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ABSTRACT

At the present day the European Standards, Eurocode, are introduced as the new
reference design codes in the field of construction. One issue which is treated by
Eurocode is the assessment of the fatigue life of structures. Fatigue failure is
characterized by a fracture in a local area of a structure which is subjected to varying
cyclic loading. This loading can be caused by traffic, wind, ocean waves or likewise.
The fatigue life of a reinforced concrete structure depends as much on the stress levels
as on the stress range and the number of loading cycles and their importance is related
to which material that is considered.

The purpose of this study is to compare the methods for fatigue assessment available
in Eurocode. The aim is to see how the methods correspond to each other and how the
results are affected by different parameters. This is done by performing parametric
studies on reinforced concrete bridges and evaluating the results.

In Eurocode there are two alternative methods by which fatigue in reinforced
concrete can be calculated, the Cumulative Damage Method, and the A-Coefficient
Method. Both methods consider the loading during the lifetime of a structure but in
different manners. The Cumulative Damage Method calculates a fatigue damage
factor which expresses the actual damage occurred in the structure in relation to the
design fatigue life. The A-Coefticient Method simply checks if the structure fulfils the
demands for a given service life.

In order to use the two methods a large amount of input data is needed such as the
bridge geometry, material properties and the loading on the bridge. The loading
includes both permanent loads, long term parts of variable loads and short term traffic
loads inducing fatigue.

Parametric studies mainly regarding the bridge span with its influencing factors has
been performed and the behavior of the bridges analyzed. Some conclusions regarding
the comparability of the methods and the outcome of the results are made. One
conclusion is that the number of load cycles is not a leading factor governing the
result. Another is that the Cumulative Damage Method is very sensitive to small
adjustments in the sectional design.

Key Words: Eurocode, reinforced concrete, fatigue assessment, fatigue load models,
Cumulative Damage Method, A-Coefficient Method.
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SAMMANFATTNING

For nirvarande dr de gemensamma europeiska berdkningsstandarderna, Eurokod,
introducerade som gillande normverk inom byggbranschen. Ett omrdde som
behandlas inom ramen for koderna &r utvirderingen av en konstruktions livsldngd
med avseende péd utmattning. Utmattningsbrott kan beskrivas som ett lokalt brott i en
byggnadsdel utsatt for cyklisk last. En cyklisk last kan orsakas av védg- och
jarnviagstrafik, vind, vdgor och liknande. Livslingden med avseende pa utmattning i
en armerad betongkonstruktion beror lika mycket pd medelnivan for spdnningarna
som pd amplituden och antalet lastcykler.

Syftet med denna studie ar att jimfora de tvd metoder for berdkning av
utmattningsbrott som finns till férfogande i Eurokoderna. Detta dr uppnétt genom att
ett antal parameterstudier dr genomforda och utvirderade pa olika modeller av
armerade betongbroar. I Eurokoderna finns det som tidigare nimnts tva metoder {for
att berdkna utmattning 1 armerade betongkonstruktioner och dessa ér
Delskademetoden och A-Koefficientmetoden. Bada metoderna tar hinsyn till
belastningen under brons livstid varvid det antingen berdknas en delskada som
beskriver kvarvarande livslangd pé konstruktionen (Delskademetoden), eller dér det
helt enkelt kontrolleras om konstruktionen uppfyller kraven for utmattningsbrott (A-
Koefficientmetoden).

I berdkningarna for de badda metoderna sd krdvs en méngd indata sdsom brons
geometri, materialparametrar och belastningen av bron. Lastkombinationerna
inkluderar bade ldng- och korttidslast samt cyklisk trafiklast. Snittkrafterna som
orsakas av dessa laster mdste kombineras och berdknas om till spdnningar. Dessa
spanningar anvéinds sedan for att berdkna utmattningen i kritiska snitt enligt de bada
metoderna.

Parameterstudier gillande broarnas spannldngd och av dessa beroende faktorer har
genomforts och konstruktionernas respons har analyserats. Av resultaten frin
studierna har ett antal slutsatser kunnat dras. Ett exempel dr att antalet lastcykler inte
ar en av de direkt avgorande faktorerna nidr det géller utmattning enligt
Delskademetoden. En annan dr att kénsligheten for fordndringar i
tvirsnittsdimensioneringen hos Delskademetoden dr vildigt stor.

Nyckelord: Eurokod, armerad betong, Delskademetoden, A-Koefficientmetoden
utmattningsanalys, utmattningslaster.
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is the cross-sectional area of compressive concrete zone

is the cross-sectional area of the compressive reinforcement
is the cross-sectional area of the tensile reinforcement

is the effective transformed concrete area, in state 11

is the damage obtained for stress range

is the value of the design criteria for compressed concrete obtained by the
A -Coefficient Method

is the value of the design criteria for reinforcing steel obtained by the A-
Coefficient Method

is the damage equivalent stress spectrum upper stress level

is the damage equivalent stress spectrum lower stress level

73T
1

is the maximum compressive stress level

[13%2]

is the minimum compressive stress level
is the mean Young’s modulus of elasticity for concrete
is the Young’s modulus of elasticity for steel

is the shrinkage force

is the characteristic value for the permanent load

is the height of the cross section of the simply supported bridge model
is the moment of inertia

is the moment of inertia, in state II’

is the span
is the determinant length L,

is the determinant length

is a reference amount of cycles until failure depending on which type of

reinforcing steel which is verified
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is the ultimate number of constant amplitude cycles in interval “i” that can

be carried before failure
1s the resisting number of cycles for a stress range Ao,

is the sectional bending moment
is the sectional bending moment for field section in ULS

is the sectional bending moment for support section in ULS

is the maximum sectional bending moment for field section induced by

traffic load, LM71
is the sectional force in the j:th calculation section at the i:th load

movement
is the sectional bending moment field section induced by permanent loads
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is the sectional bending moment for support section induced by permanent

loads
is the maximum sectional bending moment for support section induced by

traffic load, LM71
is the first order bending moment in design load combination (ULS)

is the first order bending moment in quasi-permanent load combination

is the relevant value of the prestressing force

is the characteristic value of the prestressing force

is the n:th load acting on the beam in the current load configuration
is the characteristic value for the variable main load 1

is the relevant fatigue load

is the characteristic value for the variable main load
is the damage equivalent stress spectrum ratio

(13421
1

is the stress ratio

Roman lower case letters

VIII

is the distance from outermost compressed concrete fibre to the level of
analysis in the concrete cross-section

is the distance from outermost tensile concrete fibre to the level of
analysis in the concrete cross-section
is the design compressive concrete strength in [MPa]

is the design concrete fatigue strength
is the characteristic compressive concrete strength in [MPa]

is the height of the simply supported support of the Degerfors Bridge and
the continuous bridge model

is the height of the fully fixed support of the Degerfors Bridge and the
continuous bridge model

is the n:th influence value obtained from influence line at current position

on the load P,
is the slope of the S-N-line or while assessing reinforcement steel with the

Cumulative Damage Method, a the slope of the S-N relation until N*
is the a coefficient affecting the fatigue strength

is the slope of the S-N-line or while assessing reinforcement steel with the

Cumulative Damage Method, a the slope of the S-N relation until N*
is the actual number of constant amplitude 1’

1s the applied number of cycles for a stress range Ao,
is a coefficient which depend on the type of cement
is the time of first cyclic load application in days

is the maximum permitted train speed

is the length to the beginning of the haunch of the Degerfors Bridge
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is the length of the haunch of the Degerfors Bridge
is the distance from the compressive edge to the gravity centre of the

cc
compressive zone
Xi1of is the distance from the compressive edge to gravity centre of the

transformed effective concrete section
z is the distance to neutral axis

Greek upper case letters

Ao, is the reference normal stress range

Ao, is the steel stress range due to load model 71

Ao, .. is the equivalent stress range in the reinforcement corresponding to »n
cycles

Ao, ,.(N ")is the equivalent stress range obtained according the A-Coefficient
Method

Aoy, is the ,while assessing reinforcement steel with the Cumulative Damage

Method, the reference resisting stress depending on which type of steel
which is verified

Aoy, (N")is the resisting stress range at N* cycles

D, is the dynamic factor
Greek lower case letters

a, is the ratio between Young’s modulus of reinforcement steel and concrete

N

a,, 1s the ratio between Young’s modulus of reinforcement steel and concrete

(sustained loading)

B..(t,)1s a coefficient for concrete strength at first load application

&, (t) is the final shrinkage strain, including drying shrinkage and autogenous
shrinkage strain at time t

Yy is the partial coefficient taking the risk of injuries into account

Vr. s 18 the partial factor taking material uncertainties into account

Ve is the partial coefficient multiplied with the self-weight

Vs 18 the partial factor taking the uncertainties in the fatigue load model
Yo is the partial coefficient multiplied with the variable load

A is the correction factor to establish the upper and lower compressive stress

from the damage equivalent stress spectrum caused by application of load
model 71
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is a factor who takes into account of permanent stress

is a factor accounting for element type that take into account the damaging

effect of traffic depending on the critical length of the influence line or
area

is a factor to take account of the traffic volume and design life

is a factor to be applied when the structural element is loaded by more

than one track
is the correction factor to establish the stress from the damage equivalent

stress spectrum caused by application of load model 71
is a factor witch is a function of critical length of influence line and traffic

is a factor witch value denotes the influence of the annual traffic volume
is a factor witch denotes the influence of service life

is a factor witch values denotes the effect of loading from more than one

track
is the concrete stress at level of the compressive steel

is the upper stress in the damage equivalent stress spectrum
is the lower stress in the damage equivalent stress spectrum
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1

is the upper stress in a cycle
is the lower stress in a cycle “j”

is the concrete stress at the level of the tensile reinforcement

is the compressive concrete stress caused by characteristic load

combination without the variable loads
is the minimum compressive stress caused by the characteristic load

combination including load model 71
is the maximum compressive stress caused by the characteristic load

combination including load model 71
is the concrete stress in the effective transformed section

is the stress in the reinforcement in the compressive level
is the stress in the reinforcement in the tensile level

is the effective creep coefficient

is the final creep coefficient (quasi-permanent load)

is the combination factor for the variable load 1

is the factor for the frequent value for the main variable load 1

is the factor for the quasi-permanent value of the secondary variable load
1
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1 Introduction

At the present day the European Standards, Eurocode, are introduced as the new
reference design codes in the field of construction. The purpose of Eurocode is to
harmonize the technical rules for European engineers and contractors in order to
simplify the cooperation within the construction sector. It also aims to widen the
knowledge among engineers and thereby increase the quality of structural design.

One issue which is treated by Eurocode is the assessment of the fatigue life of
structures. Fatigue failure is characterized by a fracture in a local spot of a structure
which is subjected to varying cyclic loading. This loading can be caused by traffic,
wind, ocean waves or likewise. The fatigue life of a reinforced concrete structure
depends as much on the stress levels as on the stress range and the number of loading
cycles and their importance is related to which material that is considered. A fatigue
failure can occur at stresses well below the critical stress level in the Ultimate Limit
State (ULS).

1.1 Problem description

In Eurocode there are two alternative methods by which fatigue can be calculated for
bridges, the A-Coefficient Method and the Cumulative Damage Method. Both
methods consider the loading during the lifetime of a structure. The

A-Coefficient Method is a simplified method with a single load model amplified with
a number of coefficients. The Cumulative Damage Method is a complex model which
considers the load history more deeply. The A-Coefficient Method simply checks if
the structure fulfils the demands given in the codes while the Cumulative Damage
Method calculates a fatigue damage factor which expresses the actual damage
occurred in the structure in relation to the design fatigue life.

In order for the different actors in the field of construction to learn how the Eurocodes
are to be used, and to determine which problems that can occur during the design
process; Banverket' and Vigverket” initiated a study in which a number of companies
were given a bridge to design according to Eurocodes. Their work was then presented
together with their experiences from the design process. These reports showed on a
number of issues which were troublesome during the process. One of those issues was
the method of evaluating the fatigue life.

As a result of the study, a master’s thesis, Fall and Petersson (2009), was performed
which treated the fatigue assessment methods for bridges according to Eurodode. This
thesis mainly handled fatigue in steel, both for road and railway bridges. It also
treated fatigue in reinforced concrete, but in a simplified way and only for road traffic.
An analysis was made for both the tensile and compressive reinforcement. The
compressed concrete however, could only be assessed by the Cumulative Damage
Method and not by the A-Coefficient Method. The evaluation of the results in the
study showed that the methods gave contradictory results regarding the fatigue
damage. This was valid for both steel and concrete bridges. A parameter that seemed
to be decisive was the bridge spans and especially there were inconsistencies observed
between the two design methods for short spans.

! The Swedish Rail Administration
2 The Swedish Road Administration
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Since two thirds of the existing bridges has a span of less than 10 meters, where the
majority is concrete bridges, Trafikverket® whishes to further examine the fatigue
assessment methods in Eurocode. In the previously mentioned thesis, the assessment
of steel bridges was performed thoroughly and that part of the investigation is
considered to be completed. For reinforced concrete bridges a more deepened study
was still desired which was the reason for the present thesis project.

1.2 Purpose
The purpose of the thesis is:

e to study the methods of fatigue assessment for reinforced concrete bridges
according to Eurocode, the Cumulative Damage Method and the 1-Coefficient
Method.

e to perform parametric studies of bridges regarding fatigue assessment.

e to present, explain and evaluate the results from the studies in order to see if
any conclusions can be made, or if any recommendations can be given
regarding the usage of the methods in design or assessment situations.

1.3 Method

In order to get the proper understanding of how concrete, reinforcing steel, and finally
reinforced concrete structures, behave under cyclic loading, studies of existing
literature was carried out. Also a thorough review of the fatigue assessment methods
available in Eurocode was performed.

From the theoretical studies a method to select design sectional forces using existing
software’s was developed. These forces were used to design the considered critical
sections in the ULS and to calculate the sectional stresses due to loading from certain
fatigue load models. The obtained stresses were used to assess the fatigue life of the
actual structure according to the methods presented in Eurocode.

The entire calculation procedure was then used to perform parametric studies on a
number of fictitious bridges. The properties of these fictitious bridges were developed
with an existing bridge as a reference. The results from the parametric studies were
evaluated regarding the influence of certain parameters.

1.4 Scope and limitations

The project was limited to treat fatigue failure in reinforced concrete bridges. The
bridges should be solely horizontal and straight slab bridges which could be
calculated as a 4.5 meter wide strip. Structures with prestressed reinforcement were
not considered.

Further the studies were limited to handle railway bridges in case of pure bending.
Some studies have been performed regarding the assessment of fatigue due to shear;
these are presented as informative material in Appendix J-K.

In order to simplify and emphasize the fatigue assessment, the load combinations used
in this project only includes, except the fatigue traffic loads, the self-weight of the
structure, ballast and rail.

3 The Swedish Transport Administration
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2 Fatigue failure in reinforced concrete structures

Due to the fact that structures are becoming more slender, the traffic volume is
increasing, the axel loads are larger, and the traffic speed limits are higher; the interest
of fatigue in concrete structures has increased during the last few years. Concrete
fatigue is mainly a problem of offshore structures, railway sleepers and bridges
because these types of structures are often exposed to repeated loading. This project is
focused on reinforced concrete railway bridges. With increased axel loads the
condition for the bridges has changed and many existing bridges are nowadays
required to carry larger loads than what they where originally designed for.

This chapter begins with a summary of the fatigue phenomenons for reinforced
concrete, plain concrete and reinforcing steel. It will treat the behaviour under fatigue
loading and the failure characteristics in tension, compression and shear with regard to
fatigue.

2.1  Basis of fatigue

Fatigue is a phenomenon where a material loses its original strength due to cyclic
loading with successive damage development. Fatigue in concrete depends on the
load amplitude and the number of cycles as well as on the stress level. For steel, the
amplitude and number of cycles cause the fatigue. The failure can occur even if the
maximum stress is below the ordinary strength of the material. Some materials have a
certain stress limit e.g. steel, which means that the stress variation below a certain
level can be repeated infinitely many times without fatigue failure. Fatigue failure is
characterized by fracture in a localized area of a structure which is exposed to cyclic
loading.

When a structure fails due to fatigue loading, the structure has reached its fatigue life.
There are two types of fatigue loading that can result in different failure
characteristics. They are called Low-cycle fatigue and High-cycle fatigue. Low-cycle
fatigue means that the load is applied at high stress levels for a relatively low number
of cycles, while the High-cycles fatigue corresponds to a large number cycles at lower
stresses.

2.2 Fatigue in reinforced concrete

Since reinforced concrete is a composite material, a structure built in reinforced
concrete can fail from fatigue in several different ways. Failure is often a consequence
of many factors and the failure modes can have significantly different characteristics.
Local failure can occur in the concrete, in the reinforcement and in the bond between
the materials. Compressive fatigue failure in reinforced concrete can be described as
ductile, since cracks in the concrete can develop considerably before the structure
fails. The tensile fatigue failure in reinforced concrete has a more brittle behaviour
since the crack propagation rate in the reinforcement at the end is rather rapid, Elfgren
and Gylltoft (1977). The different modes of failure in reinforced concrete structures
can be divided into sub-groups depending on their appearance and they are described
in the following sections.

2.2.1 Compression and bending failures

One group of fatigue failures is constituted by compression and/or bending failures.
Tensile failure due to bending occurs in the reinforcement and this is valid especially
for an under-reinforced cracked cross-section. For a normal- or over-reinforced

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



section the situation is much more complex. The compressive failure might take place
in the concrete, but it can also be influenced by effects between the compressive
reinforcement and the concrete. The latter due to different deformations in the steel
and concrete at the same load level, causing transverse tensile stresses in the concrete
which leads to unfavourable cracking in the compressed zone, Elfgren and Gylltoft
(1993). The pure compressive and tensile failures in the respective materials are
further dealt with later in this chapter.

2.2.2 Shear and bond failures

The next group of failures is shear and bond failures. The fatigue resistance for these
cases is, relatively to the static resistance, sometimes very low, about 40-60%; and
therefore it is very important to consider this in design. The shear fatigue failure is
highly dependent on if the beam is provided with shear reinforcement, or not. In total
the fatigue shear resistance is higher with shear reinforcement than without, but it is
dependent on the different types of fatigue loading explained in Section 2.1.

Beams without shear reinforcement have two different modes in which shear fatigue
failure can occur. Either the beam can fail when a diagonal crack has propagated
across the entire section, or by crushing in the concrete in the compressive zone above
the shear crack, Figure 2.1. When the beam is provided with shear reinforcement it
can fail in four different ways. They are fatigue in the shear reinforcement, fatigue in
the longitudinal reinforcement where it is crossed by a shear crack, fatigue in the
compressed concrete above the shear crack and fatigue in the compressed concrete in
the web, see Figure 2.2.

by oy L

a) T b)

Figure 2.1  Possible shear fatigue failure modes in beams without stirrups: a)
excessive development of diagonal cracking b) fatigue of concrete in
compression above the shear crack.
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Figure 2.2 Possible shear fatigue failure modes in beams with shear
reinforcement: a) fatigue of the stirrups, b) fatigue of the concrete in
compression above the shear crack, c) fatigue of the longitudinal
reinforcement crossing the shear crack, d) fatigue of the concrete in
compression in the web.

The bond strength between concrete and reinforcement is dependent on several
different factors e.g. type of reinforcement bars, concrete cover, bar spacing, and the
state of stresses in the section. One failure mode is break down of pullout bond
resistance of the bar; another is caused by splitting of the surrounding concrete, CEB
(1988).

2.3  Fatigue of concrete

Fatigue in concrete was recognized rather late, in comparison to steel. Concrete is a
non-homogenous material and its fatigue resistance is influenced by many different
factors e.g. moisture content, cement/water ratio and load effects such as load
frequency and maximum load level. During the hardening period air bubbles and
micro-cracks are formed. The micro-cracks appear due to thermal strain, which is
caused by temperature variations. When the micro-cracks propagate the fatigue
process starts, which is a progressive process. At the beginning of the loading the
propagation of the micro-cracks is rather slow. As loading continues the micro-cracks
will proceed propagate and lead to macro-cracks, which may grow further. The
macro-cracks determine the remaining fatigue life caused by stress until failure
occurs.

2.4 Fatigue of reinforcement

Reinforcement bars can have many different types of surfaces; they can be plain, have
ribs or be indented. The purpose of having ribbed or indented bars is to increase the
mechanical interaction between the steel and the concrete. Ribbed and indented bars
give increased stress concentrations in comparison to plain bars; these stress
concentrations reduce the resistance to fatigue and therefore the shaping of the ribs is
important, e.g. the transition between the bars and the rib has to be smooth.
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Differently from concrete the reinforcing steel has a stress limit; this means that the
stress variation below a certain level can be repeated infinitely many times without
causing any fatigue damage. This is only possible if the material shows plastic
behaviour.

There are many different parameters that determine the fatigue life of the
reinforcement. Some parameters that affect the fatigue life are e.g. the stress variation,
the surface of the bar and the nominal area/dimension of the bar. Which one that is
governing is hard to determine and researchers have come to diverging conclusions
regarding which parameter that affects the fatigue strength more than others. In
general it is likely to be a combination of several factors.
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3 Design procedure for a concrete slab bridge

In this chapter the design procedure for a concrete slab bridge will be presented. The
calculation programs used in order to simplify the design procedure are presented
together with the calculation of sectional stresses considering both short and long term
loading.

3.1  Preliminary design

Preliminary design of a concrete slab bridge is made to estimate the needed amount of
reinforcement. The reinforcement amount is then used for the fatigue assessment
calculation when the parametric study is carried out. The preliminary design is based
on an existing bridge called Degerfors Bridge which was chosen after discussion with
Palmgren®. It is a railway bridge and it was considered to be a case simple enough to
design and assess within the scope of this project. The Degerfors Bridge was
originally designed in the 50’s and from drawings of the bridge, the geometrical
properties including the reinforcement amount where determined. These where used
for verification of the calculations and as guidance when the principles of design
where defined for the bridge models used in the parametric study.

The width of the slab was set to 4.5 meters, which is a standard choice with regard to
the load spread from one track. To determine a more accurate load spread an
additional advanced analysis would have been needed. This was however omitted in
this project. The span was initially set to seven meters and the slab was modelled as
one end fully fixed and the other end simply supported. By this it was possible to
simulate a continuous bridge with an intermediate support region. Further, it was
designed with a haunch on the fully fixed side in order to increase the moment
capacity here, see Figure 3.1. The effect on the linear elastic moment distribution of
the haunch compared to a slab with constant height can be seen in Figure 3.2.

O

Figure 3.1  The assumed model of the Degerfors Bridge.

The material used for concrete and reinforcement in the original design of the bridge,
had to be translated into current standards in order to achieve representative values of
the material properties. This was done after discussion with Palmgren. The material
properties which are commonly used for bridge design today should however be used
in the design of the bridge models used for the fatigue assessment.

* Helmer Palmgren, supervisor, Sweco Infrastructure, meeting 2010-03-11
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Figure 3.2 Change of the moment distribution due the effect of the haunch at the
right side of the slab according to linear elastic analysis.

The sectional forces were determined according to linear elastic analysis using the
calculation program StripStep2 aimed for structural analysis. The geometrical and
material properties and design load characteristics were inserted as input data into the
program. The use of StripStep2 is further described in Section 3.2. The sectional
forces are needed to determine the amount of longitudinal, transversal and shear
reinforcement.

The bridge design used in the project should be done according to Eurocode and the
aim of this was to calculate the amount of reinforcement needed in the considered
sections. The design calculations of the bridge were verified in order to be able to use
the results in the continued work. The verification was made by comparing the
calculated moments and reaction forces from StripStep2 with simple hand
calculations presented in Table 3.1. The load applied on the bridge while performing
the hand calculations was solely the self-weight; this in order to perform simple hand
calculation and to verify the design calculations. Loads applied on the bridge used in
design calculations are the self-weight of the structure, including the permanent
installations, and the traffic load for ULS design (LM71). Calculations used in
reinforcement design with the geometrical properties and load characteristics can be
seen in Appendix G.

When performing hand calculations it is complicated to take a haunch into
consideration. The calculations were therefore based on a beam with constant stiffness
and the results will consequently differ in a certain manner from the results achieved
by StripStep2. The support moment in the hand calculations is somewhat smaller than
the corresponding moment achieved in StripStep2. Correspondingly the field moment
is higher. The difference is related to the assumptions regarding the stiffness
distribution, as shown in Figure 3.1, a stiffer region at the fixed end due to the haunch.
As the calculations shows, higher stiffness attracts more moment. In the same way the
support reaction forces differ since the load divider is moved slightly towards the
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simply supported end. The sum of the reaction forces is however the same regardless
of the support conditions.

Table 3.1 Results from the verification of the structural analysis, Degerfors
Bridge, 7 meter span.

Verification of structural analysis
Hand Calculation StripStep?2
Moment [kNm]
Field section 400 314
Support section 910 984
_ Reaction Force [kN]
Right support 577 582
Left support 276 270
2’ Reaction forces 852 852

3.2 Structural analysis with StripStep2

StripStep2 is a program used when performing linear elastic structural analysis of
plane beam, frame and truss structures. In this project the program was used to obtain
sectional forces, which were caused by permanent and traffic loads. It also determines
influence lines, which were used to perform the fatigue calculations.

3.2.1 Sectional forces

Sectional forces were calculated in StripStep2 for the permanent load and load
combinations in the Serviceability Limit State (SLS) and the Ultimate Limit State
(ULS). The load combinations are further explained in Chapter 4. When performing
calculations in the ULS both the permanent and traffic loads are taken into account in
a design load combination. The traffic load is modelled as a moving load which is
placed in different positions on the carriageway. These results in a force envelope
with the maximum and minimum value of the sectional force in the considered
structural part, see Figure 3.3. This force envelope was used to calculate the
reinforcement required in the maximum moment sections.
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Figure 3.3 Sectional moment envelopes for ULS design load combination used in
the sectional design calculations.

3.2.2 Influence lines

Influence lines can be obtained for bending moments, shear forces, normal forces and
reaction forces. In this project the influence lines for bending moments are treated.
Influence lines calculated depend on the length of the beam, boundary conditions and
stiffness distribution along the beam. In order to continue with the fatigue assessment,
an influence line was established by moving a concentrated force in steps across the
considered carriageway. The influence line consists of a length coordinate dependent
value, called k-value. When it is multiplied with the applied load it gives the force in
the considered section. In Figure 3.4 an example of influence lines obtained for a
bridge used in this thesis is presented.

10 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Influence lines, Moment

—e— Field
section
(A=2.4m)

—a— Support
section
(A=Tm)

0 1 2 3 4 5 6 7

Beam coordinate [m]

Figure 3.4 Influence lines for maximum moment sections for a continuous bridge
model, span 7 meters.

To be able to describe this method when establishing influence lines, a simple
example will be used. A simply supported single span beam is considered and the
beam has a constant stiffness along the entire length. In order to obtain the moment
influence line for section A4, see Figure 3.5, a concentrated force P is moved from one
end to the other on the beam. The figure shows how the moment in point 4 varies
when the load is moved along the beam.

A Pl

A J

L J kq\x}

Figure 3.5  Moment influence line for a simply supported beam

When a load is moving along the considered carriageway, the sectional moment can
be calculated by means of the influence line obtained from StripStep2. The value k&
from the influence line is multiplied with the considered load P from a certain
coordinate according to equation (3.1). If there are several loads on the structure a
summation can be performed, with the forces calculated with same methodology as
described before.
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M, =) Pk, 3.1)
n=1

where M, is the sectional moment in the j:th section at the i:th load
position,
P is the n:th load acting on the beam in the current load
configuration,
k is the n:th influence value obtained from the influence

line at the current position of the P, load,

m is the total number of loads acting on the beam at the i:th
load position.

Furthermore for the A-Coefficient Method is the critical length of the influence line
needed. The critical length of the influence line is set to the span of the bridge model
considered according to EN 1993-2: SIS (2006).

3.3 Calculation of sectional forces due to fatigue loading
with the program AFB

AFB, which is an acronym for Assessment of Fatigue for Bridges, is a calculation
program developed by Fall and Petersson (2009). It was developed in order to
simplify their work with fatigue assessment of bridges. With AFB, sectional forces for
both the Cumulative Damage Method and the A-Coefficient Method can be calculated.

For the Cumulative Damage Method the value of the mean sectional force and the
force amplitude is determined for a certain load case in a specific section. Sections of
interest can be maximum moment sections and sections that should be checked for
shear. The entire series of sectional forces is determined for the time period of one
day, by running a number of different train types across the carriageway. An example
of such series of forces is shown in Figure 3.6 and consists of approximately 27 000
load steps. Another example is shown in Figure 3.7 which shows a passage of a single
train and is the same as the first 260 load steps in Figure 3.6. The series are
recalculated within the program into loading cycles and corresponding sectional
forces by the Rainflow Cycle Counting Method as seen in Figure 3.6 and are later
used in the fatigue calculations.
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Figure 3.6  Result from AFB for the Cumulative Damage Method in a specific
section. The sectional moments obtained are from a time period of one
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Figure 3.7  Result from AFB for the Cumulative Damage Method in a specific
section. The sectional moments are obtained for one train passage.

An example of the obtained sectional moment in the field section for the A-Coefficient
Method from AFB is shown in Figure 3.8. For the A-Coefficient Method solely one
load model, LM71, see Section 4.1.1, is applied on the bridge with a single passage.
When observing Figure 3.8 at load step 1 the bridge is unloaded. At load step 9 the
entire bridge is loaded with a uniformly distributed load. The concentrated forces are
evenly distributed in the middle of the bridge and the uniformed distributed loads are
placed in the beginning and end of the bridge at load step 15, how this loading appears
can be seen in Figure 3.8.
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Figure 3.8  Sectional moment in the field section from AFB for the A-Coefficient
Method.

In order to run calculations with AFB some choices needs to be made; e.g. type of
traffic on the bridge, load model as presented in Chapter 4 and effective span. Further,
in order to run this program an influence line is needed. The influence line is used in
AFB and depends on which type of result that is requested. This means that if the
moment in a certain section is wanted, an influence line for this particular section is
required. Further information about the calculations performed by AFB can be found
in Fall and Petersson (2009).

3.4 Sectional stresses

This section treats the method for calculating the sectional stresses that develop due to
the different types of loading on the structure. In order to calculate the stresses in a
section, the forces due to both long term and short term loads need to be
distinguished. In this project is the long term loads set as the permanent loads and the
short term loads as the traffic loads. This is due to the creep effects caused by the
sustained loads and not by short term loads. If the creep would be disregarded, the
forces could simply be super imposed.

However, when combining the different loads an effective creep coefficient can be
calculated according to EN 1992-1-1: SIS (2005). This method is aimed for
determining second order effects in structural members subjected to axial loads. On
the other hand, according to Engstrom (2008), this method of combining the loads is
said to be reasonable also in case of pure bending in general. An investigation of the
method of calculating the effective creep coefficient was performed and is presented
in Appendix F. The purpose was to investigate which influence different approaches
in calculating the effective creep coefficient had on the results. As an example, by
equation (3.2), the effective creep coefficient is calculated for the moments in a
section.

OO,I M erm
g, = 22 (32)
M, +M

perm fatigue
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where ¢@(,t,) is the final creep coefficient for the permanent load,

M is the first order bending moment of the permanent load,

perm

M is the first order bending moment of the fatigue load.

fatigue

When the neutral axis, moment of inertia and finally the stresses in a section is to be

calculated, a modular ratio is needed. The ratio, or further on called the «, , -factor,

determines the distribution of stresses between the concrete and the reinforcing steel.
The «, -factor is calculated with regard to the ¢, -coefficient and the Young’s

€

modulus of the materials:

E S
as,ef = E - (1 + qoef) (33)
where E| is the characteristic modulus of elasticity for steel,
E,, is the mean modulus of elasticity for concrete.

The centroid of the effective transformed concrete section in the cracked state II can
be found with area balance and is calculated according to:

— Acc‘)_ccc + (as,ef - I)A;d' + as,ef Asd
Xirep = * ‘ (3.4)
AII,ef
where A4, is the area of the compressive zone,
X, is the distance from the compressive edge to the centroid
of the compressive zone,
A! is the area of the tensile reinforcement,
A, is the area of the compressive reinforcement,
d' is the distance from the compressed edge to the tensile
reinforcement,
d is the distance from the compressed edge to the
compressive reinforcement,
A, is the area of the effective transformed concrete section

in state 11.

From the obtained sectional centroid and the area of the transformed concrete section,
the moment of inertia can be calculated as:

[Il,ef = [cc + Acc (fll,ef - fcc )2 + (as,ej/" - I)A:v (fll,ef - d')z + as,efAs (d - f[],ef )2
(3.5)
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where [ is the moment of inertia of the compressive zone,

cc

The steel and concrete are interacting fully and Navier’s formula can be used to
calculate the stresses in the effective transformed concrete section. When the stress in
a section is determined, the moment caused by the permanent load and the moments
caused by the fatigue load are combined and the stress is calculated as:

M
O e (2) = z (3.6)
Ly
where M is the bending moment caused by the permanent load
combined with the current traffic load,
z is the sectional coordinate from the centre of gravity.

In order to determine the steel stresses in the considered section, the concrete stress at
the same level is multiplied with the effective modular ratio.

O-sc,ll :as,efo-cc (37)

O-st,ll = as,efo-ct (38)

where o, is the concrete stress at the level of the compressive
reinforcement,

o is the concrete stress at the level of the tensile

ct

reinforcement.

3.4.1 Shrinkage

When considering the long term loading, sustained loading, the creep deformation is
normally associated with shrinkage of the concrete. Reinforced concrete is a
composite material. Before the two materials are cast together the steel and concrete
are acting separately. The concrete is free for deformation without any restraint from
the steel. When the concrete is newly cast the concrete and the steel are both
unloaded. With time the concrete hardens and it will start to shrink. The reinforcement
will become loaded in compression and an internal restraint force, the shrinkage force,
develops which can be determined according to equation (3.9).

FCS = ES gcs (t)As (3.9)

g, (1) is the shrinkage strain, including drying shrinkage and

autogenous shrinkage strain, at time ¢, according to EN 1992-
1-1: SIS (2005)

The steel struggles to return to its original length and the concrete become loaded in
tension. At his stage are the steel and concrete are interacting fully. However, the
contribution from shrinkage forces compared to the permanent load is relatively
small. Furthermore, if the shrinkage force can be assumed to act symmetrically on the
cross section the effect of these additional loading only results in a higher, or lower
depending on which material that is considered, level of stress. The stress amplitudes
from the fatigue loading will not be affected. The higher stress level could cause
additional damage in the fatigue calculations for concrete but consideration of
shrinkage was omitted in this project.
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4 Fatigue load models, load effect and fatigue load
combinations

When a structural engineer deigns a new bridge he or she primarily takes into
consideration the behaviour in Ultimate Limit State (ULS) and Serviceability Limit
State (SLS). As a part of the verification in ULS the bridge should be checked for the
possibility of fatigue failure. In order to do this the loading history that can be
expected during the structure’s lifetime must be simulated. This is done by applying
the different fatigue load models that are available in Eurocode. If the purpose is to
assess the remaining service life of an existing structure the actual load history may be
used if it is known.

In this chapter the different actions used for fatigue verification are described. The
fatigue load models and the traffic mixes used by the two fatigue verification methods
available in Eurocode are presented. Furthermore the permanent loads and other
variable loads, and how they are combined in the different parts of fatigue verification
are described. Also the combination factors used in the load combinations are
presented.

4.1 Train load models for fatigue verification

The train load models are selected in order to represent the effects from the actual
traffic as well as possible. In order to do this the models used for fatigue verification
are in some cases different from the ones used for the structural verification.

4.1.1 Train load model used by the A-Coefficient Method

When fatigue verification is performed according to the A-Coefficient Method,
described in EN 1992-2:2005 SIS (2005), only one load model is used. The model is
LM71, presented in EN 1991-2:2003 SIS (2007), which represents the static effect of
normal rail traffic. The load model is presented in Figure 4.1, and it includes
composed of one segment that should characterize the vertical loading from a
locomotive, which consists of four concentrated axle loads. The remaining part of the
load is represented in the model by a uniformly distributed load. The segments,
denoted by (1) in the figure, are considered to be infinite in their extension.

Q wk=250kN 250kN 250kN 250KN

| Gy =80KN/m l q . =B0KN/m

1

f _r;-an| 1,6m ‘ 1,6m ‘ 1.6m | 0.8m )

- | = T T "”'"

Figure 4.1 Train load model, LM71.

When the model is used by a structural calculation program, e.g. StripStep2, the
calculation should start by applying the distributed traffic load, qvk, over the entire
length of the bridge. Then the locomotive segment, the middle part of Figure 4.1, is
moved across the bridge in order to generate an envelope with the maximum and
minimum values of the sectional forces.

4.1.2 Train load model used by the Cumulative Damage Method

As stated in the previous sections the Cumulative Damage Method is a complex
method to handle and that is partly caused by the numerous train models and traffic
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mixes needed when using this. There are 12 train types described in EN 1991-2:2003
SIS (2007) and these train types are supposed to represent the different configurations
of the actual trains running on regular railway lines. Examples of train types are:
Locomotive-hauled passenger train, Locomotive-hauled freight train, High speed
passenger train and Suburban multiple unit train. Two examples of train type
configurations are shown in Figure 4.2 and Figure 4.3.
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Figure 4.3 Fatigue train type 6 — Locomotive-hauled freight train.

The train types are assembled into three traffic mixes. These mixes correspond to the
expected railway traffic on the considered line. The mixes are: Standard, Heavy, and
Light traffic mix, defined in EN 1991-2:2003 SIS (2007). The traffic mix which was
assumed in this project is the standard traffic mix which is shown in Table 4.1. The
mixes are included as a part of the calculation program AFB.

18 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Table 4.1 Standard traffic mix with axle-loads < 22.5 tons (225kN)

Number of Mass of train Traffic volume

Train type trains/day [tons] [10° tons/year]
1 12 663 2.90
2 12 530 232
3 5 940 1.72
4 5 510 0.93
5 7 2160 5.52
6 12 1431 6.27
7 8 1035 3.02
8 6 1035 2.27
67 24.95

4.2  Other loads acting on the structure

There can be several different loads acting on a bridge at the same time. The most
important and the ones affecting the fatigue verification, except the cyclic traffic load,
are the permanent loads. Other loads such as snow, wind, water, temperature, and
earth pressure should also be considered.

4.2.1 Permanent loads

The permanent loads are more or less constant during the service life of the bridge and
do not affect the magnitude of the stress cycles in the fatigue calculation. However,
the permanent load determines the persistent stress level in the structure, partly due to
their long term effects.

Three permanent loads have been considered in this project. The first and main
permanent load is the dead weight of the structure itself i.e. the reinforced concrete.
The density of the concrete is set to 25 kN/m®. The second load is the ballast that
supports the track. The ballast consists of crushed rock and its thickness is prescribed
to be at least 600 mm and the density is prescribed to 20 kN/m”. The load part is the
weight of the track running along the bridge. The weight of the rail is set to 0.6 kN/m.

Other permanent loads on the bridge are e.g. the weight of the posts and wires for the
electricity, footbridges for inspection and railings. All these extra loads are relatively
small and are therefore neglected in the calculations in the present work.

4.2.2 Other variable loads

There are other variable loads which must be considered in the design of a bridge e.g.
snow and wind. However, in fatigue calculations, the non-cyclic, variable loads are
relatively small and are in some cases not included at all. Also due to the fact that
secondary loads often are markedly reduced in the design load combination with their
combination factors, i , these loads are ignored in the calculations in this project.

4.3 Additional combination factors for train loads

When the different actions on a structure are to be combined into a design load
combination, there are a number of factors by which the actions should be multiplied.
There are separate values for permanent, variable and fatigue loads.
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4.3.1 Partial factors for Ultimate Limit State design and fatigue
loads

The values of the partial factors are stated in BFS 2009:16, Boverket (2009). The

partial factors for the loads take into account the uncertainties in the load models and

the safety class of the structure. According to TK Bro (2009), Safety class 3 should be
used for the verification of railway bridges in the ULS.

Partial factors for ULS, BFS 2009:16 Table A1.2(B)(S):

7s =135 For permanent actions where G represents self-weight, ballast,
soil, removable loads etc.

7o =15  For variable actions where Q represents unfavourable actions

due to rail traffic.
Partial factor for fatigue loads are stated in EN 1992-1-1:2005 - 2.4.2.3 (1):

Y. =10 Where F' represents fatigue actions.

Partial factor for Safety class 3, BFS 2009:16 - A §10-14:

v, =10  Isvalue represents a high risk of serious injuries.

4.3.2 The classification factor

On tracks with traffic lighter or heavier than the standard case the load model needs to
be modified with a classification factor denoted . When the load is multiplied with a
classification factor it is called “a classified vertical load”. In Sweden the value of the
a-factor is taken as 1.33 for all lines except for tracks with heavy freight traffic BFS
2009:16, Boverket (2009).

According to TK Bro (2009) some small adjustments should be made compared to the
traffic mix used when the o -factor is taken as 1.33.

4.3.3 Dynamic amplification factor for railway loads

The load used for fatigue verification should be amplified with a dynamic factor ®.
This is done in order to catch the vertical dynamic effects in a bridge structure created
by a running train. The factor @ is intended to be used for static load models such as
LM71 and can be calculated in two different ways according to Eurocode. The choice
is governed by the level of maintenance of the track, which can be either normally
maintained or carefully maintained. According to BFS 6.4.5.2(3)P the track should be
considered as carefully maintained and therefore the factor is taken as ®, according to
equation (4.1) . The dynamic factor is used both for verification in the ULS and by the
fatigue assessment methods.

L0<®, L g2<167 4.1)

1/ -0,2
where L, is the “determinant” length (length associated with dynamic
factor @) according to table 6.2 of EN 1991-2:2003

However, it is stated in EN 1991-2:2005 Annex D that this will give an excessive
unrealistic amplification of the loads used when fatigue verification by the
Cumulative Damage Method. The method uses real train models and Eurocode
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therefore suggests that a reduced dynamic factor should be used. This is done in order
to consider the average effects on the structure over the entire service life. The
reduction is calculated according to equation (4.2) and should be multiplied with the
ordinary dynamic factor. In this project the reduced dynamic factor is considered in
the program AFB when calculating the sectional forces. The program AFB is
described in Section 3.3.

1+ % (p'+ % @") (4.2)
K
with . L —
¢ 1-K+K*
- for L<20m
160
v for L >20m
47.161°4%

LZ

and Q= 0.56¢10
where v is the speed limit of the train.

L 1s the “determinant” length L, .

4.4 Combination of actions for fatigue verification

In Eurocode it is stated which load combinations to use while assessing a structure
with regard to fatigue. It says that in order to calculate the stress ranges, the actions
should be divided into non-cycling and fatigue-inducing cyclic actions. When this is
done the basic fatigue load combination is expressed according to equation (4.3). This
combination is more or less the frequent combination, normally used for verification
in SLS, to which the cyclic actions are added. From here on is combination called the
frequent combination.

This combination is used for all fatigue verifications with the Cumulative Damage
Method and for road traffic with the A-Coefficient Method. However, for railway
traffic, with the A-Coefficient Method, there are different combinations to use. For
verification of the compressed concrete the characteristic combination, equation (4.4),
should be used with the traffic load LM71. For verification of the reinforcement only
load model LM71 together with the dynamic factor is used. In this case however, the
a -factor should be excluded.

Frequent load combination: EN 1992-1-1:2005 — 6.8.3 (6.69)

(ZGM +P+y,,0,, +Zl//2,iQk,ij+Qﬁzt 4.3)
j21 i>1
Characteristic load combination: EN 1990:2002 — 6.5.3 (6.14b)
(Z Gk,i + P+ Qk,l + Z‘//o,iQk,i ] + Qfat 4.4)
j21 i>1

where G, | is the characteristic value for the permanent load j,
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Qk,l
Oy,

Vi

Vi

o

is the relevant value of the prestressing force,

is the characteristic value the prestressing force,
is the characteristic value for the variable main load 1,
is the characteristic value for the variable load j,
is the combination factor for the variable load 7,

is the factor for the frequent value for the main variable
load 1,

is the factor for the quasi-permanent value of the secondary

variable loads i,

is the relevant fatigue load.

When the 1-Coefficient Method is used to verify the compressed concrete it includes
two different cases of the Characteristic combination. The first case only takes the
permanent loads into account in order to find the persistent stress level. The second
case includes both the permanent load and LM71 which will give a lower and an
upper value of the stresses when the variable load is moved along the bridge.
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5 Fatigue verification calculations according to
Eurocode

In this chapter is the method of verifying a concrete bridge loaded with train traffic for
fatigue is presented. The calculation procedures for both reinforcing steel and
compressed concrete are presented according to the methods available in Eurocode,
the Cumulative Damage Method and the A-Coefficient Method.

5.1 Methodology of the Cumulative Damage Method

The Cumulative Damage Method is a complex method which rigorously considers the
load history of a bridge. This method can be used for reinforced concrete structures
subjected to compression, bending and/or shear. It includes models for calculating the
damage on compressed concrete, tensile and compressive reinforcement as well as on
prestressing steel. For verification in the design phase the fatigue load models
presented in Chapter 4 are to be used. The loads are applied on the bridge giving
stresses calculated in the appropriate critical sections and from which the cumulative
damage can be calculated.

5.1.1 Damage calculation procedure for compressed concrete

The Cumulative Damage Method, which is presented in EN1992-2: SIS (2005), uses
the Palmgren-Miner’s rule to calculate the damage on the structure. The rule, which is
a damage summation, should fulfil the requirement defined as:

"on
D=Y—+<1 (5.1
where n, is the actual number of constant amplitude cycles in

interval “i”,
N, is the ultimate number of constant amplitude cycles in
interval “i” that can be carried before failure.
n, is calculated in AFB, see Chapter 3.3. The ultimate
number of constant amplitude cycles is determined as:
]4A17Eud,n "
N, =10 V% (5.2)
where E_, .. 1s the maximum compressive stress level as defined in
equation (5.5),
R, is the stress ratio as defined as:
Ecd min,i
R, =—— (5.3)
Ecd,max,i
where E_, ... 1s the minimum compressive stress level as defined in

equation (5.4).

O-rd, ini
Ecd,min,i = e (54)
fcd,fat
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(o)

E g s = (5.5)
S fad,fm
where o, ... 1s the lower stress in a cycle, calculated according to
section 3.4,
O.mx; 18 the upper stress in a cycle, calculated according to
section 3.4,
Soea i is the design fatigue compressive strength of concrete
according to equation (5.6).
Seau =k Bee(ty) foa '(1_ o j (5.6)
: 250
where &, is a coefficient depending on reference number of cycles

until failure for the damage equivalent stress spectrum
with a recommended value of 1.0, which is accepted for
use in Sweden by BFS 2009:16. The coefficient is set to
1.0 in this project,

B..(t,) 1s a coefficient for concrete compressive strength at first
load application as defined in equation (5.7),

Sou is the design compressive concrete strength in [MPa],
S is the characteristic compressive concrete strength in
[MPa].

The coefficient for concrete strength at first load application is taken according to
3.1.2 (6) of EN 1992-1-1:2005:

B = [lﬂ (5.7)

. =e
where s is a coefficient which depends on the type of cement,
ty is the time of the start of the cyclic loading on concrete in
days.

The time of the first cyclic load application is set to 28 days in this project. This is the
usual time of demoulding and therefore the first time of load application. The cyclic
load may not be applied at the same time but it is a fair assumption, also because of
stricter schedules on construction sites which enforces earlier load application. The
choice of cement type are CEM 32.5 R or CEM 42.5 N. Cement 42.5 N is preferred in
more gross constructions with requirement on cautious heat development, possibility
for alkali silicon acid reactions and with requirement on higher sulphate resistance.

5.1.2 Damage calculation procedure for reinforcement in tension
and compression

For the Cumulative Damage Method, the method of calculating the damage on the
reinforcement is presented in EN 1992-1-1: SIS (2005). As for concrete, the
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Palmgren-Miner’s rule is used to calculate the total damage on the reinforcement bars
as defined as:

_y Ao

WVt (5.8)

where n(Ao;) 1isthe applied number of cycles for a stress range Ao,
N(Ao,) is the ultimate number of cycles for a stress range Ao, .

When determining the ultimate number of cycles, equations (5.9) and (5.10), a
condition is checked in order to decide which slope in the S-N relation, Figure 5.1 that
should be used for the current stress range.

log Agua
A

e k;

_logN

Figure 5.1  Shape of the characteristic fatigue strength curve (S-N relation) for
reinforcing and prestressing steel.

AO'R% .

. a . A

N(AG,) = N*| — L7580y Ao, > 20k (5.9)
7F,fazA0i ‘ 7/S.fat
AO‘R% “

. . A

N(AG) = N*| — L7881 ip oy Ag, < 20k (5.10)
?/F._fon'i ‘ Vs far

where N” is a reference value of number of cycles until failure,

depending on which type of reinforcement that is
verified, table 6.3N of EN 1992-1-1: 2005,

Vs fu is the partial factor taking the material uncertainties into
account, 2.4.2.4 (1) of EN 1992-1-1: 2005,
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Y o is the partial factor taking the fatigue load model

uncertainties into account, defined in section 4.3,

k, is the exponent defining the first slope of the S-N
relation, table 6.3N of EN 1992-1-1: 2005,

k, is the exponent defining the second slope of the S-N
relation, table 6.3N of EN 1992-1-1: 2005,

Ao, is the resisting stress range at N* cycles, depending on

which type of reinforcement that is verified, table 6.3N of
EN 1992-1-1: 2005

5.2 Methodology of the A-Coefficient Method

The A-Coefficient Method, presented in Annex NN of EN 1992-2:2005, is a simplified
method compared to the Cumulative Damage Method. In order verify a bridge
structure the A-Coefficient Method uses a single stress range amplified with a number
of A-coefficients. The assessment method is applicable to reinforcement and
prestressing steel for road- and railway bridges. For concrete subjected to
compression the method is only valid for railway bridges.

As mentioned, the single stress range, which is obtained by a passage of a single train
model, is amplified with a number of A-coefficients. The values of these A-coefficients
are governed by different parameters such as span, annual traffic volume, design
service life, critical length of influence line, and effects of loading if there is more
than one track. For the assessment of railway bridges the dynamic factor is also a
parameter to consider. The dynamic factor increases the load effects from the static
load model LM71, see also Chapter 4.3.

The A-factor, which takes into account the structural element type, e.g. continuous
beam, and the damaging effect of traffic, should according to TK Bro, be modified.
The factors A and 4, should be multiplied with a factor a, according to D.2.1 (g) of
TK Bro, when using a heavy traffic mix. The a-factor is a load classification factor
and the general value is specified in Chapter 4.3. The value of the modified a-factor
used in the A-Coefficient Method is shown in Figure 5.2.
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Figure 5.2 The a-factor which varies linearly from 1.33 to 1.00 for spans between
0 and 10 meters. If the span is larger than 10 meters the factor is equal
to one.

A certain A-factor should be applied if the structure is loaded by more than one track.
Since the bridge models used in the present work are single track bridges the 4.4 and
As.4-factors should be set to 1. This was primarily adopted in order to avoid complex
load combinations.

5.2.1 Fatigue verification procedure for compressed concrete

To verify a bridge structure for fatigue in compressed concrete with the 1-Coefficient
Method, the requirement, expressed by equation (5.11), according to EN 1992-2: SIS
(2005), needs to be fulfilled.

1- Ecu’ max,equ
14 —————>6 (5.11)
JI— Rop
where £, .. ... 18 the damage equivalent stress spectrum upper stress

level as defined in equation (5.15),

R is the damage equivalent stress spectrum ratio as defined

equ

in equation (5.13).

In Eurocode there is no method described of how to calculate damage for the A-
Coefficient Method in the similar manner as for the Cumulative Damage Method.
Therefore it was in the present work necessary to rewrite equation (5.12) in order to
deliver the result as a number instead of a requirement. This number, D, . is however
not comparable with the damage achieved in the Cumulative Damage Method but can
bee seen as a degree of utilization of the concrete when assessed for fatigue by the A-
Coefficient Method. In both cases though, a value exceeding 1 means that is
requirement on fatigue resistance is not met.

_ log(N)  r—m—
Dﬂ,,c - Ecd,max,equ + 14 V1= Requ <1 (512)
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where

R =

equ

where

Ecd,min,equ = ]/sd '

where

N

cd ,max,equ

E

E cd ,min,equ

cd ,min,equ

is the reference number of cycles until failure for the
damage equivalent stress spectrum.

(5.13)

is the damage equivalent stress spectrum lower stress

level as defined in equation (5.14).

cd ,min,equ (514)
fcd,fat
ch ,max,equ
Ecd,max,equ = ysd ’ f (515)
cd, fat
O camineq 18 the lower stress in the damage equivalent stress
spectrum, as defined in equation (5.17),
O amxeq. 18 the upper stress in the damage equivalent stress
spectrum, as defined in equation (5.18),
Ve is a partial factor for model uncertainty for action/action

effort.

The lower and upper stresses of the damage equivalent stress spectrum take into
account stresses induced by permanent and traffic loads.

o

O-cd ,max,equ

where

cd ,min,equ

=0

o

o

o

c,perm

= O-c,perm

c,perm

c¢,min,71

cd ,max,i

~A.(c (5.16)

¢, perm - Gc,min,7l)

+ 4, (o o (5.17)

c¢,max,71 - ¢, perm )

is the compressive stress caused by the characteristic
combination of actions without LM71, calculated
according to section 3.4,

is the minimum compressive stress under the

characteristic combination of actions including LM71
and latter amplified with the dynamic factor, calculated
according to section 4.3,

is the maximum compressive stress under the

characteristic combination of actions including LM71
and latter amplified with the dynamic factor, calculated
according to section 4.3,

is the correction factor to calculate the upper and lower

stresses of the damage equivalent stress spectrum, as
defined in equation (5.18).

The correction factor takes into account permanent stress, span, annual traffic volume,
design service life and multiple tracks; see also equation (5.18) according to EN 1992-

2: SIS (2005).
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Ae=RAeo Aoy Aens Aea (5.18)
where 4, is a factor which takes into account the permanent stress,

A is a factor accounting for element type and takes into

c,1
account the damaging effect of traffic depending on the
critical length of the influence line or area,

A is a factor that takes account of the traffic volume and the

design service life of the bridge,

» is a factor to be applied when the structural element is

loaded by more than one track.

5.2.2 Fatigue verification procedure for reinforcement in tension
and compression

To verify the reinforcement in a railway bridge for fatigue with the A-Coefficient
Method the requirement expressed by equation (5.19) needs to be fulfilled according
to EN 1992-1-1: SIS (2005).

AO-Rsk (N* )

j/F,fatAo-s,equ (N*) < (5.19)

Vs, fur

where Ao, (N")is the damage equivalent stress range considering the

s,equ

number of loading cycles N* as defined in equation
(5.9),

Ao, (N7) is the resisting stress range at N° cycles. This value

depends on which type of reinforcement that is used, i.e.
bent or straight bars.

As for concrete there is no method presented in the code to achieve a value of the
damage inflicted on the structure. Hence, instead of simply checking the requirement
equation (5.20) was rewritten in the present work to equation (5.21) in order to
achieve a number, D,, which can bee seen as a degree of utilization of the
reinforcement when assessed for fatigue by the 1-Coefficient Method. This number is
not comparable to the damage deliver in the Cumulative Damage Method. In both
cases though, a value exceeding 1 means that the requirement on fatigue resistance is
not met.

Ao N*
_ yF,fat S,equg ) Sl (520)
Ao (N7)

A,

Vst

The damage equivalent stress range for reinforcing and prestressing steel, according
to Annex NN.3 of EN 1992-2: 2005:

Ao, ., =1 -O-Ac (5.21)
s 5,71

s,equ

where A, is a correction factor to calculate the damage equivalent
stress range, as defined in equation (5.22),
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/’i's = /15,1 .ﬂ’s,Z : /’i’s,S :

where

Ao-s,ﬂ

ﬂ’s,l

is the dynamic factor, as defined in Section 4.3,

is the steel stress range due to load model 71, calculated

according to Section 3.4.

Aga (5.22)
is a factor that takes into account the critical length of the
influence line and traffic,

is a factor that depends on the annual traffic volume,

is a factor that takes into account the design service life
of the bridge,

is a factor that considers loading from more than one

track.
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6 Parametric study of models of reinforced
concrete bridges subjected to bending due to
railway traffic

To be able to compare the fatigue assessment methods of railway concrete bridges
available in Eurocode, two hypothetic bridge models were developed. The purpose
was to perform parametric studies of these models and evaluate the results. The cases
studied were two simplified concrete bridges and their design was based on the design
of an existing bridge. The existing bridge, Degerfors Bridge, was adjusted to simplify
the analysis as explained in Chapter 3.

The first case studied, Figure 6.1, simulated a continuous two-span bridge which was
simplified into a single span slab. The two supports of the slab were modelled as
simply supported at one end and fully fixed at the other end to simulate the
intermediate support. The second bridge model, Figure 6.2, was a simply supported
single span slab and was developed in order to analyse shorter spans with realistic
responses; this since continuous bridges are seldom shorter than 10 meters.

The study was performed by adjusting the geometry of the bridge with the varying
span. The adjustment was done by keeping certain ratios between the span and a
number of geometrical properties constant. The results for the different sections and
models are presented in tables and figures describing the damage, or the value of a
design criterion, for the fatigue assessment methods. A section with analysis follows
each study.

In the first study the continuous bridge model was used and the results for both field
and support sections are presented in Section 6.2. It also includes some deepened
inquiries in order to achieve a better understanding of the results. The second study
was performed in the same manner but using the simply supported bridge model
instead. The study and the results are presented in Section 6.3. The third study was a
comparison of the results from the two previous studies; this was done in order to see
if any similarities between the models and sections could bee detected, Section 6.4.
The last study was an analysis of the sensitivity within the methods and a comparison
of the different design criteria that might be governing in the design of a bridge. The
study is seen in Section 6.5.

6.1 Variation of span and cross-section

After discussion with Helsing’ it was decided to vary the span between 2 and 15
meters. The span range was chosen to represent the most common bridges built in
Sweden. After discussing with Palmgren®, the bridges were decided to have constant
relations regarding the cross-sectional height, equation (6.1) and equation (6.2), and
length of the haunched section, equation (6.3) when the span varied. The cross-
sectional ratios tht was used were adapted from the reference bridge, the Degerfors
Bridge, see Table 6.1.

> Elisabeth Helsing, Trafikverket, mail contact 2010-05-19
% Helmer Palmgren, SWECO Infrastructure, mail contact 2010-05-19
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Table 6.1 Summary of the geometrical properties of the reference bridge, the

Degerfors Bridge.
L hy h, X X2

[m] [m] [m] [m] [m]

7.00 0.54 0.83 4.50 2.50
£=w=12.96 (6.1)
hl
L .

—=——=8.43 6.2
A (6.2)
£=7'—00=1.56 (6.3)
x, 450
where L is the span of the Degerfors Bridge [m],

h, is the height of the beam at the simply supported end of

the Degerfors Bridge [m],

h is the height of the beam at the intermediate support of
the Degerfors Bridge [m],

X, is the length coordinate to the first section of the haunch
from the left end [m],

X, is the length coordinate to the section of the haunch from
the left end [m].

by

/

T
=
-

9 E

Figure 6.1  Geometrical parameters used to simulate continuous bridges.

The geometrical parameters shown in Figure 6.1 were used to simulate continuous
bridges where the span varied between 4 and 15 meters. For simply supported bridges
the geometrical parameters in Figure 6.2 were used and the span varied between 2 and
10 meters. According to Swedish praxis for railway bridges, a bridge slab should not
have a cross-sectional height less than 200 millimetres. If the value calculated
according to equation (6.1) was below 200 millimetres the cross-sectional height was
set equal to the limitation instead.
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Figure 6.2  Geometrical parameters used to simulate simply supported bridges.

6.2 Parametric study regarding the span with a model of
a continuous bridge

The variation of the cross-sectional properties and bending moments for the model of
a continuous bridge is presented in Table 6.2. The index s and f'denotes which section
that is considered i.e. support or field section.

Table 6.2 Geometrical properties and bending moments in maximum moment
sections for the various cases of the parametric study. The bending
moments were determined by StripStep?.

Sectional Moment due to
height Length of segment Moment ULS permanent load

L [m] hl [m] hr [m] X1 [m] X2 [m] MEd.S MEd.f MPerm.s MPerm.f

40 | 031 | 047 | 257 | 143 | (01625 | 534 | (9247 | 80

5.0 0.39 | 0.59 3.21 1.79 | ()2 469 819 (-)423 137

6.25 | 048 | 0.74 4.02 223 | (-)3833 | 1256 | (-)739 237

75 | 058 | 0.89 | 4.82 | 268 | (5451 | 1802 |(-)1171| 375

10.0 | 0.77 1.19 6.43 3.57 | (-)9426 | 3183 |[(-)2470| 787

11.5 | 0.89 1.36 7.39 411 |(-)12356| 4207 |(-)3572| 1137

15.0 1.16 1.78 9.64 536 | (-)21129| 7231 |[(-)7292| 2315

The number of reinforcement bars used in the fatigue assessment is presented in Table
6.3 and Table 6.4. The amount is estimated in the preliminary design and the values
are used with two decimal signs instead of entire bars in order to achieve more
accurate results. The bars used have a diameter of 25 millimetres.
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Table 6.3 The number of reinforcement bars used for the calculations in the field

section
Number of reinforcement bars
L [m] 4.0 5.0 6.25 7.5 10.0 11.5 15.0
In tension 11.25 | 1299 | 1524 | 17.60 | 22.44 | 25.38 | 32.60
In Compression 11.25 | 11.25 | 11.25 | 12.80 | 17.33 | 20.04 | 26.38
Table 6.4 The number of reinforcement bars used for the calculations in the
support section
Number of reinforcement bars
L [m] 4.0 5.0 6.25 7.5 10.0 11.5 15.0
In tension 20.46 | 23.87 | 28.72 | 33.32 | 41.96 | 47.19 | 60.93
In Compression 11.25 | 11.25 | 11.25 | 11.25 | 11.25 | 12.77 | 16.89

6.2.1 Results for the A-Coefficient Method

For the A-Coefficient Method, the maximum and minimum sectional moments caused
by the traffic load LM71, should be used in the fatigue verification. These maximum
moments for different spans are presented in Table 6.5. For the simplified model used
in this study the minimum moments are always zero and are therefore not presented.
With a more refined structural model the minimum value may differ from zero if e.g.
rotation at the intermediate support is possible. The results from the A-Coefficient
Method are presented in as values of the design criterion according to Section 5.2.

Table 6.5 The maximum moments in the critical sections caused by the traffic
load LM71 for the A-Coefficient Method.

L [m] 4.0 5.0 6.25 7.5 100 | 115 | 15.0
M, [kNm] 43320 | 677.30 | 1031.90 | 1467.30 |2 432.40 |3 037.70 | 4 821.90
M [kNm] 165.50 | 228.00 | 347.30 | 525.40 | 849.70 |1 104.00 |1 778.10
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Table 6.6 Value of the design criterion in field and support sections for the -

Coefficient Method
L [m] 4.0 5.0 6.25 7.5 10.0 11.5 15.0
Field Section
Tensile Reinforcement | 1.57 1.26 1.11 1.05 0.80 | 0.75 0.64
Compressed Concrete | 0.88 0.77 0.72 0.70 0.63 0.62 0.60
Support Section
Tensile Reinforcement | 1.25 1.18 1.06 | 098 | 0.81 0.75 0.66
Compressed Concrete | 0.85 0.82 0.78 0.76 0.71 0.70 0.68

The calculated results from the A-Coefficient Method in field and support sections are
also presented in Figure 6.3 and Figure 6.4. Figure 6.3 shows the value of the design
criterion for the tensile reinforcement and how it varies with the span. Figure 6.4
displays the corresponding value for the compressed concrete. When the value of the
design criteria is above 1 the fatigue life of the structure has been exceeded. For

additional results see Appendix A.

Tensile Reinforcement

1,8

—
[e)

—
N
|

)

[u—

Value of design criteria [-].
.

™

0.8 V\\
0,6 T T T T T
4 6 8 10 12 14
Span [m]

—o— Field

—o— Support

e Value of
design
criteria = 1

Figure 6.3  Results from the fatigue assessment according to the A-Coefficient
Method for reinforcement in tension, field and support sections.
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Compressed Concrete
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Figure 6.4  Results from the fatigue assessment according to the A-Coefficient
Method for compressed concrete, field and support sections.

6.2.2 Results for the Cumulative Damage Method

The results for the Cumulative Damage Method in the field and support sections are
presented in Table 6.7. When the values are above 1 the fatigue life of the structure
has been exceeded. As an example, for the tensile reinforcement in the field section,
the damage is just above 1.0 for a span of 7.5 meter. This means that the fatigue life
will be reached with regard to this particular case.

Table 6.7 The value of the damage in field and support section for the Cumulative

Damage Method
L [m] 4.0 50 [ 625 | 7.5 | 10.0 | 11.5 | 15.0
Field Section

Tensile Reinforcement 2431 | 9.64 | 3.51 | 1.36 | 0.24 | 0.09 | 0.02
579 | 2.78 | 3.60 | 1.08 | 1.63 | 9.53

Compressive Concrete 001 | -10* | -10° | -10° | <107 | -10® | -107°

Support Section

Tensile Reinforcement 549 | 2.09 | 057 | 0.19 | 0.09 | 0.05 | 0.01
526 | 473 | 428 | 6.63 | 1.12 | 2.83 | 2.73

Compressive Concrete 10* | -10° | -10° | 107 | -107 | -10% | 107
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Figure 6.5 and Figure 6.6 also presents the results obtained for the Cumulative
Damage Method. The figures visualises how the damages is influenced by varying
span. For additional results see Appendix A.

Tensile Reinforcement
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4 6 8 10 12 14
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Figure 6.5  Result from fatigue assessment calculations according to the
Cumulative Damage Method for reinforcement in tension, field and
support section.
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Figure 6.6  Result from fatigue assessment calculations according to the
Cumulative Damage Method for compressed concrete, field and
support section.

6.2.3 Analysis of the results with regard to the tensile reinforcement

While analysing the results according to the Cumulative Damage Method it can be
found that the damage development depends on which section that is considered, see
Figure 6.7 a). When looking at the field section, it is observed that the damage
progress is slow with decreasing span down to approximately 10 meter where the
damage starts to increase rapidly. The damage at the support section follows the same
pattern although the rapid increase in damage with decreasing span occurs at
approximately 7.5 meter instead.

The explanation to the different behaviour could be the various shape of the influence
lines used in the calculations. The influence line concerning the field section has a
rather sharp peak located exactly at the considered section. This peak gives a large
value of the field moment when a concentrated load is positioned directly above this
point. The influence line for the moment in the support section does not have a similar
peak and is therefore not as dependent on the position of the loads.

When observing the results from the parametric study with regard to the span for the
A-Coefficient Method, it can be seen that there is no significant difference depending
on which section that is considered, see Figure 6.7 b). It can also be seen that for both
the field and support sections, the A-Coefficient Method is more likely to exceed the
allowable limit for shorter spans, approximately less than 8 meters.

To be able to more easily compare the results from the two fatigue assessment
methods, the values of the damage and design criterion combined into one figure,
Figure 6.7 c). The figure present both fatigue assessments method and both
considered sections in order to see how the methods develop in comparison to each
other. Note that the calculated values from the fatigue assessment methods do not
have the same definition, but they can still be compared to a certain extent. It is e.g.
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possible to see when the methods become decisive in design, i.e. when the value i

above one.
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Comparsison of Fatigue Assessment Methods
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Figure 6.7  Comparison of design parameters from both design methods with
regard to the tensile reinforcement in critical sections. a) The damage
for the Cumulative Damage Method, b) The value of the design criteria
for the JA-Coefficient Method, c¢) The results from both fatigue
assessments methods. The figure is focused at the area around the
design criteria (I). Note that the Cumulative Damage Method
corresponds to the left y-axis and the A-Coefficient Method to the right.

In order to achieve a greater understanding of when and why the rapid increase in
damage occurs, a closer study of the results from the Cumulative Damage Method
was initiated. This study is presented in Section 6.2.5.

6.2.4 Analysis of the results with regard to the compressed concrete

When observing the results with regard to the compressed concrete, Figure 6.8, both
the A-Coefficient Method and the Cumulative Damage Method show values of the
damage/design parameters that are well below the allowable limit. Therefore it is not
possible to compare the methods in the same way as for the tensile reinforcement.
Although, according to the Cumulative Damage Method, it seems as the span where
the damage starts to rapidly increase is close to 4 meters. Also for the 1-Coefficient
Method the value of the design criterion is approaching the allowed limit.
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Figure 6.8  Comparison of design parameters from both fatigue design methods
with regard to the compressed concrete in critical sections. a) The
damage for the Cumulative Damage Method, b) The value of the design
criteria for the 1-Coefficient Method.

For the A-Coefficient Method the result from the support section is consistently higher
than for the field section; except for the shortest span. From this it might follow that
the compressed concrete will become decisive in design earlier for the support section
than for the field section. This is in case of a more slender cross-section which gives a
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higher mean level of compressive stress in the concrete. This is in contrast to the
tensile reinforcement where the field section is constantly higher. It can be added that
for this particular case, the tensile reinforcement has become decisive for the design
long before the concrete starts to show high values of fatigue.

6.2.5 Study of the damage development in the tensile reinforcement
for the Cumulative Damage Method

With regard to the obtained results from the study about the influence of the span for
the Cumulative Damage Method, a closer study was performed regarding how the
stress and damage vary with the number of cycles. The analysis was performed on the
tensile reinforcement in the field section using the model for continuous bridges. At
first some general cases was studied, then the analysis was performed on spans where
the value of the design criterion was close to the allowed limit. In order to distinguish
any similarities in stress, number of cycles and damage.

While performing fatigue assessment of a bridge, a series of stress ranges is obtained.
An example of such a series is shown in Figure 6.9 and this series corresponds to the
train passages of one day. In order to get a picture about the differences between the
results for different spans, the values were sorted by size instead of when they appear
in time. This was done for four different spans with the model of continuous bridges
and the series is shown in Figure 6.10. Here it can be seen that the development of the
series are rather similar; especially for 7.5 and 10 meter.

Stresses in Tensile reinforce ment
Field section

140
§ 120
2, 100
0%90 80 bbb
s 60
240
(&)
2 20

0 T T
1 501 1001 1501 2001
Cycle [-]

Figure 6.9  Example of a stress range series achieved for one day as the loads with
the fatigue load models appear in time, span 7.5m.
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Figure 6.10 The stress ranges versus the number of cycles for different spans. The
stress ranges are sorted by size, not when they appear in time.

In Table 6.8, some numbers of the different the series are presented. They are the
mean stress range over the entire series, the total number of cycles per day and the
total damage for the requested service life of 120 years. Despite the fact that the
difference in the number of cycles is rather small, for the two middle cases, there is a
markedly difference in damage.

Table 6.8 The mean stress, total number of cycles and the total inflicted damage
on the structure for different spans.

Mean stress range in Total number Total damage
Span the tensile reinforcement | of cycles per day over 120 years
L [m] Mean Aoy [MPa] n[-] D [-]
4 68.5 3465 24312
7.5 48.7 2361 1.363
10 36.2 2210 0.241
15 26.9 1792 0.027

Therefore, to visualise some of the results in Figure 6.10 in a different way, cases with
spans 7.5 meters and 10 meters were arranged into histograms instead. They shows
the stress range versus the number of cycles together with the development of
damage, see Figure 6.11 and Figure 6.12. The series of stress ranges are divided into
10 equally large intervals, and the number of cycles and the corresponding damage in
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each interval are plotted beside each other. The figures clearly show that most of the
damage develops at the end of the series with a high stress amplitude.

Tensile reinforcement
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Figure 6.11 The number of cycles versus the stress range for span 7.5 meters,
extracted from Figure 6.10 .
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Figure 6.12 The number of cycles versus the stress range for span 10 meters,
extracted from Figure 6.10 .

Figure 6.10 and Table 6.8 shows those bridges with longer spans experience less
number of cycles as well as lower damage than bridges with shorter spans. It can also
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be seen that the total number of cycles do not affect the damage significantly
sincemost of the damage develops during the larger stress amplitudes.

6.3 Parametric study regarding the span with a model of
a simply supported bridge

The study of the simply supported bridge model was performed on shorter spans to
study how shorter concrete bridges respond to railway traffic. The different spans,
cross sectional properties, design bending moments in the Ultimate Limit State (ULS)
and bending moments induced by the permanent loads are presented in Table 6.9. The
calculations were performed in the same manner as with the continuous bridge model.

Table 6.9 Geometrical properties, amount of reinforcement bars and bending
moments extracted from StripStep?2 for the maximum moment section.

Sectional Moment due to | Amount of reinforcement bars
height | Moment ULS | permanent load per meter
L[m]| h[m] Mgar[kNm] | Mpepm s [KNm] Tension Compression
2.0 0.20 308 39 12.81 11.25
2.5 0.20 489 61 22.66 11.25
3.5 0.27 974 131 28.75 11.25
5.0 0.39 1 904 308 33.91 11.25
7.5 0.58 4151 846 44.34 11.25
10.0 0.77 7 164 1775 54.55 11.25

6.3.1 Results for the A-Coefficient Method

In the A-Coefficient Method the maximum and minimum moment caused by the
traffic load LM71 should be used. The maximum moments for different spans are
presented in Table 6.10. Due to the simply supported model the minimum moment is
always zero and is therefore not presented.

Table 6.10  The maximum moment caused by the traffic load LM71 for the A-
Coefficient Method.

L [m] 2.0 2.5 3.5 5.0 7.5 10.0

Myax [kNm] 125.0 137.4 244.8 482.4 1 099.5 1 855.6

The results for the tensile reinforcement and for the compressed concrete are
presented in Table 6.11, Figure 6.13 and Figure 6.14.
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Table 6.11  The value of the design criteria for the A-Coefficient Method, simply

supported bridge model.
A-Coefficient Method
L [m] 2.0 2.5 3.5 5.0 7.5 10.0
Tensile Reinforcement 2.28 1.42 1.24 1.10 0.96 0.80
Compressive Concrete 1.27 1.21 1.09 0.97 0.91 0.85

Tensile Reinforcement

2,5

1,5

Value of design criteria [-].

Span [m]

Figure 6.13 Result for the tensile reinforcement with the A-Coefficient Method,
simply supported bridge model.
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Figure 6.14 Result for the /-Coefficient Method for the compressed concrete, simply
supported bridge model.

6.3.2 Results for the Cumulative Damage Method

The results from the study for the tensile reinforcement and the compressed concrete
are presented in Table 6.12. Figure 6.15 and Figure 6.16 visualises the same results
and they show how the damage change with the varying span. When the value of the
damage is above 1 the fatigue life of the structure has been reached. For additional
results see Appendix B.

Table 6.12  The value of the damage for the Cumulative Damage Method, simply
supported bridge model.

Cumulative Damage Method

L [m] 2.0 2.5 3.5 5.0 7.5 10.0

Tensile Reinforcement | 92.32 18.50 4.34 1.42 0.18 0.05

Compressive Concrete | 698.76 |2.96:10*| 29.83 | 0.06 |3.75-10"]3.50-107
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Figure 6.15 Result from fatigue assessment calculations for the Cumulative Damage
Method for tensile reinforcement, simply supported bridge model.
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Figure 6.16 Result from fatigue assessment calculations for the Cumulative Damage
Method for compressed concrete, simply supported bridge model.

6.3.3 Analysis of the results with regard to the tensile reinforcement

To be able to more easily compare the results from the two fatigue assessment
methods, the results are combined into one figure, Figure 6.17. The figure present
both fatigue assessments method and both considered sections in order to see how the
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methods develop in comparison to each other. Note that the calculated values from the
fatigue assessment methods are not directly comparable. However, it is possible to see
when the methods become decisive in design, i.e. when the value is above one.

While observing the results for the A-Coefficient Method it can be seen that the tensile
reinforcement exceeds the allowed limit at spans shorter than 7 meters. When looking
at the Cumulative Damage Method the allowed limit will be exceeded at spans shorter
than 6 meters.

Therefore it can be said that the methods correspond rather well to each other for this
particular case.

Comparison of Fatigue Assessments Methods
Tensile Reinforcement

4 A 4
3 +3 % | —=— Cumulative
E) Damage
o 5 Method
8 5
g 2 2z
5 3
) % —— A -
© Coeflicient
1 = 1 = Method
V\ >
0 T T T 0
2 4 6 8 10
Span [m]

Figure 6.17 The results with regard to the tensile reinforcement from both the
Cumulative Damage Method and the A-Coefficient Method. Note that
the left y-axis corresponds to the Cumulative Damage Method and the
right to the A-Coefficient Method.

6.3.4 Analysis of the results for the compressed concrete

When observing the response of the compressed concrete, Figure 6.16, it can be seen
that for spans longer than 5 meters the damage established with the Cumulative
Damage Method is found to be close to zero. However, for spans shorter than 5 meter
the damage is well above the allowed limit. It can also bee seen that the damage
drastically decreases for the span of 2 meters. This behaviour can be derived to the
demand of minimum thickness for reinforced concrete slabs, explained in Section 6.1.
The demand is governing for the sectional height for both 2 and 2.5 meters although
the impact on the damage calculations is most obvious for the shorter span. The
adjustment of the height for 2.5 meter is only marginal.
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Figure 6.18 Visualises the results from both methods with regard to the compressed
concrete. Note that the left y-axis corresponds to the Cumulative
Damage Method and the right to the A-Coefficient Method.

6.4 Comparison of the different bridge models

To be able to compare the results from the two bridge models the values where
combined into two figures, one for each assessment method. The figures visualises
results from both field and support sections from the continuous bridge model
together with the simply supported bridge model. Figure 6.20 represents the A-
Coefficient Method and Figure 6.19 the Cumulative Damage Method.

While observing the results for the Cumulative Damage Method it can be seen that the
simply supported bridge model and the support section for the continuous bridge
model approximately have the same behaviour. The allowed limit is exceeded around
a span of 6 meters. It could also be said that the field section has the same behaviour
although the rapid increase in damage occurs for a bit longer spans than for the other
two.
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Figure 6.19 Visualises the results from the Cumulative Damage Method for the
simply supported model, and field and support section for the
continuous model.

For the 1-Coefficient Method, the development is the same for both bridge models
down to a span of approximately 8 meter; then all three considered sections starts to
diverge from each other. The allowed limit is exceeded for a bit longer spans than for
the Cumulative Damage Method, 7 meter for both the simply supported model and the
support section for the continuous model.
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Figure 6.20 Visualises the results from the A-Coefficient Method for the simply
supported model, and field and support section for the continuous
model.

In order to observe some kind of relation between the bridge models, the results for
the Cumulative Damage Method are more thoroughly evaluated. The stress ranges for
the tensile reinforcement are compared with the number of cycles in the same manner
as for the deepened analysis of the continuous bridge model. The stress is calculated
for the spans where the damage was found to be closest to the design limit.

Spans considered for the different models was 5 meters for the simply supported
bridge model, 7.75 meters for the field section and 5.625 meters for the support
section for the continuous bridge model, see Table 6.13 and Figure 6.21. While
analysing the results for the stress range it can be seen that the stress range in the
tensile reinforcement is approximately the same for the considered spans, 50 MPa.
Also the number of cycles is almost the same for the considered sections, around 2200
cycles.
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Figure 6.21 Visualises the stress ranges, which are sorted by size, versus the
number of cycles for the Cumulative Damage Method for the
considered sections.

Table 6.13  The mean stress range in the tensile reinforcement, the total number of
cycles and the total calculated damage for the considered sections.

Mean stress range in the Number Total damage

Span tensile reinforcement of cycles per day over 120 years
L [m] Mean Aoy [MPa] n[-] D [-]
5.0 52.77 2152 1.42
5.625 48.96 2176 1.15
7.75 46.91 2301 1.01

6.5 Study of adjusted continuous bridge models regarding
the fatigue design criteria’s

This study compares the two fatigue assessment methods for the cases when the
design criterion becomes decisive for the bridge design. This means that e.g. the
criteria given in the Cumulative Damage Method, equation 5.8, is equal to 1. In order
to do this the tensile reinforcement in a number of bridges is adjusted until the
required value is obtained. The study is focused on the spans when any of the methods
shows a value which gives failure. In general this implies lengths shorter than 8
meters.
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6.5.1 Results for the A-Coefficient Method

In Figure 6.22 and Figure 6.23 the values of the design criterion for the tensile
reinforcement shown. To be able to compare the results, the values from the rewritten
design criterion according to equation 5.20 is used. In the figures there are three
different values in display. The first column is the same value as was presented in
Section 6.2 and corresponds to the value obtained for the ULS design. The second
column is the value of the design criterion when the amount of reinforcement is
adjusted according to the Cumulative Damage Method, i.e. the value of the damage is
equal to 1. The amount of reinforcement is used in the A-Coefficient Method in order
to obtain the corresponding value of the design criterion. The transparent column
displays the level of the A-Coefficient Method design i.e. the value of the design

criterion is 1.
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Figure 6.22 Comparison of the results for the A-Coefficient Method when different
design criteria’s govern the design of the support section.
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Comparison: Design criteria's - Field section
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Figure 6.23 Comparison of the results for the A-Coefficient Method when different
design criteria’s govern the design of the field section.

6.5.2 Results for the Cumulative Damage Method

In Figure 6.24 and Figure 6.25 the results from the study regarding the Cumulative
Damage Method is shown. The first column is the same as was presented in Section
6.2 and corresponds to the ULS design. The second column describes the value for the
damage for the Cumulative Damage Method when the amount of reinforcement is
adjusted according to the criteria in the A-Coefficient Method. The value of the design
criterion for the A-Coefficient Method is set equal to 1. The amount of reinforcement
is then used in the Cumulative Damage Method in order to obtain a value of damage
The transparent column displays the level of the Cumulative Damage Method design
i.e. the value of the damage is 1.
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Figure 6.24 Comparison of the results for the Cumulative Damage Method when
different design criteria’s govern the design of the support section.
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Comparison: Design criteria's - Field section
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Figure 6.25 Comparison of the results for the Cumulative Damage Method when
different design criteria’s govern the design of the field section.

The amount of tensile reinforcement obtained for the different cases is showed in
Figure 6.26 and Figure 6.27. All values are presented in Appendix E.
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Figure 6.26 Amount of reinforcement for the different cases in the support section.
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Figure 6.27 Amount of reinforcement for the different cases in the field section.

6.5.3 Study of the sensitivity of the fatigue calculations

In this study the sensitivity of the fatigue calculations for the Cumulative Damage
Method regarding the reinforcement amount was further investigated. The purpose
was to follow the development of the damage in order to see what impact a relatively
small adjustment of the reinforcement amount might have. The cases chosen for this
study was the span’s that had the value closest to 1 for the ULS-design in the
considered sections. The reinforcement amount was adjusted up or down ten
percentages from the amount achieved in the ULS-design. The result is presented in
Figure 6.28.

Table 6.14

reinforcement amount in ULS-design.

The result of the damage from the sensitivity analysis, with the adjusted

- Damage [-] Amount of reinforcement bars
L[m] | ULS-10% | ULSDesign | ULS +10% | ULS-10% | ULS Design | ULS +10 %
5 3.49 1.42 0.63 30.52 33.91 37.30
7.75 2.53 1.01 0.44 16.29 18.10 19.91
5.625 2.87 1.15 0.51 23.57 26.19 28.81
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Sensitivity analysis: Damage/Reinforce ment amount
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Figure 6.28 Sensitivity analysis of the Damage development due to the
reinforcement amount. The amount is adjusted up or down ten
percentages from the amount in ULS-design.

6.5.4 Analysis of the study regarding the Design criteria’s with the
adjusted continuous bridge model

In this study the amount of tensile reinforcement where adjusted in order to achieve
values that is comparable when considering the two assessment methods. Another
purpose was to monitor the behaviour of the development of the results in relation to
the amount of reinforcement for certain spans. The results are displayed in a number
of figures which shows the different calculated values or damages.

First, in the comparison of the damages obtained for the Cumulative Damage Method,
Figure 6.24 and Figure 6.25, it can be noted that the damage rapidly increases for the
ULS-design with decreasing span. This is valid for both support and field sections
although the increase rate is significantly higher in the field section.

Further, it seems that the Cumulative Damage Method gives a safer value compared
to the 1-Coefficient Method consistently in the results for the support section. This is
however not the case in the field section where the design criterion varies between the
two methods with the changing span i.e. the methods correspond rather well to
eachother.

It could also be noted that the ULS-design seldom are the governing criteria for
shorter spans, especially in the field section. By this it means that the damage
calculated for the ULS-design is well above the allowed limit so that the fatigue
criteria’s rules the design instead.

In the sensitivity analysis, the tensile reinforcement amount is adjusted up, or down,
ten percentages in order to see how sensitive the damage development are for the
Cumulative Damage Method. Figure 6.28 shows that the adjustment causes a
difference in damage of close to 2.0.

The conclusion is that the method is very sensitive in the area around the design
criteria. The damage can be seen as rather low for a certain case, although a small
decrease in the reinforcement amount could alter the conditions markedly.
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7 Concluding remarks

The purpose of this project was to investigate and compare the two fatigue assessment
methods for reinforced concrete bridges available in Eurocode; the Cumulative
Damage Method and the A-Coefficient Method. This has been achieved by parametric
studies of models of simply supported and continuous railway bridges subjected to
fatigue loading. The results from the two methods have been analysed, both by
identifying the differences in outcome of the methods and by studying how the result
is influenced by different key parameters within each of the methods.

From the analysis in Chapter 6, the following conclusions regarding the comparison
of the fatigue assessment methods can be made:

e The results from the fatigue assessment with the Cumulative Damage Method
have implied to be very sensitive around the area where the allowed limit is
reached. A small adjustment in the sectional properties changes the conditions
markedly.

e The geometry and boundary conditions for the different bridge models and
sections does not give any large impact on the results for the 1-Coefficient
Method. For the Cumulative Damage Method on the other hand the effects are
clearly shown.

e The largest stress ranges in combination with the number of cycles by which
these ranges occur is clearly governing for the total damage obtained for the
Cumulative Damage Method. This is independent on which section or model
that is considered.

e For the Cumulative Damage Method: The total amount of cycles is not the
leading parameter in predicting the damage. It is the amount of high amplitude
cycles.

e The results for the A-Coefficient Method shows a more linear behaviour and
will not be affected as much by the variation in span or by changing the
amount of tensile reinforcement.

e [t can also be seen that the results for the A-Coefficient Method for both
sections and for the field section for the Cumulative Damage Method will
exceed the allowed limit around the same span for the tensile reinforcement.

e In cases studied, when the results are close to the allowed limit, both the
values of the stress ranges and the number of cycles correspond rather well to
each other.

7.1  Suggested future research

While working with this project a large number of suggested topics on further
research have been identified. In the area of reinforced concrete railway bridges
subjected to bending there are some issues that need attention. One issue is the
combination of different sectional forces. The bridges treated in this thesis are
subjected to pure bending and therefore the concrete stress due to the fatigue loading
becomes relatively low. With a prestressing force or with a combination of bending
moment and normal force, e.g. in a leg of a frame bridge, the situation could be quite
different.
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An obvious complementary study would be to investigate similar bridges but
subjected to road traffic.

Further studies using models of actual continuous bridges instead of the simplified
model used in this thesis project could be of interest. This is mainly due to the fact
that the total sectional forces might be lower than the permanent ones causing higher
amplitudes for both the Cumulative Damage Method and the A-Coefficient Method.

A similar study as the previous but focusing on the effect of shear forces is also
proposed. At this stage models for calculating compressive concrete stresses due to
shear exist for both methods. Methods to calculate the stresses in the shear
reinforcement under fatigue loading are however not yet fully developed. Issues that
might be of interest are e.g. the influence of the inclination of the compressive strut,
the reduction of loads close to the supports and how to consider the haunch in the
calculations.
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Appendix A. Results from the study with varying
span for the Continuous Bridge model

Before a fatigue assessment for the continuous bridge model can be performed needs
e.g. geometrical properties and bending moments in maximum moment section be
known, these parameters are presented in Table A.1.

Table A.1 Geometrical properties and bending moments extracted from StripStep2
in maximum moment sections
- Height of cross Length of Moment in the Permanent
section segment ULS moment
L ho hio X; X2 Megas Mzgay | Meiperms | MEdpermy
[m] [m] [m] | [m] | [m] | [kNm] |[kNm]| [kNm] | [kNm]
4 0.31 047 |257] 143 | () 1625 | 534 (-) 247 80
5 0.39 0.59 |321] 1.79 | (-)2469 | 819 (-) 423 137
5.625 | 043 0.67 |3.62] 201 | (-)3107 | 1026 | (-)566 183
6.25 0.48 0.74 |4.02 | 223 | (-)3833 | 1256 | (-)739 237
6.875 | 0.53 0.82 442 246 | (-)4614 | 1517 | (-)939 301
7.50 0.58 0.89 | 482 2.68 | (-)5451 [ 1802 | (-) 1171 375
7.75 0.60 092 | 498 | 277 | (-)5808 | 1921 | (-) 1276 408
8 0.62 095 |514] 286 | (-)6184 [ 2050 | (-) 1395 446
8.75 0.68 1.04 | 563 ] 3.13 | (-)7314 | 2442 | (-) 1745 556
9.375 | 0.72 1.11 6.03 | 335 | (-)8330 | 2802 | (-)2085 666
10 0.77 1.19 | 643 | 3.57 | (-)9426 | 3183 | (-)2470 787
11.50 | 0.89 1.36 | 739 | 4.11 | (-) 12356 | 4207 | (-)3572 | 1137
15 1.16 1.78 |1 9.64 | 536 | (-)21129 7231 | (-)7292 | 2315

The amount of reinforcement bars which are used in fatigue assessment for field and
support section is presented in Table A.2 and Table A.3. The amount of reinforcement
bars are taken from ULS design.
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Table A.2  Amount of reinforcement bars in field section for the continuous bridge

model
Field
L [m] 4 5 6.25 | 7.50 | 7.75 8 8.75 19.375| 10 [11.50| 15
Amount of reinforcement bars
Tension 11.24(12.99|15.24|17.60 | 18.10| 18.61 | 19.90 | 21.25 | 22.44 | 25.38 | 32.60
Compression | 11.25|11.25|11.25|12.80|13.26|13.71|15.07|16.20|17.33|20.04 | 26.37

Table A.3  Amount of reinforcement bars in support section for the continuous
bridge model

Support

L [m] 4 5 5625 | 625 | 6875 | 7.5 10 11.5 15

Amount of reinforcement bars

Tension 20.46 | 23.86 | 26.19 | 28.72 | 30.98 | 33.32 | 41.96 | 47.19 | 60.93

Compression | 11.25 | 11.25 | 11.25 | 11.25 | 11.25 | 11.25 | 11.25 | 12.77 | 16.89

The A - Coefficient Method depends on different parameters e.g. A — factors, traffic
load induced moments. Some of theses parameters are presented in Table A.4. The
maximum and minimum moments induced by traffic load, LM71, are only governing
for the A - Coefficient Method. The minimum moment is not presented, because it is
set to zero for all cases. The total A - factors for steel and concrete, including the
modified a — factor, are presented in Table A.4 for considered sections.

The dynamic factor and the final creep factor are governing for both fatigue
assessments methods, which are varying with chancing span, see Table A.4. Why
there is some value that are marked with an “-“, this mean that this span is not
considered for that specific section.
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Table A.4  Factors which are influenced by the span.
Final | Maximum Moments | Total Lambda | Total Lambda
Dynamic| creep | induced by traffic | factor in Field factor in
factor | factor load, LM71 section Support section
M; My
L [m] P; Per [kNm] | [kNm] | A Ae As Ae
4 1.54 1.50 433.2 165.5 1.09 | 0.93 1.00 | 0.94
5 1.46 1.48 677.3 228.0 1.02 | 0.89 | 093 | 093
5.625 1.42 1.46 826.8 - - - 094 | 0.92
6.25 1.39 1.45 10319 | 3473 | 095 | 0.85 | 0.87 | 091
6.875 1.36 1.45 1247.9 - - - 090 | 0.89
7.50 1.33 1.44 1467.3 | 5254 | 0.88 | 0.81 0.87 | 0.88
7.75 1.33 1.44 - 564.1 0.87 | 0.80 - -
8 1.32 1.43 - 656.7 | 0.86 | 0.80 - -
8.75 1.29 1.43 - 743.7 | 0.82 | 0.77 - -
9.375 1.20 1.42 - 849.7 | 0.80 | 0.75 - -
10 1.26 1.42 3037.7 | 1104.0 | 0.77 | 0.74 | 0.80 | 0.83
11.50 1.23 1.41 3037.7 | 1104.0 | 0.75 | 0.73 | 0.79 | 0.83
15 1.18 1.39 48219 | 1778.1 | 0.71 0.72 | 0.78 | 0.85

The results are considered for the tensile reinforcement and concrete. The results from
the A -Coefficient Method in field section and support section for the Continuous
Bridge Model are presented in Table A.5 and Table A.6, visualised in Figur A.1 to
Figure A.4.
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Table A.5  Results for the 4 -Coefficient Method in field section for the Continuous
Bridge Model

Field

L [m] 4 5 1625750 7.75| 8 |[8.75]9.375| 10 |11.50| 15

A - Coefficient Method

Tension 1.56 | 1.26 | 1.10 | 1.05 | 0.96 | 0.95 | 0.88 | 0.83 | 0.80 | 0.75 | 0.63

Concrete 0.8710.7710.72 1 0.70 | 0.67 | 0.67 | 0.65 | 0.64 | 0.63 | 0.62 | 0.59

Tensile Reinforcement - Field section

30

25
20 |

15 A

10 \
5

Damage [-]

0 T T = - ? — T
4 6 8 10 12 14
Span Length [m]

Figur A.1 Result from fatigue assessments calculation for the A - Coefficient
Method for reinforcement in tension in field section
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Figure A.2  Result from fatigue assessments calculation for the ). - Coefficient
Method for concrete in field section

Table A.6  Results for the A - Coefficient Method in support section for the
Continuous Bridge Model

Support

L [m] 4 5 |5.625| 6.25 [6.875| 7.50 | 10 |11.50| 15

A - Coefficient Method

Tension 1.25 | 1.18 | 1.09 | 1.06 | 1.02 | 0.98 | 0.81 | 0.75 | 0.66

Concrete 0.85 1082 1| 0.79 | 0.78 | 0.77 | 0.76 | 0.71 | 0.70 | 0.68
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Tensile Reinforcement - Support section
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Figure A.3  Result from fatigue assessments calculation for the A - Coefficient
Method for reinforcement in tension in support section

Concrete - Support section

0,9
0,85 1\\
0,8

0,75 A

0,7
\0\0

0,65

Value of Design Criteria [-

0,6 T T T T T
4 6 8 10 12 14

Span Length [m]

Figure A.4  Result from fatigue assessments calculation for the 1 - Coefficient
Method for concrete in support section

The results for the tensile reinforcement and concrete are presented for the
Cumulative Damage Method for field and support section in Table A.7 and Table A.8.
The results are also visualised in Figure A.5 to Figure A.8.
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Table A.7  Presenting the damage in field section for the Cumulative Damage
Method

Field

L [m] 4 5 16.25(7.507.75| 8 |875(9.375] 10 |11.50| 15

Cumulative Damage Method

Tension 24.3119.643.50|1.36|1.010.85/0.54| 0.34 {0.24 | 0.09 | 0.02

579 12.78 13.60 |2.04 | 1.44|5.10 | 2.16 [ 1.07| 1.62 | 9.53
Concrete 0.01 [-10*[-10°|-10°|-10°|-10°|-107| -107 |-107| -10% | -107"°

Tensile Reinforcement - Field section

30

20

15 A

Damage [-]

10

Span Length [m]

Figure A.5  Result from fatigue assessments calculation for the Cumulative Damage
Method for reinforcement in tension in field section
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Concrete - Field section
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Figure A.6  Result from fatigue assessments calculation for the Cumulative Damage
Method for concrete in field section
Table A.8  Presenting the damage in support section for the Cumulative Damage
Method
Support
L [m] 4 5 5.625 | 6.25 | 6.875| 7.50 10 | 11.50 | 15

Cumulative Damage Method

Tension 549 | 2.09 | 1.15 | 0.57 | 0.31 | 0.19 | 0.10 | 0.05 | 0.01
526 | 4.7 147 | 428 | 1.52 | 6.6 1.12 | 2.83 | 2.7
Concrete 10% | -10° | -10° | -10% | c10% | c107 | c107 | -10% | 107
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Tensile Reinforcement - Support section
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Figure A.7  Result from fatigue assessments calculation for the Cumulative Damage
Method for reinforcement in tension in support section
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Figure A.8  Result from fatigue assessments calculation for the Cumulative Damage
Method for concrete in support section
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Appendix B. Results from the study with varying
span for the Simply Supported Bridge
model

Before a fatigue assessment can be performed needs e.g. geometrical properties and
bending moments in maximum moment section be known, these parameters are
presented in Table B.1.

Table B.1 Geometrical properties and bending moments extracted from StripStep?2
in maximum moment section.
Height of Moment due to
cross-section | Moment ULS | permanent load
L H MEd.Perm
[m] [m] Mgq [kNm] [kNm]
2 0.20 308 39
2.5 0.20 489 61
3.5 0.27 974 131
5 0.39 1904 308
7.5 0.58 4151 846
10 0.71 7164 1775

The amount of reinforcement bars which are used in fatigue assessment for the simply
supported bridge model is presented in Table B.2. The amount of reinforcement bars
are taken from ULS design.

Table B.2 The amount of reinforcement bars for the simply supported bridge
model
L [m] 2 2.5 3.5 5 7.5 10
Amount of reinforcement bars
Tension 12.81 22.66 28.75 33.90 4433 54.54
Compression 11.25 11.25 11.25 11.25 11.25 11.20

The A - Coefficient Method depends on different parameters e.g. A — factors, traffic
load induced moments. Some of theses parameters are presented in Table B.3. The
maximum and minimum moments induced by traffic load, LM71, are only governing
for the A - Coefficient Method. The minimum moment is not presented, because it is
set to zero for all cases. The total A - factors for steel and concrete, including the
modified o — factor, are presented in Table B.3 for the simply supported bridge model
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The dynamic factor and the final creep factor are governing for both fatigue
assessments methods, which are varying with chancing span, see Table B.3.

Table B.3  Factors which are influenced by the span for the simply supported

bridge model
Dynamic Final Maximum moment induced
factor creep factor by traffic load LM71 Total /. - factor
L [m] D Per Mipax [kNm] As Je

2 1.67 1.55 125 1.23 0.89
2.5 1.67 1.55 137.4 1.18 0.89
3.5 1.67 1.52 244.8 1.10 0.87
5 1.53 1.48 482.4 1.01 0.85
7.5 1.39 1.44 1099.5 0.89 0.80
10 1.31 1.42 1855.6 0.79 0.74

The results are considered for the tensile reinforcement and concrete. The results from
the A -Coefficient Method for the Simply Supported Bridge Model are presented in
Table B.4 and visualised in Figure B.1 and Figure B.2.

Table B.4 The results from 4 - Coefficient Method for varying spans for the simply
supported bridge model

L [m] 2 2.5 3.5 5 7.5 10

A - Coefficient Method

Tension 2.28 1.42 1.24 1.10 0.96 0.79

Concrete 1.27 1.20 1.08 0.97 0.90 0.85
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Simply Supported Bridge Model - Tensile Reinforcement
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Figure B.1  Result from fatigue assessments calculation for the A-Coefficient
Method for tensile reinforcement for the simply supported bridge model

Simply Supported Bridge Model - Concrete

1,4

\-\

0,6 T T T
2 4 6 8 10
Span Length [m]

Value of Design Criteria[-

0,8

Figure B.2  Result from fatigue assessments calculation for the JA-Coefficient
Method for concrete for the simply supported bridge model

The results for the tensile reinforcement and concrete are presented for the
Cumulative Damage Method for field and support section in Table B.5. The results
are also visualised in Figure B.3 and Figure B.4.

74 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Table B.5

Presenting the damage in considered section for the Cumulative
Damage Method

L [m]

2 2.5 3.5 5 7.5 10

Cumulative Damage Method

Tension 92.32 18.49 4.34 1.42 0.17 0.05
2.95 3.74 3.50
Concrete 698.76 10t | 29.82 | 0.06 10 107
Simply Supported Bridge Model - Tensile Reinforcement
120
100
80
éﬂ 60
<
A
40
20 4
0 T T = T u
4 6 8 10
Span Length [m]
Figure B.3  Result from fatigue assessments calculation for the Cumulative Damage

Method for reinforcement in tension in the simply supported bridge
model

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100

75



76

Simply Supported Bridge Model - Concrete
40000
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8
s 20000
g
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0 — o —e ~—
2 4 6 8 10
Span Length [m]

Figure B.4  Result from fatigue assessments calculation for the Cumulative Damage
Method for concrete for the simply supported bridge model
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Appendix C. Results from the study of the sectional
stresses for the Continuous Bridge

model

Sectional stresses obtained from calculations, used in the Cumulative Damage Method
are presented in Figure C.1 and Figure C.2 for the field and support sections for the
Continuous Bridge model. These figures visualises the entire series of stress ranges
that occurs during one day of loading with the fatigue load models. There is one range
value for each cycle and the series for four different spans are showed.

Stress in Tensile Reinforcement - Field Section

200 —— 4m (3465 cycles

180 + 24.312 damage,
68.5 mean)

160

140 — 7.5 (2361 cycles

r/_,_/_'_‘ 1.363 damage,
A:lr' _J_/-""r/ 48.7 mean)
/-"—"/JJIIH" — 10m (2210 cycles|
f 0.241 damage,

—

Delta Stress [MPa]
o ®» o o
S & 3

Il

’ 36.2 mean)
;:fl 15m (1486 cycles|
40 ,/_/_"‘__’:,.;’,.’:7’" 0.027 damage,
20 7 26,9 mean)

A | |

1 501 1001 1501 2001 2501 3001
Cycle [-]

S

Figure C.1  The stress range in the tensile reinforcement for each cycle during one
day. The values are sorted by size, not as they appear.

Stress in tensile reinforcement - Support section

160

140 - ——4m (2702 cycles,
5.491 damage,
54.6 mean)

120
—— 5m (2180 cycles,
100 + 2.094 damage,
56.4 mean)
80
—6.25 (2137cycles
60 - 0.567 damage,
44.3 mean)
!
!

40 /.r‘ 15m (1431 cycles|
0.012 damage,

7-’7'1’/
20 1 23,8 mean)

0

Delta Stress [MPa]

1 198 395 592 789 986 1183 1380 1577 1774 1971 2168 2365 2562 2759 2956 3153
Cycle [-]

Figure C.2  The stress range in the tensile reinforcement for each cycle during one
day. The values are sorted by size, not as they appear.

To show the influence from the different stress ranges, Figure C.1 and Figure C.2 are
redone to histograms for span 4 meters and 15 meters. Figure C.4 and Figure C.6
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visualises the stress range with regard to the number of cycles together with the
corresponding value of the Damage. It also shows the mean value of all stress ranges.

Stresses in Tensile Reinforcement - Field Section

200 16
180 - 4 14
160 - 1 1o —— 4m (3465
—= 140 - u cycles)
1 |+ 10 =
g 120 1 | = —— Mean Delta
E 100 + — 1 g Stress 68.5
n — MPa
8 80 4 i 46 Damage =
8 60 - 24.312 (120
— -+ 4 years)
40 -
20 | T2
0 T T T T T 0
0 500 1000 1500 2000 2500 3000 3500

Cycle [-]

Figure C.3  The delta stress with regard to the number of cycles in field section for
the continuous bridge model for the tensile reinforcement for the
Cumulative Damage Method.

Stresses in Tensile Reinforcement - Field Section

700 16
600 {  [] N
500 4 T 12 —— 4m (3465
- 110 cycles, mean
T 400 1 68.5 MPa)
3 - +8
(3‘ 300 4 — Damage =
+ 6 24.312 (120
Years)
200 ~
T 4
100 ] —‘ 1o
O T T T T T T T O

0 20 40 60 80 100 120 140 160 180 200
Delta Stress [MPa]

Figure C.4  The number of cycles with regard to the delta stress in field section for
the continuous bridge model for the tensile reinforcement for the
Cumulative Damage Method.
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Stresses in Tensile Reinforcement - Field Section

100 0,016
- 0,014
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= - 0,01 2
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Figure C.5  The delta stress with regard to the number of cycles in field section for
the continuous bridge model for the tensile reinforcement for the
Cumulative Damage Method.

Stresses in Tensile Reinforcement - Field Section
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Figure C.6  The number of cycles with regard to the delta stress in field section for
the continuous bridge model for the tensile reinforcement for the
Cumulative Damage Method.
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Appendix D. Results from the study regarding the
compressive reinforcement for the
Continuous Bridge model

Table D.1 shows the amount of reinforcement bars in tension and in compression for
the continuous bridge model in field section.

Table D.1 ~ Amount of reinforcement bars in field section for the continuous bridge

model
Number of reinforcement bars
L [m] 4 5 [625] 75 |775] 8 |8751(9375| 10 | 11.5] 15
Tension 11.24]12.99|15.24|17.60| 18.10 | 18.61 | 19.90 | 21.25 | 22.44 | 25.38 | 32.59
With
compressive

reinforcement |11.25|11.25|11.25|12.80|13.26|13.71|15.07|16.20 | 17.33 | 20.04 | 26.37

Without
compressive
reinforcement| - - - - - - - - - - ;

Table D.2 and Table D.3 shows the result from the fatigue assessment for the A -
Coefficient Method and Cumulative Damage Method in field section when the
compressive reinforcement is removed. The results are also visualised in Figure D.1
to Figure D.4. To be able to compare the new established result with the old results,
the results with compressive reinforcement is presented in Appendix A.

Table D.2  The result for the A - Coefficient Method for field section without
compressive reinforcement

Field

L [m] 4 5 (62575 775 8 [875(|9375| 10 [11.5] 15

A - Coefficient Method

Tension 1.56 | 1.25 | 1.11 | 1.05 | 0.97 | 0.96 | 0.89 | 0.83 | 0.80 | 0.77 | 0.64

Concrete 0.8810.7810.73 [ 0.72 | 0.69 | 0.69 | 0.67 | 0.66 | 0.65 | 0.64 | 0.62
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Tensile Reinforcement - Field Section
1,8

1,6

Value of Design Criteria [-

—e— With
| —s— Without
0,8
0,6 T T T T T
4 6 8 10 12 14

Span Length [m]

Figure D.1  Diagram for fatigue assessments calculations for reinforcement in
tension according to the A - Coefficient Method in field section, with
and without compressive reinforcement

Concrete - Field Section

£ 09 §
Q
=
@)
gﬁ 0,8
'g —e— With
B 0,7 —s— Without
i:)’ \\\
S
0,6
0,5 T T T T T

Span Length [m]

Figure D.2  Diagram for fatigue assessments calculations for concrete according to
the A - Coefficient Method in field section, with and without
compressive reinforcement
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Table D.3  The damage for the Cumulative Damage Method for field section
without compressive reinforcement
Field
L [m] 4 5 162575 (775 8 |8.75|9375| 10 |11.5] 15

Cumulative Damage Method

Tension 23.5319.53|13.55(1.411.05]0.88]0.57| 0.36 |0.25|0.10 | 0.02
599 [829]11.60(594({3.40(245({9.00|396|1.65|9.40| 3.69
Concrete 107 |-10*-10* | -10°| -10° | -10°|-107 | -107 | -107° | -10°|-10°¢
Tensile Reinforcement - Field Section
30
25
_ 20
gg 5 —e— With
§ —=— Without
)]
10
5,
O T T H T L
4 6 8 10 12 14

Span Length [m]

Figure D.3  Result from fatigue assessments calculation for the Cumulative Damage
Method for reinforcement in tension in field section, with and without
compressive reinforcement
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Concrete - Field Section

0,012

o

0,01 -

__ 0,008 1

0,006 W@
—s— Without

0,004 -

Damage [-

0,002 -

4 6 8 10 12 14
Span Length [m]

Figure D.4  Result from fatigue assessments calculation for the Cumulative Damage
Method for concrete in field section, with and without compressive
reinforcement
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Appendix E. Results from the study regarding the
Design  criteria’s  with  adjusted
Continuous Bridge models

Table E.1 Damage obtained for the Cumulative Damage Method when different
design criteria govern the design.

Support section
L [m] | 4 | s 6.25 75 | 10
Damage - Cumulative Damage Method
ULS Design 5.49 2.09 0.57 0.19 0.09
A=1 0.75 0.47 0.34 0.23 0.59
Cumulative Damage
Method= 1 1.00 1.00 1.00 1.00 1.00

Table E.2 Values obtained for the A-Coefficient Method when different design
criteria govern the design.

Support section
L [m] | 4 | s | 625 | 75 | 10
Value of design criteria - A-Coefficient Method
ULS Design 1.25 1.18 1.06 0.98 0.81
Cumulative Damage
Method= 1 1.03 1.09 1.13 1.18 0.92
A=1 1.00 1.00 1.00 1.00 1.00

Table E.3 The amount of reinforcement obtained when the different design
criteria’s govern the design.

Support section
L [m] 4 ] s | 625 | 715 | 10
Amount of reinforcement

ULS Design 20.46 23.87 28.72 33.32 41.96
Intermediate 22.74 24.94 27.80 30.39 36.86
Cumulative Damage

Method= 1 25.03 26.01 26.89 27.45 31.77
A=1 25.90 28.40 30.45 32.47 33.75
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Table E.4  Damage obtained for the Cumulative Damage Method when different
design criteria govern the design.

Field section
L [m] | 4 | s 6.25 75 | 8
Damage - Cumulative Damage Method
ULS Design 24.31 9.64 3.51 1.36 0.85
A=1 0.77 1.72 1.39 0.84 1.27
Cumulative Damage
Method= 1 1.00 1.00 1.00 1.00 1.00

Table E.5 Values obtained for the A-Coefficient Method when different design
criteria govern the design.

Field section
L [m] | 4 | s | 625 | 15 | 8
Value of design criteria - J-Coefficient Method
ULS Design 1.57 1.26 1.11 1.06 0.96
Cumulative Damage
Method= 1 1.03 0.94 0.97 1.02 0.97
A=1 1.00 1.00 1.00 1.00 1.00

Table E.6  The amount of reinforcement obtained when the different design
criteria’s govern the design.

Field section
L [m] | 4 | s | 625 | 715 | 8
Amount of reinforcement

ULS Design 11.24 12.99 15.24 17.60 18.61
Intermediate 14.37 15.29 16.43 17.92 18.44
Cumulative Damage

Method= 1 17.51 17.60 17.62 18.24 18.27
L=1 18.05 16.53 16.96 18.60 17.78
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Appendix F. Inquiry of the influence of the effective
creep factor in stress calculation

Since fatigue assessment of concrete not only depends on the stress cycles but also on
the stress mean level, a method of combining the long term permanent load and the
short term fatigue load must be derived. This due to that the creep is considered only
for the permanent load and it is done by using an effective creep factor. In this section
an inquiry by which the influence of the method of determining the ¢.prfactor is
performed.

When the neutral axis, moment of inertia and finally the stresses in a section is to be
calculated, a modular ratio is needed. The ratio, or further on called the o.rfactor,
determines the distribution of stresses between the concrete and the reinforcing steel.
The aep-factor is calculated with regard to the @.r-factor and takes into account the
creep properties and the young’s modulus of the materials, see equation (F.I).
Hereafter some alternative cases are presented in order to determine what impact
different approaches have on the fatigue assessment. The bridge used for this inquiry
is a slab bridge with 5Sm span, one side simply supported and one side fully fixed. It is
loaded with fatigue loading according to Eurocode.

E
@y =4 (1+9y) (F.1)

cm

Where E| is the modulus of elasticity for steel,

E is the modulus of elasticity for concrete.

cm

The first approach, called case 1, is the method used for calculating the .r-factor
further on in this thesis. It determines a @crfactor for each extreme value in every
cycle, see Figure F.1, i.e. the maximum value and the minimum value of a fatigue
load cycle are added to the permanent value and the ¢@¢r-factor is determined according
to equation (F.2).

0©,t,) - M
Py = P(:19) perm (F.2)
: M +M

perm fatigue

Where ¢(,¢,) 1is the final creep coefficient, according to EN 1992-1-1:
SIS (2005),

is the first order bending moment of the permanent load,

perm

ige 18 the first order bending moment of the fatigue load.
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O o (1D

Proin (1D

Mean moment of aload cycle

Moment of the permanent load

Figure F.1  Values from each cycle for which the effective creep factor is
calculated, Case 1.

The second case is when a mean value of the @.r-factor is used for each cycle. The
mean value of the fatigue load plus the permanent load gives the @erfactor which is
used for in the calculations for both the maximum and minimum values, see Figure

F.2.
W\/\/\'_ -

IMean moment ofaload cycle

Il

Moment of the permanent load

Figure F.2  Value from each cycle for which the effective creep factor is calculated,
Case 2.

The third case also uses a mean value of the @.rfactor, but here a single value for the
entire series of fatigue loading is determined, see Figure F.3.
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IMean moment of the entire series

Moment of the permanent load

Figure F.3  The mean value of the entire fatigue loading series, for which the
effective creep factor is calculated, Case 3.

The fourth case is taking a mean value between the @.rfactor calculated for the
permanent load only, i.e. the long term value, and the mean value used in case three,
see Figure F.4.

Ivl
F

Mean moment of the entire senes

Moment of the permanent load

Figure F.4  The mean value between the permanent value and the entire fatigue
loading series value, for which the effective creep factor is calculated,
Case 4.

The cases are calculated for both the A-Coefficient Method and Cumulative Damage
Method and the results can be seen in Table F.1 and Table F2. It can be concluded
that the method of determining the ¢.~factor does not have a big influence on the
results obtained by the Cumulative Damage Method and A-Coefficient Method.
Therefore the decision regarding the use of the method in Case 1 can be justified.

88 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Table F.1

Cumulative Damage Method.

Results from the inquiry regarding the effective creep coefficient for the

Cumulative Damage Method

Neutral axis

Case 3

Case 4

x [m] 0.148
Xmin [M1] 0.134 0.136
Xmax [M] 0.159 0.156
Stress Range Tensile Reinforcement [MPa]
ATt max 120.484 119.513 119.512 119.960
ATt min 0.191 0.191 0.191 0.192
Concrete stress [MPa]
Concrete top level
O max -2.806 -2.743 -2.904 -2.770
O min -6.834 -6.254 -6.102 -5.819
Concrete bottom level
O max -2.123 -2.183 -2.324 -2.216
O min -5.959 -5.973 -5.425 -5.174
Calculated Damage
Reinforcement 2.094 1.960 1.957 2.024
Concrete 2.014-10* | 3.391-10° | 3.361-10° | 3.287:10°
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Table F2 Results from the inquiry regarding the effective creep coefficient for the
A-Coefficient Method.

A-Coefficient Method

Neutral axis
x [m]
Xomin [T] 0.134
Xmax [M] 0.159
Stress Range Tensile Reinforcement [MPa]
Aoy, 118.706 117.762 117.762 118.200
Concrete stress [MPa]
g, max -6.762 -6.042 -6.042 -5.764
g, min -2.124 -2.323 -2.323 -2.216
Calculated Damage
Reinforcement 1.181 1.172 1.172 1.176
Concrete 0.817 0.749 0.749 0.730
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Appendix G. Design of reinforcement and detailing

for a concrete slab bridge according to
Eurocode

Geometrical properties: kNm = kN-m

One edge simply supported and the other fully fixed

Bridge span: sL:’__:= Tm

Width of slah: w=45m

Langth of haunch: Iy, = 2.5m

Height left end of slal: h-_ = 540mm

Height right end of slalx: hT = 830mm

Thickness ballast: hg = 600mm
2

Feinforcement bar area: ¢ = 25mm A= i'ﬂ: = 490.874-mm”
162 2

Pig = 16mm A= T-:n: = 201.062 mm"™
Pyp = 10mm ‘:"*s"."' = —— = 7834 - mm’

Sectional constants, State | (Flain concrete):

Left support Right support (Haunch)
Concrete Area: App=why= 243w’ Ap = wh =3735m’
""'hlg 4 """hr3 4
Moment of Ineria: ILy= = 0.03%m L = =0214m
I]. 1*'! ]-.T lf!
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Material properties:

Concrete C35/45:
£ = 35MPa

£, + 8MPa
k
fop = ————— =43
MPa
fopm = 3.2MFa
fl!'l‘l\._l:lﬂj = 2.20Pa
E = 34GPa
o =1
=15
£
£q= o, — = 23.333.MPa
ac
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[EN 1992-1-1:2005 3.1.3 table 3.1 and 3.2]

Stee| BROOE:
f:-'l; = 500MPa

= 200GPa

Eon™=

g =113

bk .
fog=——=434783 . MFa
3 g



Creep coefficient: [EN 1992-1-1:2005 3.1 4] and [Annex B.1]

Concrete age at first loading (days): ty = 28
Concrete age at considered time (days ) t:= 70.363 = 2.555 = IDJ'
Ambient relative humidity [%]: FEH:= 80
FPerimeter of the member in contact u=2w+2h =10.08m
with the atmosphers:
1A
Motional size of the member [mm]: b, = I'l-@ = 482143
u m
Coefficient depending on the relative humidity and the notional size:
- - - 0.5
o = 5 13} : = 3 184 5 .'/ 33 ’ — 1" 3
By = |15 + (0.012-80)" Lhy ... if 1.5]1 + (0.012-80)" | h, ... = 1500, = 1296 = 10
;3503 oo 03 \fem,
+250. =2 +250. —l
\ fI:III._, . fl:mz
2% \ICI 3
1300- L: otherwise
e ]l'l./'
Coefficient that describes the development of creep with time after loading:
3 03
B, = ) = 0.985
ctto- Py + [t - tn::' -
A factor to allow for the effect of relative humidity on the notional creep coefficient:
- RE
w0 (357 s
PRy = 1+ : :f‘_ - | =1172
D.ll'l""'h_cl I"\. I:m/ \.fcmfll
A factor to allow for the effect of concrete strength on the notional creep coefficient:
16.8
fom = —— = 2562
If
3 T
A factor to allow for the effect of concrete age at loading on the notional creep coefficient:
= ! = (488
01+ ty
The notional cresp cosfficient: ¥y = PRH Piopy Prp = 1466
Creep coefficient: Por = Pptighp = 1445
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Loads:

Femanent loads:

Weight reinforced concrete: el = 23 E
E m3
- kN
At the free end: B Vg Why = 60.75.—
oo kN
At the fixed end: Bdr = TgCWhy = 93375 -
Weight hallast: el = EGE
= mj
Al if load: : 7 kN
s uniform load: ER= 'TgE""“'hB = 54-E
N i ) i kN
Weight of Rail as uniform load: gp=12—
m
Partial factor for a permanent load in ULS: G = 1.35 [EN 1990/A1:2005 Table AZ 4(B)]
Varable Loads LM71: [EN 1991-2:2003 &]
Uniformly distribute train load: q71 = gu&
) m
Concentrated axle load: Poq = 250kN
Length of locomative: It = 6.4m
i . 4Py kN
Locomotive load as a uniform load: q 7 = = 15625 —
- 1 m
Classification factor: o= 133
Partial factor for a variable load in ULS: Q= 15 [EM 1990/A41:2005 Table AZ 4(B]]
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Dynamic amplification factor: [EN 1991-2:2005 6 4 5]

L¢ - determinant length according to [EN 1991-2 Tahle 6.2 case 5.2]

Lij=L Ly=L k=11 n=2 L = |_11{L1 + Lj'}

Carefully maintained track; [EN 1991-2 6.4.5.2 (3)P], [BFS 2009:16 6§]

oy = | 1.00 1f i + 082 < 1.00 = 1354
- L, -02
VP
'_1;44 + 082 of 100 = '_1—44 + 082 =167
07 0072
v']_q:, 02 1.,|IL¢I nz2
L6T if — 4082 > 167
‘JIL':I:'_ 0.2

Reduction of the dynamic factor: [EN 1991-2:2005 Annex D]

The reduction factor takes into account the fact that i gives a value that is not reflecting

the mean effects during the structures senvice life. (80
100
Speed limit of the different train models [km/h]: vi=|120
160

xzmz';

W . i R .
K=|— ifL, <20 0.889 Foo
forc? i L

160 1.185 |

- ifLy>20 = % —| 1324 | ¢ = 0.56e" 1% — 1134
4716.L,"% 1-K+XK )

0 otherwise \ 057
(1728

: 1.876

i 1 ( " 1 ||\I

The reduction factor: P =1+ EI"-.P + ?n.p | =| 1946

' . 1.784
| 1360

Multiplicators used in calculations by Stripstep2:
This factor is used for LM71 in the ultimate state (ULS). If takes
into account the dynamic factor,classification factor and the ﬁ-‘i’?-"rQ =270
partial factor for a variahle load: -

This factor is used for LM7T1 in the senvice state (SL3) oty =18
Includes classification and dynamic factor: -
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Approximation of reinforcement

In the result file from StripStep? the closest coordinates to the maximum moment section is put
in the eguation below together with the comesponding shear values in arder to approximate the
|oad divider. The achieved length is then once again put into StripStep2 and a new calculation is
perfommed:

28

Approximation of the load divider: xg = 0.313.L + (0.375 - 0.313)- L=233m
28 + a0
Design moment accieved from calculations in StripStep2:
Field section: MEd_f = 1571.kNm f'ED" 1332
for =7 m
Support section: Mgy ; = 4781kNm WL
Assumed distance from cenire reinforcemeant to edge: de = S0mm
Height of considered section:  Field section: df = hl - dE = 490. mm
Support section: da = I:r - dE = 780.-mm
Aproximation of intemal lever arm: zz = 0.9.dp = 441.mm
z, = IZI.S'-I.'li = 702 -mm
Approximate reinforcement in support section:
Assuming yielding of reinforcement a, = f.4= 434 783 MFa
. MEq s 2
Required amount of steel area: ! = =0016m"
Fofgr
Assuming bar dimension: 1
g Ays = 490,874 mm’
- _ "a*supp '
Mumber of bars required: n, = ceil =32
Agps )
Approximate reinforcement in field section:
Assuming yvielding of reinforcement a, = 434.783.MPa
. _ Mgq £ 32
Required amount of steel arsa: *j'-ﬁeld = = 8193 = 107 mm
Sa2t
B o
Number of bars required: ng = ceil field | =17
A5 )
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Flacing of reinforcement with regard to minimum concrete cover:
Bar diameter: Cpinh = ¢ = 23mm [EM 1992-1-1:2005 4.4.1.2(3]]
Assuming exposure class X511, XF1, XD1 and XC4 Tahle 4.1

Exposure classes gives a recommendad structural classification Table 4 3W
The emviromental requirement for ¢ is taken for tahle £ 4(5) with regard to exposure class

“miin.dur

Coin dur = 30mm Decisive case: L100, XS1 [BFS 2009:18 Table 4.4(3]]
Acg, = Omm [EMN 1992-1-1:2005 4.4.1.1(6]]
Acgyr 5= Jmm [EN 1992-1-1:2005 4.4 1.1(7]]
Acgur adg = Dmm [EN 1992-1-1:2005 4.4.1.1(8]]
Cmin = max‘::':mm.b>cmin_dur * Dy — Ay st ~ Ay adg- 10mm) = 30-mm

Atgey = 10mm [EN 1992-1-1:2005 4.4.1.3]

Minimum layer of concrete cover thickness:
Cpom.c = Cmin T Agey = 40-mm [EN 1992-1-1:2005, 4.4.1.1 Eq.4.1]

With regard to anchorage: Cnom a = “nom.c

b

= = = 52 5.
&&. Cnoma T S 52.5-mm

=

Distance to the edge; center of the har:

Distance bhetween hars:

k=1 [BFS 2009:18]

d_ = 20mm Assumed
max(kl-qn,dg + k5, 20mm) = 25.mm [EM 1852-1-1:2005 8.2(2]]

Reinforcement center to center distance:  ¢c = ma:q{l:l-q:, dg + kz,lﬂmm] + ip = 50.-mm

w—d_-2
. . 2
Maximum number of bars in one layer: Do =——— = 8749
oc
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Minimum amount of reinforcement: [EN 1992-1-1:2005 9.3.1.1 (1)]

To know the minumum number of bars that will continue through the whole slab at the
field and support sections.

Amount of minimum steel area reguired - Field section:

f

fm t 2

f‘f w-dp if ﬂ.]ﬁ-%-w-df 200013 wdy =3.660= 103-m
ik 'k

D.GGIE-w-df otherwize

Asfmin = | 0-26-

Mumber of bars required: Lpyin § = Astmin = 7475
A5
Spacing hetween bars: Sef min = Yo 0.602 m
' Umin £

Amount of minimum steel area reguired - Support section:

£, f
Amin= |026—=wd, if 026 ——wd, = 0.0013.w-d, = 5.841 x 10"
a bk fe

0.0013-1.1'-1:[5 otherwize

."'\L .

Number of bars required: Nynin & = e = 11898
“Yei23

Spacing hetween bars: See min = L 0.378m
N Uin s
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Design of the slab with regard to moment capacity:

Stress block factors for fully developed stress block:

Factor for average stress: ap = 0.81
Factor for location of stress resultant: fp = 0416
Ultimate strain of concrete: Eop = 3.5 10 .
Field section:

Assuming yielding in the tensile reinforcement:
Approximated number of bars: ng =17
Mew assumption if needed (See end of this section): nhe=16

Xp = 46mm

i xp—dg 3
A8 IWTEO‘R'fcd"""'Kf + Esm-x—f-icu-ﬂsf.mm - ﬁ_.-'d':‘f'-'g‘sﬂ}xf/l. = 45.103-mm

Check of the assumptions in the equation:

; _— xp — dg . -4
Compression side: £. .= =374 = 10
5.C x‘f‘ [k §
d _
S LIPS
i 2m
no yielding: E .= ESY =1 yielding: E. .2 ES}. =
My -dj-x
Tension side: E_ .= H—Efs =0.034
5.1 x cnu
f
no yielding: Eqy = EE_Y =1 yielding: Eqt = ESY =1
_ . ] . _ - 3.
I‘-IRdf = QR-de-“'Ef'[{_hl - dE._:I - ﬂRKf] = 1615 = 10" .kNm

+ Es.c'Esm'Aif.mm'ﬂhl - de_} - de]

Check that the moment capacity is comect according to the design moment. If not, the
approximation of number of bars in the tensile area needs to he modified at the top of this section:

- 3
MpgfZMgge=1 Mg = 1571 x 10" kNm
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Support section:

Assuming vielding in the tensile reinforcement:

Appraximated number of bars:

n, = 32
Mew assumption if needed (See end of this section): ;=30
X = 63mm
’ x; — dg N
Hg;= 100 op T WX + Egpy N “Eey Ass min ~ fjr'dni"l:"'iijj'-xi = 63.652-mm
Check of the assumptions in the equation:
S xs—dg -4
Compression side: E o= " By = T.011 = 10
3
fed -3
g =——=2174= 10
APSTEA
i Esm
no yielding: ngﬁsg},: 1 yielding: Ei_czgi}; 0
. N [hr_ de.}_ Eg
Tension side: Eot= - Eop = 0.038
3
no yielding: E S8, =0 vielding:

Moment capacity in the section:

.. \ . - 3
Mp4. = &R'fcd'“"xs'[l_hr —dg) - |3R;xs_. e =4783 x 107 kNm
T Es.u:':Esm"a"Ei.miu'[(hr —dg) - de]

Check that the moment capacity is comect according to the design moment. If not, the

approximation of number of bars in the tensile area needs to be modified at the top of this section:
- .
Mpgs2Mgg =1 Mgy = 4.781 x 107 kNm
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Additional demands regarding maximum spacing:

The spacing with the calculated number of hars:

Spacing hetween bars, support section: g = — = 0.15m
o
3
Spacing hetween bars, field section: s = T o 028im
Maximum spacing of bars valid in slabs: [EMN 1992-1-1:2005 9.3.1.1 (3]]

Smax.slabss = |30 if 30 =2 400mm = 04m
400mm  otherwise
3

max slabe £ = 3By if 3-b) £400mm = 04m

400mm  otherwise

Check of demands regarding maximum spacing:

S = Smax slabss = 1 Sa.= |se A ':\55 = imax.slabs.s,:' =015m
Sax clabs.g CHerwise

Sf = Spax slabs.f = 1 s8= Isr i (3¢ = Smax.slabs.f_} =0281m
Smax slabs £ otherwise

Correspondingly for minimum amount of reinforcement:

Sesmin = “max slabs s = Sssamin™ |Sssmin ¥ (Scsmin = Smax slabsg) = 0-378m
Smax slabs.s otherwise

Ssfmin = Smax slabs.f = 0 Ssfamin = | %fmin i [_%f.mju < Smaxslabs £) = 04m
Smax slabs f Otherwise

Maximum spacing of bars in the area of maxmum moment section: [EN 1992-1-1:2005 ©.3.1.1 (3]]

Spax slabs.sm = |20y if 2B £250mm = 025m

250mm  otherwize

“maxslabs.fm = |20 if 20y =250mm =0.25m

230mm  otherwize
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Check of demands regarding maximum spacing in the arga of maximum moment section:

< = = i < = 3
55 = Smax slabs.sm = | Sem = |5 I 55 S Sy slabsem = OW10m
Smax slabs.am otherwise
{ = = 1 { = 15
5f = *max slabs fm L Sfm - 5f if 5 = ®max slabs. fm 0.25m
Smax slabs fm otherwise

In accordance with the demands on maximum spacing the number of bhars
in the maximum moment sections iz as follows:

Support section: N '=—= a0
=3I
; N W
Figld section: Lgy, = =18
5im
Maximum number of bar that fits in one row: Loy = 370

Sections which is in compression and areas other than mazimum moment sections:

Support section: n = 11898

£.min " ]
25.1M1n

) _— w

Field section: Lf mim = =11.25

*sf min
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Calculation of tensile capacity demand on the longitudinal reinforcement:
Additional tensile force from shear reinforcement: [EM 1922-1-1:2005 6.2.3 {7]]

Moment and Shear force envelopes and span coordinates imported from MS Excel
worksheet "Sectional Forces". Calculated in Stripstep2.

Vpos = Migs = Lz =

2= . \Figure &E’lal forces. xls pos .- YFigure SeE'lal faroas s . \Figure &E‘lal foroes. xls
VEdpos = Vpos kN Mgg pos = Mpog kNm Lx=Lxm
v = M = z =

DEg .. \Figure &ﬁml Foroes. xis II.BE - WFigure Sﬁnﬂ Faroas s - WFigure Sﬁnﬂ Faroes s
VEdnez = Vpeg kN MEg peg = Mpeg ENm

1= 0. (length{z) — 1}

. I
= zi-:[hl—de—}:f};} if u-miiniL—lh

Z
i

1 - . h: - hl
z| (hy—d. - X )+ ._in -|L- lh.:il.

1. L
:|E l.L—.hﬂ.LKj_'L

1 otherwize

Meeded tensile capacity due to the moment:

0 0
0 0 0 0
M 1 1.216°103 M 1 327.76
Ed.pes ] Edneg ]
I"'IEd.z.puc:-t-:: cm 2 1.343-103 | kI MEd.z.neg:: om 2 359.406 | -k
3 1.308-103 3 490.51
4 2.177-103 4 585.447
5 5
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The additional tensile force needed in the longitudinal reinforcement due to the shear force:

Assumed angle of the shear crack in design: 6= 22deg

Angle between longitudinal and the shear reinforcement: o, = 90deg

0
1.666-103
1.353-103
1.317-103 | kN
1.165°103
1.04°103

‘.-’Ed_pm-[:c-:utlzﬂjl - l:-:lt[("cﬂ.::l:]
tdpos = , =

AF

305 [ S < S [ 8 Y Y

0

451.703
-366.313
356.413[ kN
-315.574
-282.16

o)

v [ cot(@) - cotf o
~ “Edneg’\
ﬂ‘l:td.neg = 5

||k | =S

Total demand of tensile capacity in the longitudinal reinforcement:

0
1.666°103
2.569°103
2.659-103| kN
2.973°103
3.216°103

Ftd.pc:- = }‘{Ed.z.po's T Mtd.pos =

| e Ldfpd = [

0
-451.703
-38.553
2.993 | KN
174.936
303.287

Ftd.ueg = }"{Ed.z.neg T dl:td.neg =

LA s | L | B2 | S
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Mumber of bars in accordance with the demands for tensile capacity:
Assumed angle of shear crack in design: 6 =22.deg
Demand in the maximum moment sections:

Support: Field:

min| M | max{ M )
Ed.z.neg) Ed.z;
p o MEdzue) nge = oM Edzpos) o
AsinsEd Agn554

Minimum amount of bars in tension and compression:

n 11.898

s.min - B min = 1123

Demand with regart to the moment and the additional tensile force from the shear reinforcement:

Free suppaort: Fixed support:
F, -F,
td pos td neg/ lengr_h.' }- |
M5 p.gsm— = 12036 R g5 = Mol 40176
T Agpshy ' Agn5E
nﬁfE4j = ]:I.'I.I.]:I{Hﬁ',_]lfree_q_jj = 12.036 nﬁ!{-’-‘-S = ].'I:Ij.'l.'l.[:l:l.ﬁ,ﬂﬁx_q_j::l = 31.469
F F | I
X9 ) td'PDS4 . ] td neg( lengrll.- td. :u.egl Gl -
< Bgeen T o - 0 Bfix 22 = = 23.607
Asidstyg Agrsi
ﬂﬁeezz = Dli]].l::ﬂﬁ',]lfree_22:| = ljD? ﬂﬁxzz = ]II].'IJ.|I:I.=3,II.EX_21:| = 256{"?
=0 |'/ L mn:nw]
I1’=0.f —-
e Lx2 == 0m,0.0lm..L =

Framinneg = | {4525 fyd Bemin) ¥ 05w S Lx; < 48m [ =
_[‘G*si]_’i'ﬂ_,'d'uis:' if 48m<Ix2 <L

—IDEI\T otherwise
Framinpos, = |(4ss fyang) if 0m<Lad <42m Aspsfq = 2134 10N

(A5 g 0f min) if 42m<Lx2 < Tm

IIZI;5 N otherwise
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Figure with the tensile demands on the longitudinal reinforcement:
Created according to figure 9.2 in EN 1882-1-1:2005

—1x10”
Ems
Ftd.u.eg 5
Flid.z.pl:ls _
ﬁi.z.ueg
Ftimjn.pns
ﬂiﬂ.u'n.ueg 0

-
| L r

005 1 15 2 25 3 35 4 45 5 55 8 65 7
Lx Ix Lx Lx Lx2

The Blue lines are the tensile demand from the sectional moment only.
The Red lines also includes the additional tensile demand from the sectional shear force.
The Black lings represent the minimum amount of reinforcement in a section

together with the amount of reinforcement in the maximum moment sections which governs the
maximum amount of reinforcement needed in the entire slab.

106 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Appendix H. Cumulative Damage Method
Fatigue Assessment of railway bridge

D

Sectional forces in the considered section:

Permanent moment: Mpeml = 983kNm
(Calculated in StripStep2)
Inserting tables from textfiles: (2000 1500 L
(Calculated in AFB) 1500 M 15 1
= | = n. =
a 1000 m 10 b los
\ 500 J L5 ) 1)

2%10° |

Moment amplitude for each cycle: ;
My = M, kNm= 1510 -KNm
1 103
\ 500
_15x 10° |
Mean moment for each cycle: My = -M, kNm = -5 kNm
-10

These values should have a positive sign \ s
regardless of the value of the input data in )
order for the calculations to be correct!

[438x 10"
Number of cycles: 4

o o _ i 438 x 10
N},’ear =120 days = 365 n= nn-hyem.-days = .
2.19= 10
\ 4.38 = 104
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- - Ma 765
Minimum moment in a load cycle: M . =My,—— = -KNm
min M 9
= —510
—255
—500
i _ . Mp 735
Maximum moment in a load cycle: M pax = My + — = 490 kNm
\ 245

108 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Arrangement of reinforcement:

Mimimum distances are calculated in Mathcad - Bridge design

To be able to do as general calculations as possible, three layers of reinforcement on the
tension side and one layer on the compressive side are used in the calculations. If there are
fewer layers in the current case the number of bars is set to zero.

Compression side:

First layer: dy =d.=525mm
Tension side:

First layer: dy=nh,—d.,=777.5-mm

Second layer: d'5 ;== Omm

Third layer: d'y == Omm
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Amount of reinforcement: (Calculated in Mathcad - Bridge Design)
Compression side

Layer 1:
Mumber of bars first layer: ny=mn .. = 11898
Aﬂ = .451-35-111 = 5841 % 10 3111_
Tension side:
Layer 1:

Number of bars first layer: n'y = 30

2
A'Sl = Asil_‘?'nll =0015m

Layer 2
Number of bars second layer: 'y =0
Algy = Ay =0
Layer 3
Number of bars third layer: w3 =0

Algy = Agpps 'y =0
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Modular ratios based on effective creep functions:

The final creep function: Pop= 1445
(Calculated in Mathcad - Bridge Design)

The creep function for variable load in the

Pap = 0
quasi-permanent combination:

[Engstrom B (2008). Restraint cracking of reinforced concrete structures.
Chalmers unisversity of technology, Géteborg 2008, Section 6.4.3]

Effective creep function for the maximum sectional moments due to permanent and fatigue load:

1294 )
PerMperm + qup'(Mma. j 0.827
Pefmax = =
Mperm + Mmax 0.964
1.156 )
(23176

Egn | 10744

i =(1+ — =
O of max ( t\Def.nmzd E 11553
cm o 10744
12.684 | lm“{_as.ef.max] = U

111;1:»:[;&5_ ef.nmx) =23.176

Effective creep function for the minimum sectional moments due to permanent and fatigue load:

[—0.936 \1|.
¥ _ PerMperm © t’0‘]}3'[Mlnir1) 6.514
ef min -~ | °
Mperm B Mm.in 3.002 .
195 ),'
[ 0.376 \‘..
(' ] Esm 44197
O ofmin = (1 + Pefmin) — = 7
ef. ) - ' E 23541 N .. ‘
cm > [ 1m11{a3._ ef_min} =0376
\17.356 )
Max(Q of myy) = 44197
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Effective creep function for the minimum sectional moments due to permanent load:

. Ll°<:r'I""IpE-r‘m
Pofperm =~ = 1443

Mperm

E.

i \ 51 -
O ef perm = {1 + Pof perm)’ = 14379
Eem

Sectional constants for the maximum sectional moment:

[Engstrom B (2008). Design and analysis of continuous beams and colums.
Chalmers unisversity of technology, Géteborg 2008, Chapter 7]

Neutral axis of the effective transformed concrete section: 1= 0 . fleng»fh(as efrmx.'i - 1‘]

X[ max = 0.20m

w- ( I’:II.max_] ( \
Alaman, = 10N T ¥ (% efmax, ~ I\J"Ail'[\xll.nmx_ dy) - »*TL max

__qs_ef_maxl'A'sl'(dll = XILmax) ~ “s.ef.maxi"é"s_“'[dl_“ ~ X[ max)

__qs_ef_lnaxl"q“ls?e'[dl?e - xII.nme

(0259
0.194
rm . .
0.199 lmn{,)‘ll.max_] =0.194m
\ 0207

MImax =

max[xﬂ =0259m

_l'ﬂﬁX)

Moment of inertia for the effective transformed concrete section:

3

=+ - 13- (3 —di Vo Al dy —x \
III.mﬁxi 3 - I\as_ef_maxi 1 | Asl | 3'III.mm(i 4 | s_ef.maxi 51 I\ 1 II.ma:(1 |

.

/ 2 2
1 e — VoL AT A — A
* 0‘~s_ef.rnaxi"’3* s27(d2 *lmax, | * “sefmax, Algy(d3 *I.max; |
\ J hN -/

(01231
0.066 | 4
_|m
0.07

L 0.076

I max =
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Sectional constants for the minimum sectional moment;

MNeutral axis of the effective transformed concrete section:

X1l min = 022m

5
WoKpT i
IImun \ i
%Zam -= too 5 T [(‘L-s.ef.n*]m1 -1 .I'Asl'(_)‘II.min - dl) X1 min

+_as.ef.11m1i'A'sl'(_dll - XII.min_} - as_ef_mjni'A';E'[\dIE = X1 min)

. A 1 L o
+ _as.ef.nuni' A'gz(d3 — X min)

(0.042 )
032

X = m . ) -
IL.min 0.26 mm{xn_mm} =0042m

233 | f A
10233 ) max(xy o0} = 032m

Moment of inertia for the effective transformed concrete section:

p w3
W[ %77 iy |
. { Il.m.nll;. ) \ - 2 o \
]]I.mini = 3 T c‘x:_ef.mini -1 JI_ASI-L I"I[I_mini —d; | C't-;.z=_'f.1ni111"'j‘sl'[ dy - XII_m.in1 )
+o A (A =% Yt A (A = gy
s_ef.mmi 527 Y27 “Ilmin, | s.ef.mm1 g3 r\\ 3 IL.min, |

3109 %107 |
! B 0.203 | 4
TImin — _ m
0.125
0098 )
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Sectional constants for the permanent sectional moment:

Neutral axis of the effective transformed concrete section:

X]I.perm =022m

2
W-X
i . II.perm 3 ‘
Adpeom— 00 B + {as.ef.perm B 1_."A€l'(xll.penn_ dl) -X11 perm
+ _a\:_ef.pemn'A'sl'{d'l - XII.permJ - c’Lt;.r&*f.perln'A'sl'{dl_’ = XIIperm) -
* _as_ef.perm'AlsS'{dli B XIl_perm,]

XILperm = 0-217m

Moment of inertia for the effective transformed concrete section:

3
WX
) ILperm ) . ) 3 A
I]I-Pf‘l'm': - 5 t E\&s.ef.perm - 1__"Asl'{_XII_peml_ dl) = 0.084m

[

' [ A ' ‘1 2
_as_efpemfAsl'[\dl - X]]_perm) N O"s‘_Ehf_perrn"'fs“ 92'“‘2 - XII.perm}

[

_as.ef.penn'AIsB'E\dI} - x]].penn)
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Calculating stresses due to permanent load and fatigue load:

When calculating the stresses the first index describes which material that is considered
(s - steel, ¢ - concrete), and the second indicates on which reinforcement level the stress is

calculated (t - tensile reinforcement, ¢ - compressive reinforcement).

Concrete stresses

Maximum tensile concrete stress in a cycle:
(Uncracked state 1)

(09357
1\’Iperm - Mmax- h.. 31325
: L1 7 Lmpa
(o3 = a .= l- 2
ct.I_mzmi I > ct.Imax 2851
|\ 2.377 )
MmN Gt 1 pax) = 0.935-MPa
MaX( et T max) = 3.325-MPa
0%
Check if the section is cracked: 1
(If one value_|s equal to one the section Ot I max > fcnn =
can be considered as cracked)
0)
Maximum compressive concrete stress in a cycle:
(=1.013)
Mper‘m + Mmzmi —5.043
a = (== | a = MPa
c.Il.max. [ I].ma):_.’- c.Il.max
1 I]].mﬁxi 1 —4 188
|\ —3.351 )
Minimum compressive concrete stress in a cycle:
20671
M+ M-
perm l'.f]111i —(.343 P
Te ILmin. = TR min. Oc ILmin = -viFa
1 III_mini 1 —0.985
—1.732

Concrete compressive stress at permanent load:

- Mperm
Tellperm -~ | AIperm =
II.perm

—2.539-MPa
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Steel stresses:

Stresse range in the compression reinforcement

O of max. T O ef min. | Minax. — Mmin ( XL max. * *ILmin. |
1 1 1 1 1 1
Ao = - —. dl -
G 2 (1 T S \ 2
= II_maxi ]I_mmi | \ =
(—36.492 "
—62.494
f_‘\n:r_C = -MPa
2 —31.884
| -14.472 )
Stresse range in the tension reinforcement
( “s.ef.lmxi + as.ef.m.ini 11 Mma:)c1 - Mmini | ( x]].maxi + X]I[.mini )
Aoy = ; 17 .hkile
1A = / III.mm-c1 + III.mmi | L \ 2
L\ 2
(233.587
A 159.295 | D
Tst=| 9gg2s [V 2 min(Ac ;) = 48.259-MPa
\ 48259 J

max( Ao ) = 233.587-MPa
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Fatigue calculation of the reinforcing steel
[EN 1992-1-1:2005 Section §.8.4]

Partial factor taking material uncertainties into account:

Vs fat = 115 [EN 1992-1-1:2005 2.4.2.4(1)]
Partial factor taking the uncertainties in the fatigue load model into account:

VEfat =1 [EN 1992-1-1:2005 2.4.2.3(1]]
Resisting stress range at N* cycles in [MPa]:

Aop, = 162.5MPa [EN 1992-1-1:2005 6.8.4, table 6.3N]

Exponent defining the of slopes of the S-N relation:

k=[5 if Aogy, = 1625MPa=>5 [EN 1992-1-1:2005 6.8.4, Table 6.3N]
3af AURsk = 58.5MPa

3 if Aopg, = 35MPa

Exponent defining the of slopes of the S-N relation:
Kai= |9 if Aogg, =1625MPa=9 [EN 1992-1-1-2005 6.8 4, Table 6.3N]
5 if Aopy = 58.5MPa

5 af AURsk = 35MPa
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Damage calculation of the tensile reinforcement:

Current stress range:

(233 587"

150 205

t7 | og62s
48259

Ao MPa Calculated before

Caluclating resisting number of cycles for the given stressefEN 1992-1-1:2005 6.8.5(3)]

Reference amount of cycles until failure, depending on the steel type which is verified:

A=10 [EN 1992-1-1-2005 Table 6 3N]

i=0_ (length(Ao'gt} - 1}

.k]_
Aa \
Rsk
s fat Aogek
Ny = [N| ————| if ypprATg = [ 4
st. F fat A0t 81009 x 10
t [ ‘TF.far'Acsti ] 1S fat
' ’ 5.4925 % 107
A k3 N‘]t =
(s ) 7
Rsk 25441 x 10
s £ _ ARy
N| — | g Aoy < —— L 15819 % 10'?)
[ ‘TF.far'Acsti ] 1A fat

Total damage inflicted on the tensile reinforcement:

j = (length(N) - 1) = 3

] n
i
Dy=> W L= ity [EN 1992-1-1-2005 6.8.4 Eq (6.70)]
i=0 t1
Check = ["OK" if Dy <1 — "OK"
"NOT OK" otherwise
{05407
0.0797
i
D, =2 - _
TN, | 86083 x 10 + .
b1

s 1mn{D§t_1-j =2.769 = 10
27688 =« 10 ) _ _
lm'g[\Dsr_i_] = 0541
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Damage calculation of the compression reinforcement:

Current stress range:
(Should have a positive sign)

Calculated before Ac_ =-1-Ac_
sC SC
36.492)

62.494 |
31884 |

14472 )

Ao =

Caluclating resisting number of cycles for the given stresses[EN 1992-1-1:2005 6.8.5(3)]
Reference amount of cycles until failure, depending on the steel type which is verified:
N=1x10° [EN 1992-1-1:2005 Table 6.3N]

1=0. ('length(Ao'gc:] -1

i
( Aopk \
s fat AORek
N, = |[N|——— | if yp Do, = - 11)
sc F fat sC. 1.95 10
! L AfIF_faT'AUsci | LTS fat h
4 9
1545 = 10
k, I =
[ Aogy ) Nse = 1
s | 6.595 = 10
s fat _ AORsk
N| ———— | if yp Ao, < L8067 x 10')
L AfIF_faT'AUsci | oS fat

Total damage inflicted on the compression reinforcement:

i (.1811“;%1}1(};‘_’(:‘) _ 1]

] 1.
D = Z ! D_. = 2861 x 1{)_5 [EN 1992-1-1:2005 6.8 4 Eq (6.70)]
sC N sC
i=0 ‘;Ci
Check = ["OK" if D__ <1 = "0OK"
AARANARANY sC
"NOT OK" otherwise
2238 %1077
0 2835x% 10 °
Deei=3 = g
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Fatigue calculation of Concrete under compression
[EN 1992-2:2005 Section 6.8.7]

Design partial factor taking material uncertainties into account:

Vo fat =1 [EN 1992-1-1:2005 2.4.2 4(1)]
Characteristic compressive concrete strength in [MPa]:

f

cl = 35-MPa [EN 1992-1-1:2005 3.1.3 table 3.1]

Design compressive concrete strength in [MPa]:

f
f dfat = C—k = 23.333.-MPa [EN 1992-1-1:2005 3.1.3 table 3.1]
cdfat

c fat

In NA recommended value:

Kay=10 [BFS 2009:16 6.8.7(1)]

Coefficient which depend on the type of cement:

5:=025 [EN 1992-2:2005 6.8.7 (1)]

The time of first cyclic load application on concrete in days:

ty = 28 [EN 1992-2:2005 6.8.7 (1)]

Coefficient for concrete strength at first load application:

[ [28)
o= | = [EN 1992-2:2005 6.8.7 (1)]
0

BCC::e\ =1

Design fatigue strength of concrete:

{ 1 fck 3

fodfat = kl'facc'fcclfar'l _ ey = 20.067-MPa [EN 1992-2:2005 Eq.(6.76))

120 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:100



Minimum concrete stress taken into account both permanent loads and traffic load

—20.671
0.343 These values should have a positive sign
a == = -MPa : ;
cd.min ¢ IT.min 0.085 regardless of the value of the input data in
L7932 order for the calculations to be cormrect!
. L

Maximum concrete stress taken into account both permanent loads and traffic load

1.013 )

5.043 D
a = -0 = -MPa
cd.max c.Il.max 4188

\ 3.351)

Mimimum and maximum compressive stress level in the concrete, taking both
permanent and traffic loads into account

005 ) —1.03

Ted max 0.251 | Ted.mm 0.017

Ecdmax = £ =1 0200 Ecdmin = P ~ | 0040
cd. fat == cd.fat :

0.167 ) L 0.086
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Stress ratio between minimum and maximum concrete stress level due to permanent and

traffic loads:
If the stress ratio is larger or equal to one, or smaller than zero, the ultimate number of constant
amplitue cycles can not be calculated. This is because of the sguare root in the equation. If the

stress ratio is larger then 1 or one, or smaller than zero will the value be imaginare. Therefore is
a demand set to put these values to zero. This because the compressive concrete will be in

tension instead.

i:=0..(length(Ecg may) — 1)

. Ecd.min\.
;\.13.-}:: 0 if — | <0
Ecd_max)i
\ 0
E .
0 if[ cd.min | - o 0.068
Elcd_ma)wl,.'i 0.235
0.517
Eccl.mjn\ :
— | otherwise
Ecd.max;i

Ultimate number of constant amplitude cycles in interval "i" that can be carried before failure:

13
1.966 = 10
( 1-E g max "
L 10
N = 10° V1-R 7.198 = 10 [EN 1992-2:2005 6.8.7(101)]
c= =
4.645 = ].012

| 5.086 x 10'°

Total damage inflicted on the concrete under compression:

1 11.
o~ i _ —~7
D=2 & D, = 6.154 x 10 [EN 1992-2:2005 6.8.7(101)]
i=o G
Check = ["OK" if D{. <1 = "ORK"
AAANAAN

"NOT OK" otherwise

2228 % 107 °
-7
o 0| 6085 x 10
ei= =
Ne | 4715%107°
13

\ 7317 % 10
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Appendix I. i-Coefficient Method
Fatigue Assessment of railway bridges

bl

Sectional forces in the considered section:

Permanent moment: = 983kNm
(Calculated in StripStep2) Vpemn

Maximum moment for traffic load: M, .= 1303kNm
(Calculated in AFB)

Minimum moment for traffic load: M, . == OkNm

(Calculated in AFB)

Arrangement of reinforcement;
Mimimum distances are calculated in Mathcad - Bridge design
To be able to do as general calculations as possible, four layers of reinforcement is used in
the calculations. If there is fewer layers in the current case the number of bars is set to zero.

Compression side:

First layer: dy:=d,=3525mm

Tension side:

First layer: dy=h.—d, =777.5-mm
Second layer: d'» = Omm
Third layer: d'y == Omm
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Amount of reinforcement (Calculated in Bridge Re-Design)

Compression side

Layer 1:

Number of bars first layer: 0] = Ofmip = 1125

-3 2
Asl = _Asizs-lll =5522x 10 m

Tension side

Layer 1:

Number of bars first layer: ') = ngg = 31469

A‘sl = Asi25'nll = 0.015 1112
Layer 2:

Number of bars second layer: =0

g2 = Agipsy = 0
Layer 3:

Number of bars third layer:

Algz = Agpsny =0
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Modular rations based on effective creep functions:
The final creep coefficient: @, = 1445
(Calculated in Mathcad - Bridge Design)

The creep function for variable load in the
guasi-permanent combination:

qup::()

[Engstrdm B (2008).Restraint cracking of reinforced concrete structures.
Chalmers unisversity of technology, Géteborg 2008, Section 6.4.3]

Effective creep function for the maximum sectional moments due to permanent and fatigue load:

“Pcr'Mperm + LPqp'{MmaX)

Pef.max -~ =0.621
Mperm N Mmax
_ - Esm o<
O ef.max — (1 - Lpef.max}'E_ =9.536

cim

Effective creep function for the minimum sectional moments due to permanent and fatigue load:

Per Mperm - qup'(Mmiu]

Pef.min = = 1.445
Mpenn + Mpin
L Esm B
Qg ef min *— (1 - LPef.min)'E— = 14.379

cm
Effective creep function for the minimum sectional moments due to permanent load:

) ('PCI‘-NIPEI‘III
Pefperm = 5, = 1445

M]) eI

| s X
O ef perm = (1 + lloef.penn)'E_ = 14.379
cm

Sectional constants for the maximum sectional moment:

[Engstrom B (2008).Design and analysis of continuous beams and colums.
Chalmers unisversity of technology, Géteborg 2008 Chapter 7]

Neutral axis of the effective transformed concrete section:

X7 max = 0-19m
I 2
i | W may ‘ ' | | | | |
¥idanan, = 100 ———— + (O efmax — 1)As1 (XLmax — 1) ~ Oefmax A s1°(9'1 — X max) - XLm,
__a_c,_ef.lllﬁx"ﬂ\'szl(d'z - XH.IIIHX) - as-ef.lna};'Alsg'(d‘S _ XII.mﬂX)
X7 max = 0-189m
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Moment of inertia for the effective transformed concrete section:

3
WX
IIl.max ‘ \ 2 ) ) 2
1 max = 3 + {_as.ef.max - 1__]'Asl'(XII.maX - dl) + Ots.ef.ma)«;'Asl'(d1 - K[I.max) - = 0.062p

1 U A 2 ] 1 2
‘*'':)L.‘,'.ef.mal)«i'A 52'(‘1 2~ XII.maX] + C'Ls.ef.malx“d‘ sB'(d 3 XII.max)

Sectional constants for the minimum sectional moment:

Neutral axis of the effective transformed concrete section:

X[[min = 0-22m
{ 2

WXIT.min |
i = 100t T + (Ok;_ef.min_ 1)'Asl-(XII.min - dl) - aS-ef.min'As]'(dl _ x[I_mm_} g
__a_c,_eflnill'A'Sz'(d‘z — xII.lTli.[l) — as.ef_111i11'A'S3-{d'3 _ XIIlnu,n}

X[I min = 0-222m

Moment of inertia for the effective transformed concrete section:

‘ WXL min : | 2 . ) 2 . 4
1 min = 3 + {_Gs.ef.m'm - 1__}'Asl'(XII.miu - dl__] + as.ef.miu'Asl'{_dl - )‘*II.min] - =0.087m

9

+a5.ef.1nin'A'52'(dl2 - xII.m'm) + as.ef.min'AlsS'(dI3 - XII.min__}

Sectional constants for the permanent sectional moment:
Neutral axis of the effective transformed concrete section:

-— ()72
XII.peml = U.oom

o 2
WX perm
2

Addvperm ™ root {as.ef.peml - 1)'A51'(Xll.peml_ d’l_] *X[Lperm
+_as.ef.peml'Alsl'(dll - XII.peml)
L+ﬂs.ei'.pel111'AI52'(dl2 N XII.pem) N 0ts:.ef.l.)erm'AIs,B'(dIS - X[I.peml) J
X{I.perm = 0.222m

Moment of inertia for the effective transformed concrete section:

n W'XII.peml‘ \ d 2 ) a4 2
III.perm = - + (as.ef.perm B l_}'Asl'(XII.peun B 1) + as.ef.peml'Asl'( 1 X[I.perm)

)
"

, . 2 . ‘ \2
+ as.ef.peml'A sZ'(d 2- XII.perm) + as.ef.peml'A sB'(d 37 XII.perm_]

4
III.perm =0.087m
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Calculating stresses due to permanent load and fatigue load:

When calculating the stresses the first index describes which material that is considered
(s - steel, ¢ - concrete), and the second indicates on which reinforcement level the stress is

calculated (i - tensile reinforcement, ¢ - compressive reinforcement).

Concrete stresses:

Maximum tensile concrete stress in a cycle:
(Uncracked state |)

M h

Mperm T Y max v
— = 4.424.MPa
2

OctILmax = I
Ir

Check if the section is cracked:
(If one value is equal to one the section et Imax 2 fetm = 1
can be considered as cracked) o

Maximum compressive concrete stress:

Mp €11 + IVIII]EI X

O¢ ILmax = I “XIImax ~
II.max

—6.962-MPa

M + Mpyin

__ ““perm > 506D
¢ ILmin = I—,'_XII.m'm = —2.506-MPa
[I.min
_ Mperm e
O¢.ILperm -~ I—'_XII.penn = —2.506-MPa
IL.perm

Steel stresses:

Stresse range in the compressive reinforcement:

\ _ . / oy
Ao = ( O ef max T s ef min _ Mmax Mmm ld. - XLmax T *IL.min — _31.964.MPa
se 2 (1T + Lo V| L 2
\ / l II.max * IL.min J \ /
: |

\ L

Stresse range in the tensile reinforcement:

M

o
( O ef max T %s.efmin J (

_ ) / o0
max Mmm |: a XI.max * *ILmin
v ) _

2 / U IH.II]&X v III.min\J

—J = 119.56-MPa
\ 2 . J

Aost =

-
N &
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Fatigue calculation of the reinforcing steel
[EN 1992 -2:2005 Annex NN.3.1]
Partial factor taking material uncertainties into account:
Ns.fat = 115 [EN 1992-1-1:2005 2.4.2.4(1)]
Partial factor taking the uncertainties in the fatigue load model into account:
VF.far'= 1 [EN 1992-1-1:2005 2.4.2.3(1)]
Resisting stress range at N* cycles in [MPa]:

Aopg = 162.5MPa [EN 1992-1-1:2005 6.8.4, table 6.3N]
Exponent defining the of slopes of the S-N relation:

K= |3 if Aoggy = 1625MPa =5 [EN 1992-1-1:2005 6.8.4, Table 6.3N]
3 if AURSk = 58.5MPa

3 if AURsk = 35MPa

Determining the A-coefficients for steel:

X 11s a function of the critical length of linfluence line and traffic:

Heavy traffic mix and reinforcing steel, Continuous beam, [EN 1992-2:2005 Table NN.2]
Intermediate support area

L=7m L - critical length of the influence line [EN 1993-2:2006 9.5.3(4)]

According to TK Bro, when using the simplified method in Annex NN the following modification can
be used. The value Ag1 and N1 Mmay be multiplied with a factor a when using heavy traffic mix.

The factor a will vary as seen below:

o= [133 if L=0m = 1.099 [TK Bro D.2.1 (g)]
1 if L =10m
1.33 — 0.33- if Om=<L < 10m
10-m
>\sl = |085 if L<2m =0.795

0.75 if L = 20-m
LY N [EN 1992-2:2005 Eq (NN.108)]
0.85 + (0.75 — 0.85)-(10g(—J - 0.3J if 22m <L <20-m
. \m,

Modified factor X 1 Ny 1= A 0= 0.874
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X, » value denotes the influence of annual traffic volume
Volume of traffic (tonnes/year/track)
Vol := 25.10° [TK Bro:2009 B.3.4.1.5 (w)]
The slope of the appropriate S-N line:

Kai="9 [EN 1992-1-1:2005 Table 6.3N]

k)
N Vol 1
5.2~ 6 [EN 1992-2:2005 Eq (NN.109)]
25-10

X ; value denotes the influence of the service life:

Design life of bridge in years:

Nyeqrs = 120 [BFS 2009:16 6.9 (6)]
Ky
3}’&&1‘5 )
A, = - 1.02 [EN 1992-2:2005 Eq (NN.110)]
5.3 100

X, 4 Value denotes the effect of loading from more than one frack:
Used if there is more than one track, in this case only one track is considered.

Ng =1 [EN 1992-2:2005 Eq (NN.111)]

X - correction factor to calculate the damage equivalent stress range:

A= A1 A2 R 3R 4 = 0892 EN 1992-2:2005 Eq (NN.107)]
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Ao -, - steel stress range due to load model 71:

Compressive reinforcement:

Aoy 71 = [Aoy| = 31.964MPa

Tensile reinforcement:

Aoy 71 = |Aog| = 119.56MPa

Equivalent steel stress range:

Ao

s.equ =X bATg 7

At the level of the compressive reinforcement:

Aag

sc.equ = Ny P2 AUSC.?ll = 38.601-MPa

At the level of the tensile reinforcement:

Acst.equ = N by

Acst_?ll = 144.388-MPa

Compressive reinforcement;

'W"F.fat'Ao'sc.equ

D = =0.273
ST
AGRsk
S fat
Ao
. ) Rsk
Check := |"OK" if ’YF.fat'Ao-sc.equ s
S fat
"NOT OK" otherwise
Tensile reinforcement:
’W"F.far'Ao'sr.equ
Dy = ——————— = 1.022
: Aag
Rsk
IS fat
Ao
. Rsk
Shssk= |"OK" i VE far A0t equ = D
s fat

"NOT OK" otherwise

130

[EN 1992-2:2005 Eq (NN.106)]

Rewritten from [EN 1992-1-1:2005 6.8.5]

Dgoy = 0.273

= "QK"

Dy y = 1.022

= "NOT OK"
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Fatigue calculation of Concrete under compression
[EN 1992 -2:2005 Annex NN.3.2]

Design partial factor taking material uncertainties into account:

NC fat = 15 [EN 1992-1-1:2005 2.4.2.4(1)]
Characteristic compressive concrete strength in [MPa]:

f

C

k= 35-MPa [EN 1992-1-1:2005 3.1.3 table 3.1]

Design compressive concrete strength in [MPa]:
fok
f = ——— = 23.333-MPa [EN 1992-1-1:2005 3.1.3 table 3.1]
cdfat
. fat

In NA recommended value:

Ka= 1.0 [BFS 2009:16 6.8.7(1)]

Coefficient which depend on the type of cement:

8= 025 [EN 1992-2:2005 6.8.7 (1)]
The time of first cyclic load application on concrete in days:
tg =28 [EN 1992-2:2005 6.8.7 (1)]

Coefficient for concrete strength at first load application:

28 )
S'(I_E [EN 1992-2:2005 6.8.7 (1)]
5\ .

/1

Bcc =e
Design fatigue strength of concrete:
f Kk 3
c J = 20.067-MPa [EN 1992-2:2005 Eq.(6.76)]

f =ky-B..f. g -(1 -
cd.fat 1 Peefodfat L >50MPa

Maximum compressive concrete stress for permanent load:

O¢.perm = |UC.II.pem1| = 2.506-MPa
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Determining the A-coefficients for concrete:

X\ o - factor to take account of permanent stress:

a " a
c.perm if 0.94 + 02 c.perm

fccl.fat fc d.fat

Neo = |004+ 02 =1 =1  [EN1992-2:2005 Eq (NN.115)]

1 otherwise

X1 - factor accounting for element type which considers the damaging

effect of traffic depending on the critical length of the influence line or
area:

Heavy traffic mix and reinforcing steel, Continuous beam,
Intermediate support area

L=7m L - critical length of the influence lline [EN 1893-2:2006 9.5.3 (4)]

According to TK Bro, when using the simplified method in Annex NN can following
modification be used. The value Nei and X1 can be multiplied with a factor a when using

heavy traffic mix. The factor a will vary as seen below:

Ooq = |133 if L=om = 1.099 [TK Bro D.2.1 (g)]
1 if L = 10m

1.33 - 0.33. if Om=<L < 10m

10-m
>\cl = 1075 if L=2m = 0.805
0.85 if L =20m

L) A
0.75 + (0.85 — O.Tﬁ)-(log(—J - O.BJ if 2m <L < 20m
RN

Modified factor e 1 N 1= Aol Opod = 0-884 [EN 1992-2:2005 Eq (NN.108)]

X\ 2 3 - factor to tacke account of the traffic volume and design life of bridge:
Volume of traffic (tonnes/year/track)
Vol = 2.5 107 [TK Bro:2009 B.3.4.1.5 ()]
Design life of bridge in years:

120 [BFS 2009:16 6.9 (6)]

Nyears =

N’ears\
-log( 2 le.m [EN 1992-2:2005 Eq (NN.116)]
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X\ 4 - factor to be applied when the structural element is loaded by more than one

track:

Used if there is more than one track, in this case only one track is considered.

>\c.4 =1

[EN 1992-2:2005 Eq (NN.117)]

X, - Correction factor to calculate the upper and lower stresses in the damage

equivalent stress spectrum:
>\C = >\CO>\C1>\023>\C4 = (0.893
Concrete stress spectrum:

T perm = 2:306-MPa

Tcmax.71 = |0-C.II.111aX| "$y = 9.424-MPa

Ocmin.71 -~ |UC.II.111i11| by = 3.392-MPa

[EN 1992-2:2005 Eq (NN.114)]

Uc.perm - the compressive concrete stress

caused by the characteristic combination
of actions, without load model 71

Oc max.71 - Maximum compressive
stress caused by the caused by the
characteristic combination of actions,
with load model 71 and dynamic factor

O¢ min.71 - MNIMUM compressive

stress caused by the caused by the
characteristic combination of actions,
with load model 71 and dynamic factor

The upper and lower of the damage equivalent stress spectrum taking both permanent and
traffic loads into account with the correction factor:

Tcd.max.equ = 9cperm

Ted.minequ — “e.perm ~ >‘c:'(crc.peml -
Partial factor for materials for ULS:

Vod = 1
Reference amount of cycles until failure:

N = 106
AN
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+ >\o::'(O-c.lnax.’f'l h Crc.perm__} =

cmin71) =

8.683-MPa
[EN 1992 2-2:2005 Eq (NN.113)]

3.297-MPa

[EN 1992-1-1:2005 2.4.2.4(2) table 2.1N]

[EN 1992 2-2:2005 NN.3.2(101)]
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Mimimum and maximum compressive stress level taking into account the permanent and traffic
load with the correction factor:

) Tcd.minequ ) o Tcd max.equ
Ecdminequ = Vsd' £ = 0.164 Ecdmax.equ ™= Wsd'f— =0433
cd.fat cd.fat
Concrete stress ratio taking into account the permanent and traffic loads:
Ecd.min equ
R, = ————— =10.38 [EN 1992-2:2005 NN.3.2(101)]

equ
Ecd.max.equ

Requirement that needs to be fulfilled in order to know that the inflicted damage is ok.

1- Ecd.max.equ _

Shach/= |"OK" A M= 26 = TORY [EN 1992-2:2005 Eq (NN.112)]
NE

"NOT OK" otherwise

Writing the value to know how must larger or smaller then six the requirement is:

1 = Ecd max. equ

1- Requ

14- = 10.084

Total damage inflicted on the concrete

i log(N)
D¢ = Ecdmaxequ ™ 1 N I = Requ D, =077
Chesk = |"OK" if D, <1 — "OK"

"NOT OK" otherwise
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Appendix J. Design of shear reinforcement and
detailing for a concrete slab bridge
according to Eurocode

D

Design of the slab with regard to shear capacity:

Check if the section need shear reinforcement: [EN 1992-2 Eq.6.2b]

Sections which is designed for shear reinforcement is:
1: The distance d from the face of the supports due to the inclination of the shear crack

2: The distance 2d from the support due to that the reduction factor of the influence of load
close to support ends here

Assumed that the angle of the shear crack is 45 degrees:

8= 45deg
d:= hl - de = 0.488m
Distance from the support to the crack on the upper side of the slab:

X5 = cot(@)-d = 0.488 m

(%45) [0.488)
Coordinates used in Stripstep2: 502 ‘ m
2.4/ 0975
Ogq = £,q=434783-MPa
my =10 Assuming good conditions during concreting
My = |1 if ¢ =32mm =1
A
(132 - i
\ m, .
————— otherwise
100

—— =0.549m

b &
b= g

Anchorage of reinforcement is assumed to be satisfied. Therefore the area of the tensile
reinforcement is set to the amount aviliable in the section considered

-3 2
=3.669 % 10 "m

Aq] = Agfmin [EN 1992-1-1:2005 9.2.2]
b, = w=45m b, - smallest width of the cross-section in the tensile

area[mm]
Ngg= OkN Axial force in the section due to loading or prestressing
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Asl Asl

. — I - 3
pri= |o—g if g7 5002 =1673x10 [EN 1992-2 Eq.6.2b]
W W
0.02 otherwise
Ng
Opi= |0 i 20284 =0
11 no pretenisoning or axial forces [EN 1992-2 Eq.6.2b]
Ned _
otherwise
A1l
0.18 .
CRrdc=— =012 [EN 1992-2 Eq.6.2b]; National Annex
k=015 [EN 1992-2 Eq.6.2b]; National Annex

o 200-mm . £ 200-mm P B
Lo R i B [EN 19922 Eq.6.2b]

2 otherwise
1
3 2

S T )
. o.oss-k‘-f ck J - 0435 [EN 1992-2 Eq.6.3N]
min

| MP

v

Design value for the shear resistance:

| L] 1
‘ ( fck )’ ‘ ‘ ( fck \? ‘

VRde = CRdlc-k-l\IOO-pl-EJ | byed if CRd-c'k'l\loo'pl'MpaJ | by (vmin j W

’ +ky-o

1

+k1-crcp +k1-crcp \ cp

I

[( Vinin T K1 'O-Cp)'bw' d:| otherwise

IOG-N _
— = 954.462-kN

&
m

Ve o= Vi o
Rd.c = VRd
c ¢ [EN 1992-1-1 section 6.2.1]

Shear force in the sections considered calculated in Stripstep2:

VEdx 45 = 1073kN f ’/x45 3 ( 0.488 ) X45
V. = 829kN > 2 dJ ) \097“Jm \ 2-d ( 0.07 )
.: \ . . I 2 _

o L \ 0.139 J
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Load reduction factor due to influence of support: [EN 1992-1-1:2005 6.2.2 (6)]

According to EC the shear force may be reduced in a region close to the supports. The reduction
is made for concentrated loads by calculating a factor 3 by which the shear force in the

considered section is multiplied. For uniformly distributed loads, which is the case for a railway
bridge, the reduction can be estimated according to Al-Emrani et.al 2006.

Load model considered in the reduction is the locomotive load LM71 distrubuted as a uniform load:

ep o KN
q71 = 13625 —

The total load which may be reduced:

KN
= g1+ Q) 71 = 503.978—
a4 = Vegd1+ @bV a7l 3 -

The reduced shear force:

' 2
(2:d - xy5)

ad -qd} if x4q<2d =1012x 107 kN

VEdred = {VEd.x.ﬂrS -

VEdx.45 Otherwise

s f

ck
l-— | =0.516
\. 250-MPa

v:=0.6

The unreduced shear force should however always satisfy:

Check if the section demands shear reinforcement:
VRd.c > VEd.red= 0

VRd.c” VEd.2d = !
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Design of sections requiring shear reinforcement; EN 1992-1-1:2005 6.2.3

Assumed that the angle of the shear crack is 45 or 22 degrees:
0= 22deg d=0488m

Distance from the support to the crack on the upper side of the slab:
xg = cot(8)-d = 1.207m

Coordinates used in Stripstep2: xg=1.207m

If the crack surfaces at a distance greater than 2d the shear force should not be reduced.
If so only the section of the crack originating from the edge of the support is checked.

Xe)?..dzl

The maximum transversal spacing between shear reinforcement:

S¢ max = 0-75-d = 0.366:m [EN 1992-1-1:2005 9.2.2 (8)]
Number of legs in the transversal direction: N o= — = 12.308
gt‘lllEIX
Cross sectional area of the shear reinforcement _7
for each spacing in the longitudinal direction: Ay =0 ALy = 9.666 x 10" Y m?

Approximation of the internal lever arm in the cross section: z:= 0.9-d = 0.439m

Design yield strength of the shear reinforcement: fywd = f,q = 434.783-MPa

Shear force in the sections considered calculated in Stripstep2:
VEqxas if 6= 45deg for xg=1207m - = 0.172

0 otherwise
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Load reduction factor due to influence of support: [EN 1992-1-1:2005 6.2.3 (8)]

According to EC the shear force may be reduced in a region close to the supports. The reduction
is made for concentrated loads by calculating a factor g by which the shear force in the

considered section is multiplied. For uniformly distributed loads, which is the case for a railway
bridge, the reduction can be estimated according to Al-Emrani et.al 2006.

Load model considered in the reduction is

Ik
the distributed load from LM71: a71 = 156.23-—

KN
qq = 503.978-—

The total load which may be reduced: m

The reduced shear force:

. , (2:d - xg)° | . i
VEdred2 = P"Ed.x.e B T'qu if xg<2-d =723-kN

VEdx.0 otherwise

A
Spacing of the stirrups: s = ———z.f, 4-0.80-cot(6) = 0.505 m
VEdred2

Which should satisfy the condition: [EN 1992-1-1:2005 6.2.3 (3)]

*9

VEdred2 = 0'75'S_Asw'fywd'5in(a) =1
X

Design value for the shear resistance: VRds = %-z-fywd-cot(e) = 903.75-kN

X

Coefficient for the state of stress in the compressive chord:
Non prestressed structures: 0qi=1

For concrete with f, < 60 MPa vy =06
Upper limit due to concrete crushing in the compressive strut:

O‘.Cd'bW'Z"I)l de

3
v = = 9.601 ¥ 10° kN [EN 1992-1-1:2005 6.2.3 (3)]
Rdmax ™ "..1(6) + tan(6)

Which the unreduced shear force should be less then:

VEdx.0 = VRd.max = 1
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Detailing of shear reinforcement; [EN 1992-1-1:2005 9.2.2]

Angle between longitudinal and the shear reinforcement: o= 90-deg
Ratio of the shear reinforcement:
Agw ) [EN 1992-1-1:2005 9.2.2 (5)]
p“.- = e 0.043.9%
Sy bw' sm[.asr)

Additional demand for bridges: [BFS 2009:16]

Pori= | Pw if p“__>0.15% =0.15-%

0.15% otherwise

Minimum ratio of shear reinforcement: [EN 1992-1-1:2005 9.2.2 (5)]
fox )
0.08- J
RS MPa , o
Pw.min = i— = 0.095-%
vk
MPa
A= |Pw T P> Py min = 0-15-%
pY—— otherwise

When the width of the beam is wider than the height the minimum ration of
shear reinforcement can be reduced: [BFS 2009:16]

0.05hy\
w>.hy=1 Porsamian = | 0-10 + -—— = 0.106-%
b, 100
\ W
Rww= |Pw I P> Pymin = 0-15-%
Pw.min Otherwise
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The maximum longitudinal spacing between shear reinforcement:

= 0.?5-(1‘(1 + cot(asr)) =0.366m [EN 1992-1-1:2005 9.2.2 (6)]

5.max '

Se= I5x if S¢ <8 max = 0-366m

S| max ©therwise

Number of stirrups in the section with the shear crack:

-cot(0
_ zeot(®) o
SX

nS.S

Requirement of secondary transverse reinforcement:

Field section: [EN 1992-1-1:2005 9.3.1.1 (2)]

A minimum of 20% of the principal reinforcement should be provided as transversal
reinforcement:

Area in the tensile side of the slab: A p1=20%Ag g = 1.639 x 10 31112

Area of one stirrup in the transversal direction: A6 = 2011 x 10 41112

Number of bars needed in the section: n g = ceil( - J =9
' \ 4il6
Spacing of stirrups in the section: S = L. 0.778 m
nt.f
Maximum spacing of stirrups in the section: [EN 1992-1-1:2005 9.3.1.1 (3)]

s 3-111 it 3-111 <400mm = 04m

max.slabs.t.f =

400mm otherwise

Stf < Smax slabs.t.f = 0

Since support sections not need to be considered and the amount of reinforcement is less on
the compression side the spacing is taken as the maximum spacing requirement
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Appendix K. Cumulative Damage Method
Fatigue induced by shear stresses

O
Control for members without Shear reinforcement: [EN 1992-1-1:2005 6.8.7(4)]

Design value for the shear resistance, calculated in Bridge design:
VR e = 954.462-kN

Shear forces in the section considered calculated in StripStep2:
The design value of the maximum and minimum shear force under frequent load combination.

Coordinates used in Stripstep2: X45= 0488 m
V45 min = 214kN + —47kN
X45
T = 0.07
Vx45.max = 214kN + 727kN = 941-kN

Shear force that the concrete strut should bring to the support:
VEd.min = Vx45.min ~ X45d71 = 128-kN
VEdmax = Vx45.max ~ X45:q171 = 864.828-kN

For members not requiring design shear reinforcement in the ULS it may be assumed that
the concrete resists fatigue due to shear effects where the following apply:

.  VEdmin .
Check := |"Equation 1" if ——— >0 = "Equation 1"

VEd.max

V. -
. . Ed.
"Equation 2" if oo 0

VEd.max
|VEd.max| |VEd.1111'11| . :
= | —=—— =05+ 045-————— if Check = "Equation 1" =0
|\"Rd.c| |\"Rd.c|
|VEd.111ax| _ |VEd.111i11| . .
—— £0.5- —=——— if Check = "Equation 2"
|"'Rd.c| |\‘"Rd.c|
Check := |"OK" if V=1 = "NOT OK, need shear reinforcement"
ANAAAAAAN

"NOT OK, need shear reinforcement"” if V=1
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Check of the web, induced by compressive stresses in concrete

If the cross-section is rectangular, this check is seldom determinate.

o - IS a coefficient taking into account the state of stresses in the compression chord
[EN 1992-1-1:2005 6.2.3(3)]

No axial force from prestress: g =0
Q.= 11'f0'C =0 =1

cw P

a

Py

(1 + f_J if 0 *(CFCI)';O.ZS-de
cd

1.25 if 0-25'fcd < o'cp < O.S-fcd
e o

2501 - f_ if O'S'fcd < O-cp < l.O-de
\ ed |

When calculating the stresses in the strut the angle may be taken as:
B¢ = Vtan(0) = 36.419-deg

Distance from the support to the crack on the upper side of the slab:
Xg fat = COt{Ofy¢) (g = dg) = 0.661m

Coordinates used in Stripstep2: XQ.far = 0-661m
Sectional height at the shear crack:

X9 fat

dx.@.fa‘[ = hl =0.54m = 0.094

Internal lever arm: 7= 09:dy g g2t = 0486 m [Figure 6.5 and 6.2.3(1) EN 1992-1-1]
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Fatigue calculation of Concrete under compression
[EN 1992-2:2005 Section 6.8.7]

Design partial factor taking material uncertainties into account:
VC.fat = 15 [EN 1992-1-1:2005 2.4.2.4(1)]

Characteristic compressive concrete strength in [MPal:

. = 35MPa [EN 1992-1-1:2005 3.1.3 table 3.1]

Design compressive concrete strength in [MPa]:

£
f = <k = 23.333-MPa [EN 1992-1-1:2005 3.1.3 table 3.1]
cdfat

“c fat

In NA recommended value:
Kai= 1.0 [BFS 2009:16 6.8.7(1)]

Coefficient which depend on the type of cement:

5= 0.25 [EN 1992-2:2005 6.8.7 (1)]

A

The time of first cyclic load application on concrete in days:

tg = 28 [EN 1992-2:2005 6.8.7 (1)]

Coefficient for concrete strength at first load application:

28 )
S'(l_\E [EN 1992-2:2005 6.8.7 (1)]

. \ /
BCC =g =

Design fatigue strength of concrete:

f \
ck .
fcd.fat = k]'ﬁcc'fcdfat'(l — mJ = 20.067-MPa [EN 1992-2:2005 Eq(B?B)]

\ /

Fatigue strength reduction factor for concrete cracked in shear:

fck

3\
U= 0.6-( - —— = 0516
o \ 250-MPa

The reduced fatigue strength for concrete subjected to shear:

fedw fat = V-ied fat = 10.354-MPa
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Sectional forces in the considered section:
Sectional shear force due to permanent load from Stripstep2:

Input with positive sign: Vg = 189kN

Shear forces for each cycle in the section considered calculated in AFB:
The design value of the maximum and minimum shear force under frequent load
combination

(100 (10 1)
Inserting tables from textfiles: 150 | 20 1 ‘
2" | 200 Y = 30J s 0.5J
\ 250, \ 40 L1
7100
150 1
Shear force amplitude from AFB: V.=V .kN=| |kN
AT Ta 200
\ 250
(101
20
Mean shear force from AFB: V= Vi kN = kN
(Should have a positive sign) { 30
\40}
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Number of cycles from AFB:

N =120

Nyear: days = 365

Max shear force:

Min shear force:

146

7 A0
4.38 10'Jr

4.38 x 104

n= n‘-.-"Nyear'days = .
2.19x 10
(438 % 10°
(249
] VA |24
Viatmax = Vg T VM + S| 319 kN
354
(149
] . Va |134
Viatmin = Vgt VM~ 5 = 119 kN
104
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Rewritten version of [EN 1992-1-1:2005 6.2.3(3)] gives for vertical shear
reinforcement:

Maximum stress in the compressive chord:

0.462
- _ \'rfat.max'(cm(efat) + mn{_efat_)) 0.527 D
cdw.max ™~ - = -MPa
Oy W-ZV | 0.592
L 0.657
Minimum stress in the compressive chord:
0.276
- ) Vfa‘r.min'(mt(efat) + Tan{_efat)) (0-249 o
cdw.min -~ - = -MPa
Qo WZ:V 0.22
\ 0.193 ,

If the following condition is satisfied the fatigue verification is assumed:

| <0.5+ 045 20 et i) =1

fcdw.fat fcdw.fa‘r

Ucdw.max)

Ecd.min.eqw Ecd.max.equ - Mimimum and maximum compressive stress level

[EN 1992 2-2:2005 NN.3.2(101)]

(0.045 (0.0271
E — Tedw.max 0.051 ‘ E ~ cdw.min 0.024 ‘
cdw.max = - edwmin= — — —
fodw fat 0.057 J I dw fat 0.021 J
\ 0.063 L 0.019
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R - stress ratio:

(0.598 )
Re. Ecdw.min _‘ 0.472
Vo Eegwmax | 0373 [EN 1992 2-2:2005 NN.3.2(101)]
‘\0.294

Ultimate number of constant amplitude cycles in interval "i" that can be carried before failure;

Noy = 100 ‘
|

cdv\ max ( 277 % 1021 \|
1R\, ‘1922><1018‘
16 ‘ [EN 1992-2:2005 6.8.7(101)]
4.685 x 10
1)

\ 4.008 = 10

Total damage inflicted on the concrete under compression:

j= (lengtll(NC“—] - 1)

1 — 11 .
Doy = Z . D = 1.142 x 10 [EN 1992-2:2005 6.8.7(101)]
i=0 C\"‘.-i
Check = |"OK" if D =<1 = "OK"
ARAAAAAANY W
"NOT OK" otherwise
{ O !
—14 ‘
5 o n 2.279 = 10
T New ‘ 4675 x 107 12

~11
‘\ 1.093 x 10 J
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Appendix L. A-Coefficient Method
Fatigue induced by shear stresses

bl

The calculations until here is identical with the CDM.

Sectional forces in the considered section:

Sectional shear force due to permanent load from Stripstep2:

Input with a positive sign: = Xg fat

P P g = 435kN at _ o oos
Sectional forces due to traffic load from AFB:
Maximum shear force from the traffic load: Avmax = 326.6kN
Minimum shear force from the traffic load: AV, . = 0kN
Min shear force: Veemin = V. gt AV, = 435kN
Max shear force: Veat max = \-'g + AV ax = 761.6-kN

Fatigue calculation of Concrete under compression
[EN 1992 -2:2005 Annex NN.3.2]

Put Tew max — Pew.min — fcd
Strength reduction factor for concrete cracked in shear:

vy = 0.6 for £, <60MPa
Internal lever arm: 2= 09d g gy =0486m [Figure 6.5 and 6.2.3(1) EN 1992-1-1]

Maximum stress in the compressive chord:

Vfat.max'(cm(efa‘r) + mn{:efat\))

Tr = =1.215-MPa
cw.max .
Qo W-Z-V
Minimum stress in the compressive chord;
Veat min’ ( co[[ efat__} - mn(efa‘r) }
O e min = = 0.694-MPa
’ QL WZHU
cW 1

If the following condition is satisfied the fatigue verification is assumed:

Ocw.max T ew.min
—_— 205+ 045——=1
fodw fat fodw fat

If this requirement is fulfilled, further calculation does not need to be carried out. According to
EN 1992-2:2005 6.8.7(2), the fatigue verification can be assumed. However, in order to
compare two methods (CDM and LCM), a value of the damage (D) is prefered. Therefore the
calculations will be continued after this verification.
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Stress from the permanent loads in the compressive chord:

\Y -(cot(ef )+ tan(ef ])
g at at
= — = 0.694-MPs
Tew.perm S a

Maximum and minimum compressive stress caused by the characteristic combination of
actions, with load model LM 71 and the dynamic factor:

Maximum stress from LM 71 in the compressive chord:

AVmax'(cm{:efat) + mn(efat])

Ol WZ-0

o - = 0.705-MPa

cw.max.71

Minimum stress from LM 71 in the compressive chord:

. . AVmill'(COt(ef‘:"I) i mn[:efat)) ¢ 0-MP
cw.min.71 -~ -Z-0 e
oW 'Z"L]_

CW

When calculating the correction factor, \ ___, for concrete, the factor who takes into account

cw
the permanent stresses is the only factor that differs from earlier calculations in "Degerfors -
Support LCM". Therefore only the calculation of this factor is shown.

New o - factor to take account of permanent stress [EN 1992-2:2005 NN.3.2(104))]
(o [« JE—
Newo= |0.94+ 02T i gos 402 —ET Ly o
' £ 3 £
cdw.fat cdw fat

1 otherwise
Xow - Correction factor takes account of the permanent stress, the span, annual traffic
volume, desgin life and multiple tracks:

New = New.0"

Ne 1 A2 3Re 4 = 0.893 [EN 1992-2:2005 NN.3.2(103)]

- The upper and lower of the damage equivalent stress spectrum
[EN 1992 2-2:2005 Annex N.N Eqg. NN.113]

GC“".IHHX. equ’ O-C“".Illill. equ

Tew.max.equ = Yew.perm + >‘cw'((-"-0\1&-'.1113241.71 - Ucw.peml] = 0.704-MPa
Ocw.min.equ = Yew.perm ~ >‘cw'(G'-cw.perm - Ucw.min.?l) = 0.074-MPa
Partial factor for materials for ULS: Vg =1 [EN 1992-1-1:2005 2.4.2.4(2) table 2.1N]
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Ecd.min.eqw Ecd.max.equ - Mimimum and maximum compressive stress level taking

into account the permanent and traffic load with the correction factor.

Reference amount of cycles until failure: N=1x 106 [EN 1992 2-2:2005 NN.3.2(101)]
 Y%cw.minequ _ ___ -3
Ecw.min.equ = sdr £ =3.703 x 10
cd.fat
. . Gcw.max.equ 15
Ecw.max.equ = sd £ = 0.035
cd.fat
R - Stress ratio taking into account the permanent and traffic loads

equ

If the stress ratio has a negative value, it means that the concrete is in tension instead of
being in compression which the model is intended for. Therefore the stress ratio smaller than
zero will be set equal to zero.

EC“".IlliIl. equ

N%eqm:: 0 if = <0 =0.106
CW.max.equ [EN 1992 2-2:2005 NN.3.2(101)]
Ecw.min.equ .
E— otherwise

cw.max.equ
Requirement that needs to be fulfilled in order to know that the inflicted damage is ok.

1 -

E..
Check = |"oK" if 14— 0
AN

L- Requ

"NOT OK" otherwise

=26 ="OK" [EN 1992 2-2:2005 NN.3.2(101)]

Writing the value to know how must larger or smaller than six the requirement is:
1- ECW’.IHEIX.EC]‘LI

1- Requ

14- = 14.284

Total damage inflicted on the concrete

, log(N)
Ren= Ecw.max.equ + 14 \ 1- Requ D.=044
Check := |"OK" if D, =1 = "OK"
NN c

"NOT OK" otherwise
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Fatigue calculation of the reinforcing steel
[EN 19982 -2:2005 Annex NN.3.1]

A oo = N O-AT 7 [EN 1992-2:2005 NN.3.1(101)]

s.equ
R R R R [EN 1992-2:2005 NN.3.1(102)]
X, - correction factor to calculate the damage equivalent stress range

Ao ;- steel stress range due to load model 71

¢ - dynamic factor [EN 1991-2 6.4.5.2 (3)P], [BFS 2009:16 6§]
The correction factor is calculated in "Mathcad - LCM Support”

A = 0.892

Ac -, - steel stress range due to load model 71

Cross sectional area of the shear reinforcement for each spacing in the longitudinal
direction from calculations in "Mathcad - Bridge design"

-4 2
Asw: 9.666 x 10 m
Maximum transversal spacing between shear reinforcement, taken from "Bridge design”

Sy = 0.366m

Steel stress range in the shear reinforcement due to load model 71
Rewritten equation from [EN 1992-1-1:2005 6.2.3 (3)]

By putting the design yield strength of the shear reinforcement equal to the shear resistance,
the equation can be rewritten in order to get the stress range in the shear reinforcment

Put Osw.71 = fywd

AVnmx - AVmin
A 71 = = 187.531-MPa
) o A J ; 5
=z co(Ogy)
5t.max o

Equivalent stress in the shear reinforcement due to load model 71, taking into account
correction factor and dynamic factor

Ay equ = AT 71702 X = 226.473-MPa
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Design critetria value for the shear reinforcement:

Input parameters exept the current stress range are defined in previous calculations for LCM

VF.far AC sw.equ
=—— =1.603

Sw - =
Aona D, = 1.603
1S fat

) ATRgk B} .

SRsek= |"OK" i Vp far AOgwequ < = "NOTOK"

' ' S fat

"NOT OK" otherwise
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