Freight trains are now found to be most
damaging for all points, confirming that the speed was the issue also here.
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Figure 7.13: Sokna Bridge - Damage by train for most critical elements in most critical
cross-section types with Alternative 3.

To investigate the differences between damage from passenger trains versus freight trains,
the average damage ratios between the load model and most damaging train have been
studied. Figure 7.14 presents the average ratios for Svånå, Sokna, Møstadbekken and Driva
Bridge. Depending on whether the bridges have a curvature or not, different load models
have been used. For the bridges with horizontal curvature, Svånå and Sokna, Alternativ
3 is used. The original Consistent Load Model is used for Møstadbekken and Driva, as it
provided satisfactory consistency values for bridges without curvature.
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Figure 7.14: Average damage ratios. Dashed line marks mean value for T1-T8.
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As seen, the average damage ratio is generally smaller for passenger trains than freight
trains. Thus, the load model introduces less damage from passenger trains than freight
trains relative to the most damaging train. This tendency is clear for Alternative 3, with
both Svånå and Sokna Bridge having all freight averages above the mean level. The
tendency is not as clear for the original Consistent Load Model, with T8 below the mean
value for both Møstadbekken and Driva Bridge. T8 has a much lower speed with the
original Consistent Load Model than what is found as the most damaging speed and speed
of MDT. Even though the influence lines of bridges without horizontal curvature do not
depend on speed, there will be differences in the dynamic amplification factor. Lower speeds
provide lower DAF, thus lower response and fatigue damage. Nevertheless, considering all
freight average ratios for the bridges without horizontal curvature, they are still higher
than the passenger average ratios.

The difference in relative damage is important when studying damage by train. Since the
load model introduces more relative damage from freight trains, the contributions from
passenger trains in these figures may be too low. It is still expected that freight trains will
contribute more, as they have higher axle load and more wagons, but it is realistic with
higher contributions from passenger trains than indicated in the figures. Element 41102 and
72061 from Figure 7.13 show contributions from passenger trains as approximately 30 % of
the total damage. With possibly even higher contributions, it is important to acknowledge
that passenger trains also provide considerable damage for some bridge components.

The traffic mix coefficients may be adjusted to make the average ratios for passenger and
freight trains more alike. It will then be easier to compare the results and truly confirm
the contributions from each type of train. In addition, some specific adjustments may be
considered for T3 and T8. When only the higher damage values were considered for Driva
Bridge, T3 and T8 were still found with minimum ratios below 1.0. This means that the
damage induced by the Consistent Load Model is smaller than the most damaging train
for some stress points. Since T3 also has the lowest average ratios for all bridges, it may be
wise to increase the traffic mix coefficient for T3 both when using the original Consistent
Load Model and Alternative 3. T8 only shows low average and minimum values for the
bridges without curvature. Therefore, it could be considered to increase the traffic mix
coefficient for T8 only for the original Consistent Load Model.
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7.4 The Importance of Consistency Versus Real Speed

Several methods and alternatives to increase the consistency have been presented in the last
subsections. Alternatives 1 & 2 used a combination of the original Consistent Load Model
and MDT analyses. Alternative 1 was not suitable, while Alternative 2 worked better.
However, Alternative 2 still requires the user to master the MDT algorithm. To maintain
the simplicity requirement, Alternative 2 is therefore not suggested as a solution to the issue
of low consistency. The method of finding the most damaging speed, Alternative 3, showed
promising results in both conservatism, consistency and simplicity. Among the presented
methods, Alternative 3 is therefore the best-suited solution to improve the consistency and
keep the load model simple.

However, there is still a possible issue with the ranking of the most exposed details in
Alternative 3, as mentioned in Subsection 7.3.3. The damage for each influence line is
highly dependent on the speed. If the actual speeds of the passing trains differ significantly
from the most damaging ones, the ranking of critical components might be wrong. This
issue addresses that the actual speed of the passing trains still is important, even though
other speeds provide good consistency. With this issue in mind, using a more realistic
speed would ensure that the ranking of critical cross-sections are close to the true ranking.
On the other hand, the consistency would then not be satisfied, as the speeds in the MDT
analysis differ from the assumed realistic ones. As a possible solution, the most damaging
train could be found from trains only run at realistic speeds. The consistency for this
specific speed would then probably be satisfying.

The significant challenge when using realistic speeds is, as already mentioned, the fact
that the realistic speeds are not known. There is no data available regarding the speeds of
trains historically, and it is doubtful that all trains have passed at the same speed. There
could be variations in different seasons, periods and weather conditions. The weight of the
trains will affect the speeds as well. There are also considerable differences in speed for
each bridge, depending on the landscape, curvature, distance to the station, etc. If only
one speed is assumed, the conservatism of the load model is challenged. If trains have
passed with different speeds than the assumed one, the actual speeds are likely inflicting
greater damage for some influence lines. The fatigue damage will then be underestimated,
resulting in a less conservative load model than desired.

Alternative 3, on the other hand, ensures that the load model is both consistent and conser-
vative for all possible speed situations. Even though there still might be some difficulties
with the ranking, Alternative 3 is the better one to use when checking the theoretical
resistance against fatigue failure.

The earlier presented analyses found that the latest time periods are inflicting the most
fatigue damage. Therefore, it is most important that the speeds for the immediate past and
future are correct. One advantage of this is that speed data can be collected and registered
for today’s situation. These speeds can then be implemented for the latest period and
near future by changing the minimum and maximum speeds when using Alternative 3,
for instance, by choosing the 5 and 95 percentile. This would ensure that the load model
truly is conservative for all the periods with unknown speeds while being realistic where
the actual speeds are known.
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8 Conclusion

The object of this thesis was to evaluate the Consistent Load Model proposed by Frøseth &
Rønnquist and whether or not it fulfills the criteria of being simple, conservative and con-
sistent. This concluding chapter presents the most important remarks, including possible
improvements and recommendations. Suggestions for further work are also presented.

8.1 Concluding Remarks

The fatigue analysis showed that the Consistent Load Model is more conservative than
the Conventional Load Model used by Bane NOR, where some section classes had an
increase in damage of more than 4000 %. The most critical elements in both Svånå and
Sokna Bridge were found with extremely high damage, suggesting that the bridges needed
reparation several years ago. As the fatigue damages are much lower with the Conventional
Load Model and the bridges still are operating today, it seems like the Consistent Load
Model introduces unrealistically high damage in the structural components. However, this
is expected as the model is designed to introduce fatigue damage 1-2 times higher than the
damage from the possible most damaging train. SN-curves also contribute to conservative
fatigue calculations, but this effect should be the same for both load models.

The ranking of the most exposed details differs between the two load models. The main
purpose of the Consistent Load Model is to introduce the same relative damage in all
structural components. Bane NOR found the verticals most critical for Svånå Bridge.
These components are also found crucial with the Consistent Load Model, but with the
diagonals ranked higher. For Sokna Bridge, none of the elements were found critical by
Bane NOR. This is not the case with the Consistent Load Model, where several components
have damages above the critical level. As the Consistent Load Model is more conservative,
this result is expected. However, what is of most interest is that the ranking of the most
critical components is also changed for this bridge. Since the Consistent Load Model is
finding several critical cross-sections, as well as the ones indicated most exposed with the
Conventional Load Model, the new model might be considered more consistent.

Looking into each period and its contribution to the total fatigue damage, the most recent
periods provide the most significant damage. T4 and T8, respectively representing passen-
ger and freight traffic after 1985, are the most important contributors. Possible reasons
are higher axle load and more wagons in the trains, largely affecting the stress ranges
introduced on the steel structures.

Due to higher axle loads and a higher number of wagons, freight trains are usually assumed
more damaging than passenger trains. Svånå Bridge confirms this assumption, where the
most critical stress points all have higher damage from freight trains. Initially, this was not
seen for Sokna Bridge, where some elements were found with most damage from passenger
trains. It turned out that the difference in speeds was the cause of this abnormal result.
The shape of the influence lines, and therefore the damage, are highly dependent on the
centrifugal force caused by the curvature on the bridges. The passenger trains in the
Consistent Load Model have generally higher speeds, such that in the cases where high
speeds are most damaging, the passenger trains will provide the greatest damage. When
the most damaging speeds were used for all reference trains, the freight trains were the
biggest contributor to Sokna Bridge as well. It is however important to acknowledge that
also passenger trains provide considerable damage for some components. It was found
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that the average damage ratios between the load model and MDT were generally higher
for freight trains than passenger trains, suggesting that passenger trains might contribute
somewhat more than what is found in these analyses.

It is clear that the Consistent Load Model is both conservative and simple. Although
it also found other and more critical components than the Conventional Load Model, it
does not prove that it fulfills the consistency criteria. The desired level of 40 % and 50 %
consistency of respectively freight and passenger trains are only valid for a set of calibrated
influence lines and lengths. When the true consistencies were found by performing a check
of the most damaging train, they turned out extremely low. The consistency requirement
can consequently not be considered fulfilled.

When investigating the reasons for low consistency, the centrifugal force was again found
as the problem. How the centrifugal forces affect the influence lines varies greatly. Some
stress points had close to no contribution from the centrifugal force. For these stress point,
the damage ratio between the Consistent Load Model and MDT were generally between 1
and 2. For others, a higher speed tends to even out the influence line, making the fatigue
damage lower. However, the most distinct were the cases where a high speed increases
the peak of the influence line and thus the damage. This results in the fatigue damage
introduced by the load model being several million times smaller than for MDT.

The consistencies were also calculated for two bridges with no curvature. All consistencies
were then found to be at least 19 %, with mean values of 40 % and 71 %. This is close to
the desired levels found with the calibration set, proving that the centrifugal force’s effect
is causing the poor consistencies. Therefore, the consistency requirement of the Consistent
Load Model is only fulfilled for a bridge not affected by centrifugal forces.

Several alternatives have been tested to increase the consistency for bridges with hori-
zontal curvature. As it is essential to keep the load model simple, options without an
MDT analysis are preferable. Alternative 3, where the most damaging speed out of a
defined minimum and maximum is found for every influence line, showed remarkably bet-
ter consistency than the original Consistent Load Model. This alternative is also even
more conservative and relatively simple, although some extra computational time must be
expected. Among those alternatives presented in this thesis, Alternative 3 is recommended.

Even though Alternative 3 showed good consistencies, there still might be trouble concern-
ing the ranking of the most exposed details. As the most damaging speed provides the
highest possible damage, it may be far from the damage caused by the actual speed of a
passing train. The ranking might be different from one speed to another. Therefore, it is
important to acknowledge that the results obtained with Alternative 3 are theoretical and
might not show the proper ranking of the components. Since there is limited historical
data on train speed for Norwegian railway bridges, the most damaging speed should be
used to ensure conservatism. It is also found that the periods closest to today are most
harmful. A more realistic result for these periods could be obtained by measuring the
speeds on each bridge today, and defining the speed range from these measures.

As well as using the most damaging speed, some other possible improvements for the
Consistent Load Model have been suggested. The number of bridge passages may be
considered intermediate between passages from timetables and counts. To obtain the
correct damage, it is recommended to use the passages from schedules for historical data
and the passages from counts for the available years. Some other improvements should
also be considered, but require further evaluations. These are presented in Section 8.2.
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8.2 Suggestions for Further Work

Reduction in the calculations of D

As stated in this thesis, the damage value is not realistic for the most exposed details.
None of the two investigated bridges have collapsed, and with damage values far above
1.0, this should theoretically be the case. It is therefore valuable to reduce D to a more
realistic level. One possible method is to measure the actual damages and compare them
with the damages from the load model. A reduction factor for D could then be found.
The challenge of the varying effect of the centrifugal force must still be taken into account.
With Alternative 3 being even more conservative than the Consistent Load Model, there
is definitively a need to reduce the calculated damage.

Reducing the number of reference trains and adjusting the a-factors

It was found that the most recent periods contribute the most to the total damage. Since
the Consistent Load Model is also conservative, it may be possible only to consider T3,
T4, T7 and T8. The damage from before 1960 could either be neglected or added as a
portion of the damage from after 1960. Additionally, the investigation of average ratios
showed lower ratios for passenger trains than freight trains. Thus, it seems like the passen-
ger trains should be included with higher traffic mix coefficients. Some adjustments may
also be made for T3 and T8, as they showed lower average ratios than the other trains.
To evaluate the traffic mix coefficients and possible reductions in the reference trains, it is
suggested to study several bridges in the Norwegian railway network.

Case studies of current speed

As stated in this thesis, it is a challenge that the speed of the passing trains through his-
tory is not known. As the speed largely affects the damages, one can not know whether
the damages introduced with Alternative 3 are realistic. Therefore, case studies on real
speeds are necessary. Alternative 3 could then be tested for the measured speeds, such that
the difference from using most damaging speeds can be determined. Such comparisons will
tell whether or not the Consistent Load Model with Alternative 3 truly is a good approach.

Determine most damaging speed for critical components with Alternative 3

When applying Alternative 3 to Svånå and Sokna Bridge, it was found that the most
damaged stress point in each cross-section class was critical at high speeds. It is therefore
interesting to study other bridges and see whether or not this always is the case. If so,
it might be sufficient to change the speeds in the Consistent Load Model to the highest
allowable speed instead of finding the most damaging one for each stress point.
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Appendix

A Train Passages on the Norwegian Railway Network

By studying historical time tables Frøseth & Rønnquist estimated the number of passages
for freight and passenger trains on the Norwegian railway network [13]. These passages
are presented for each subline in Figure A.1.

Figure A.1: Yearly number of freight and passenger train passages on sublines in the
Norwegian railway network [2]1.
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B Definition of Train Sets for MDT Analyses

The train sets used in the MDT analyses are defined in Figure B.2 for passenger trains
and Figure B.3 for freight trains. The train sets are differentiated into four different time
periods, corresponding to the periods of the Consistent Load Model. Each train type and
period has a set of locomotives, L , and a set of wagons, W .

The wagon set might contain both two axle-wagons, WT , and bogie wagons, WB which has
geometry and axle weights as shown in Figure B.1. Two-axle wagons are defined by the
parameters a and b, while the bogie wagons have an additional parameter, c. The axle
loads, p, are taken from the load set P.

Figure B.1: Design of wagons and parameters for geometry and load [2]1.

From the locomotive and wagon set a total train set, Υ, can be defined:

Υ =

N↑⋃
N=N↓

L ×W N

where N ↓ and N ↑ are the minimum and maximum number of wagons in a train, such
that each train has one locomotive and N number of wagons.

Figure B.2: Definition of the rolling stock for passenger trains.
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Figure B.3: Definition of the rolling stock for freight trains.

The speed of each train is restricted by the maximum speed of the locomotive and the
maximum allowable speed, v ↑, yielding the following:

v = min(vL, v ↑)

The maximum speed of each locomotive, vL, is presented in Table B.1. In addition, each
trains is defined with three extra speeds in order to include differences caused by the
centrifugal force:

V = {0.25× v, 0.50× v, 0.75× v, v}

Table B.1: Maximum speed of the locomotives, vL.

Class Subclass Max speed vL [km/h]
1’D-2’2’ (a, d) (45.0, 45.0)
1’E-2’2’ (a) (70.0)
2’C-2’2’ (b) (65.0)
2’D-2’2’ (a) (70.0)
B’B’ (a, b) (70.0, 70.0)
Bo’Bo’ (a, b, d) (105.0, 115.0, 120.0)
Co’Co (a, b, d) (143.0, 120.0, 120.0)
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C Results of Consistency for Structural Components

The damage ratio, ϕ, and consistency, ζ, for each structural component are presented in
the two following tables. All time periods have been considered in the calculations. Tables
C.1 & C.2 shows the results for respectively Svånå and Sokna Bridge.

Table C.1: Svånå Bridge: Damage ratio and consistency for all structural components.

Component Average ϕ Max ϕ Min ϕ ζ [%]
Di1 2.0521 3.3795 0.9757 28.9
Di2 1.4223 2.7996 0.6400 22.9
St1 1.6866 4.0119 0.0005 1.3e-02

StDi1 0.6470 3.6799 0.0001 2.72e-03
StDi2 1.1874 3.7090 0.0310 0.8
StDi3 1.6100 3.9070 0.4150 10.6
St2 1.5487 6.6720 3.5e-09 5.2e-08
UC1 2.2135 4.1467 0.9650 23.3
UC2 2.0769 3.3801 1.1380 33.7
CG1 2.0123 3.9216 0.5780 14.7
CG2 1.9330 3.8110 0.6210 16.3
CG3 1.9739 3.8104 0.6220 16.0
CG4 1.9932 3.5862 0.6010 16.8
CG5 1.8682 3.6930 0.1500 4.1
CG6 2.1702 5.1632 0.0020 3.9e-02
CG7 1.8987 3.6876 0.6158 16.7
LC1 1.8872 4.3535 0.0050 0.1
LC2 2.1056 3.5862 0.6830 19.0
Ve1 2.2314 3.6830 1.0700 29.1
Ve2 1.8234 4.1100 0.0240 0.6
Ve3 1.9156 3.1883 0.6610 20.7
WB 0.9401 3.8577 1.1e-06 3.0e-05
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Table C.2: Sokna Bridge: Damage ratio and consistency for all structural components.

Component Average ϕ Max ϕ Min ϕ ζ [%]
BB1 1.5987 3.6211 0.0391 1.1
BB2 1.8069 4.5476 0.1258 2.8
Di1 2.0048 3.6985 0.0584 1.6
Di2 1.8204 3.7072 0.1448 3.9
Di3 1.3781 3.0906 0.0983 3.2
Ve1 1.7424 3.5868 0.0971 2.7
Ve2 1.7281 3.3524 0.1113 3.3
Ve3 1.7032 3.3603 0.0292 0.9
Ve4 1.5977 3.4850 0.6092 17.5
Ve5 1.5970 3.5338 0.6583 18.6
Ve6 1.6022 4.1451 0.5545 13.4
Ve7 1.6854 4.4837 0.1193 2.7
Ve8 1.9911 4.0879 0.2766 6.8
Ve9 1.9984 4.0007 0.1635 4.1
Ve10 2.0439 4.0304 0.1986 4.9
St 1.7882 4.4296 0.0033 0.1

StBr 0.7966 4.2595 5.8e-07 1.4e-05
StDi 0.6344 4.4469 6.0e-09 1.4e-07
StCon 1.2167 4.5100 2.0e-08 4.4e-07
UC 1.9928 3.7885 0.1366 3.6
CG1 1.8033 4.3649 0.1335 3.1
CG2 1.6790 4.3317 0.0001 2.3e-03
LC1 1.7331 3.8392 0.0397 1.0
LC2 1.8982 3.6036 0.2181 6.1
WB1 1.6546 3.4367 0.1263 3.7
WB2 1.5152 4.2572 0.0815 1.9
WB3 1.7022 3.5891 0.2007 5.6
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