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Abstract

Most bridges that were built during the 1960s - 1980s were mainly designed in prestressed

concrete. Nowadays, they represent about the 95% of the total number of bridges that are

part of the Italian national transport network under the responsibility of private and public

management companies. Existing bridges are naturally subjected to degradation mechanisms

during their service life, due to environmental and operational events, leading to a decrease in

performance, if also mechanical problems related to the transversal distribution of loads are

added to this, serious problems can arise. It is important to underline that the development

of stresses and the transfer of loads in a beam bridge is directly related to the relationship

between transverse beams and longitudinal beams, in fact, the main structural function of

cross-beams is to allow the correct transfer of loads in the transversal direction from the

point of application of the load to the neighbouring beams. Improper mechanical interaction

between the two elements leads to an insufficient transfer of loads, leading to a concentration

of stresses generally applied to the edge beams. The goal of this Thesis, developed with the

collaboration of the engineering company Masera Engineering Group, is to investigate the

role of the transverse beams of an existing beam bridge in order to study the effective grade of

loads transfer and to evaluate the fatigue behaviour of the structure.
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CHAPTER

1 INTRODUCTION

1.1 Background

The majority of the bridge and viaducts in Italy were designed and realized between the 1960s

and the 1980s, following regulations and code rules valid at that time, considering lower

volumes of traffic than those present today and with limited knowledge about the behaviour

of complex structures such as bridges and viaducts. The typology of bridges that was most

present, was realized using concrete beams as the support structure of the deck (Beam Bridges),

because of their speed and simplicity of construction and the possibility of easy prefabrication

of the structural elements.

Nowadays those bridges are getting to the end of their service life showing cases of high

degradation due to environmental actions and different loading conditions compared to those

present at construction time. The level of technology available at that time, regarding the

connection between the cross-beams and the main beams, affects the transverse distribution of

the loads, causing concentration of bending and shear stresses at the edge beams [14]. This

condition, in addition to the increase of traffic action in the last years, leads to several problems

that concern the durability and fatigue life of the structure, which is directly influenced by the

dynamic action of the traffic.
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1.2 Scope of the Research

The aim of the thesis is to study the influence of the cross-beams in the transverse load’s

distribution of an existing bridge and to create a representative model of the structure, allowing

to study the current behaviour of the bridge under the action of today’s traffic loads, focusing

on the fatigue behaviour of the structure. The proposed model will be realized using the finite

element program SAP2000 and using the original design documentation of the bridge. The

thesis allows comprehending the behaviour of a beam bridge designed more than 40 years ago

under the effects of today’s loads allowing to individuate problems related to the key function

of the cross-beams.

1.3 Thesis Overview

The first two chapters of this thesis are devoted to a general overview of beam bridges in terms

of structural typologies, construction methods and methods of calculations, while in the third

chapter, the case of study is presented focusing on geometric characteristics and used materials.

In the fourth chapter the finite element model of the case study is fully described referring to

the geometry, the applied loads and the boundary conditions, afterwards it is explained how

the model was validated and finally, the influence of the cross-beams in the transverse load’s

distribution is studied. The fifth chapter presents the fatigue phenomenon and the fatigue

analysis performed on the case study.



CHAPTER

2 Overview of Beam Bridges

2.1 Structural Typologies

A beam bridge is a typology of bridge structure widely used because of its construction speed

and simplicity and the possibility of easy prefabrication of the structural elements. The main

elements composing such a structure are:

• Main beams (or longitudinal beams): these elements are the ones carrying the highest

loads coming from the superstructure and transferring them to the piers. They generally

have an I or V cross-section shape, they may be cast-in-place or precast and may be

realized with or without prestress;

• Cross-beams (or transverse beams): are usually cast-in-place and connected to the

longitudinal beams by means of reinforcing or prestressing steel, they can be connected

or not with the slab. The main structural function of these elements is to allow the

correct transverse distribution of the loads between the main beams.

• Concrete slab: it is supported by the grid composed of the main beams and the cross-

beams, it has the main structural function to transfer the live loads and the traffic loads

to the cross-beams and to sustain the local effects of loading.

The advantages and disadvantages of a beam bridge are strictly related to the structural system

typology, in particular, it is possible to define three main typologies:
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• Simply Supported Beams

Figure 2.1: Simply supported girder

A simply supported beam is a very common system which employs double bearings per

pier in addition to a wide use of connection joints between the different spans. The main

advantages are related to the simplicity of the pre-cast of the structural elements and

the simplicity and speed of the construction process, moreover simply supported beams

are isostatic structures and therefore insensitive to differential settlements at the support

and to the temperature variation. On the other hand, this typology of structure allows

only the construction of spans of limited length, in addition of that there is a large use

of short service life components such as bearings and joints which lead to problems of

durability.

• Bridges with Gerber beam Half-Joints

Figure 2.2: Gerber half-joint girder
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The Gerber beam half-joint is characterised by the presence of a suspended span inter-

posed between two pier segments. The main advantages and drawbacks are almost the

same as the simply supported beam but it is important to mention that in this type of

system, there is a better use of employed materials though there is an evident larger use

of short service life elements and therefore more problems in terms of the durability of

the structural components.

• Continuous Beams

Figure 2.3: Continuous Girder

The continuous beam system allows the realisation of bridges with longer spans, more-

over, in this system, the components having a short service life are present in a very

low number, therefore the problems related to durability are less than in the previous

systems. Nevertheless, it is more complicated to pre-cast a continuous beam, more-

over, design and construction processes are more challenging, lastly, unlike previous

systems continuous beams are particularly sensitive to settlements at the supports and to

temperature variations due to the fact that continuous beams are hyperstatic structures.
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2.2 Construction Methods

Since the 1960s, the construction methods for bridges have developed more and more, and

nowadays technical and technological achievement allows to considerably reduce costs, time

and resources wasted, in addition of that the experience related to the design of key infras-

tructures such as bridges has led to an increase of efficiency of the design of this type of

structures. When dealing with a bridge structure it is important to consider the peculiarities of

this type of structure. A bridge has generally a plane shape which spreads in length, therefore

the characteristics of the foundation ground may vary consistently and consequently also the

height of the supports (piers) may range from a few meters to dozen of meters. Lastly, the

amount and the magnitude of live loads are extremely higher than other buildings for civil use.

From a construction point of view, a bridge can be erected using several methodologies:

• Lifting: This technique involves the use of cranes to place the elements composing the

superstructure of the bridge after the realization of the vertical elements, sometimes the

morphology of the terrain hampers the use of this method.

Figure 2.4: Lifting construction method
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• Stationary formwork: In this method, the concrete elements are realized in situ using

temporary stationary falsework directly supported on the ground, it provides a stable

work platform upon which the concrete forms are set, moreover it gives additional

support to the concrete superstructure until it has achieved the sufficient strength to

support itself [48].

Figure 2.5: Stationary formwork construction method

• Traveling formwork: In this case, the falsework is supported by temporary piers resting

on the ground over rollers or on main steel beams supported on brackets attached to the

final piers (advancing shoring system) [51].

• Horizontal incremental launching: This method is used for the construction of segmental

bridges, the segments composing the superstructure are manufactured in a casting yard

located behind one or both bridge abutments. Each segment is prestressed and lauched

using jacks ove the piers heads which have to be provided with temporary sliding

bearings [30]. It is preferable to have a bridge with a straight profile, although limited

curvature can be managed.
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Figure 2.6: Incremental launching construction method

• Cast-in-situ balanced cantilever construction: The first segment above the closest pier to

the centreline is realized, and then two form travellers are erected on the two sides of it

to work as supports for the realization of the next segments. The segments are realized

symmetrically to the pier in order to ensure balance. After the casting of the two new

segments prestress is applied and the travellers are moved to the next position, the same

process is repeated until both cantilever ends are completed [51].

Figure 2.7: Balanced cantilever construction method

The identification of the most suitable is directly related to the used materials, construction

typology and site morphology.
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2.3 Transverse distribution of loads

Considering the typologies of beam bridges already seen it is possible to notice that one of the

crucial aspects is related to durability and it is also affected by the high number of short service

life elements such as bearings and joints. In addition to that also water infiltration is a huge

problem which strongly affects the durability of bridges. Sometimes damages and degradation

of the structural elements are due to atmospheric precipitations, but in some cases, it can

be noticed that the state of degradation, which can manifest itself in the form of advanced

cracking states in structural elements such as beams and concrete slabs, can be traced back to

an increase of the flexural, shear and/or torsional stresses due to defects which are difficult to

spot during the design process. [14]. The development of stresses and the transfer of loads in

a beam bridge is directly related to the relationship between transverse beams and longitudinal

beams, in fact, the main structural function of cross-beams is to allow the correct transfer of

loads in the transversal direction from the point of application of the load to the neighbouring

beams. Improper mechanical interaction between the two elements leads to an insufficient

transfer of loads and causes a concentration of stresses generally applied to the edge beams.

[14]. Depending on the position of the live load on the deck slab, the transverse distribution of

loads varies in each beam, this distribution can be estimated using several methods.

2.3.1 Courbon method

The transverse distribution of the loads in a beam bridge is affected by the flexural rigidity and

the torsional rigidity of the beams, the latter generally depends upon the effectiveness of the

cross-beams[17]. The hypothesis of the Courbon method include[8]:

• The torsional rigidity of the main beams is considered equal zero γp = 0;

• The flexural rigidity of the cross-beams connecting the main beams is considered infinite

ρe = ∞.

These hypotheses allow to consider the cross-beam as a continuous beam supported by

elastic springs representing the main beams[39]:
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Figure 2.8: Courbon static scheme

In the static scheme above G represent the rigidity gravity centre of the springs system,

δ is the displacement of the cross-beam and φ is the corresponding rotation angle. The total

displacement of the beam is:

δi = δ +φ ·di (2.1)

where:

• δ is the vertical displacement;

• φ is the rotation angle;

• di is the distance from the rigidity gravity centre G of the i-th spring.

The generic applied force is:

Pi = Ki ·δi = Ki · (δ +φ ·di) (2.2)

where Ki is the elsatic constant of the i-th spring. Imposing the equilibrium in the vertical

direction:
n

∑
i=1

Pi = 1 (2.3)

substituting (2.2) into (2.3):

∑
n
i=1(Ki ·δ +Ki ·φdi) = δ ·∑n

i=1 Ki ·δ +φ ·∑n
i=1 Ki ·di = 1
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and having that ∑
n
i=1 Ki · di = 0 because G is the centroid of the rigidities, it is possible to

obtain that:

δ =
1

∑
n
i=1 Ki

(2.4)

Similarly applying the rotation equilibrium:

n

∑
i=1

Pi ·di = 1 · e (2.5)

where e is the eccentricity of the applied load P with respect to G. Then substituting (2.2) into

(2.5):

∑
n
i=1(Ki ·δ +Ki ·φdi) ·di = δ ·∑n

i=1 Ki ·di +φ ·∑n
i=1 Ki ·d2

i = 1 · e

and having also in this case that δ ·∑n
i=1 Ki ·di = 0, it is possible to obtain:

φ =
e

∑
n
i=1 Ki ·d2

i
(2.6)

If the main beams are identical and have the same restrains it’s possible to assume that:

Ki = K = cost (2.7)

At this point, considering an applied load P = 1 and replacing (2.4), (2.6) and (2.7) into (2.2):

ρi,e =
Ki

∑
n
i=1 Ki

+
Ki ·di · e

∑
n
i=1 Ki ·d2

i
=

K
n ·K

+
K ·di · e

K ·∑n
i=1 d2

i
=

1
n
+

di · e
∑

n
i=1 d2

i

at the end it gives:

ρi,e =
1
n
+

di · e
∑

n
i=1 d2

i
(2.8)

The eq.(2.8) is the Courbon distribution coefficient which represents the percentage of the load

P, applied with an eccentricity of e from the centroid G of the rigidities, acting on the i-th main

beam[39]. It is possible to demonstrate that the Courbon Method gives a good approximation

of the transverse distribution of the loads between the main beams when[8]:

L
b0

> 10 (2.9)
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In which:

• L is the total length of the main beam;

• b0 is the interaxle spacing between the beams.

2.3.2 Guyon-Massonnet-Bares

The method of Guyon-Massonnet-Bares is based on the use of a set of distribution coefficients,

which allows considering the two extreme cases: the torsional rigidity is not considered or

is fully considered, therefore enabling the determination of the actual load distribution of

any type of bridge[36]. The distribution coefficient K depends upon the value of the flexural

parameter of Guyon (θ) and the torsional parameter (α)[41]:

θ =
b
l
· 4

√
ρp

ρe
(2.10)

α =
ρtxy +ρtyx

2 ·√ρp ·ρe
(2.11)

in which:

• ρp is the flexural rigidity of the main beam;

• ρe is the flexural rigidity of the cross-beam;

• ρtxy is the torsional rigidity per unit width of the deck;

• ρtyx is the torsional rigidity per unit length of the deck;

• b is the active semi-rigidity of the deck, defined by Bares-Massonet as[17]:

2 ·b = np ·b0 (2.12)

in which np is the number of cross-beams;

• l is the total length.



13 Chapter n°2 - Introduction

The distribution coefficient K is then obtained by interpolation:

K = K0 +K1 −K0 ·
√

α (2.13)

In which K0 is obtainable from the Bares-Massonnet tables, while K0 are defined in the

Massonnet tables[17].

2.3.3 Finite element method

The Finite Element Method (FEM) is a well-known numerical method widely used for the

solution of complicated structural engineering problems and it is also very useful to predict

the bridge behaviour under traffic loads[43]. The FEM is based on the application of a

discretization process of a continuous system[10], the steps which have to be followed are[12]:

1 - Idealization: the structure is defined in terms of geometry, applied loads, boundary

conditions and material properties,

2 - Discretization: the FEM model is created, the structure is divided into a finite number of

Finite Element (FE), which can be line elements, 2D elements or 3D elements, and the

boundary conditions are applied on the model and the loading conditions and material

properties are modelled as well;

3 - Finite Element Analysis (FEA): for each EF a stiffness matrix and a vector representing

the equivalent nodal applied loads are defined. The stiffness matrices of the EF and

the nodal load vectors are assembled and a system of equations having a number of

unknowns equal to the total number of DOF of the structure is created. The external

restraints are applied as a boundary condition of the system and the unknown nodal

displacements are calculated.

4 - Post-processing: The obtained values of the nodal displacement are backwards substi-

tuted to obtain secondary unknowns: stresses and strains.
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3 Description of the Case Study

The aim of the following chapter is to give a general overview of the characteristics of the

case of study that will be analysed in this thesis, in particular, the following pages are focused

on the explanation of the geometrical characteristics of the bridge, the properties of the used

materials and the main characteristics of the structural elements.

3.1 Location

The bridge is part of the Autostrada dei Fiori (A10) in the road section that links the city of

Genova with Savona and it was realized in 1974.

3.2 Geometric Characteristics

The bridge is composed of a carriageway with three lanes (two of them for normal traffic and

one for emergency) and it has a total width of 11.25 m with a constant transversal slope of 2%.

The total length of the bridge is 126.50 m divided in the following way: a span of 41.25 m

between the abutments and the axis of the immediately following pier and a central span of 44

m between the axis of the two piers, for the purpose of this study only the central span will be

analysed:
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Figure 3.1: Central span plan

The structure is composed of four main beams connected with each other by three cross-

beams along the span length and two cross-beams at the piers connection.

3.2.1 Main Beams

The longitudinal beams (main beams) are precast and realized in prestressed reinforced

concrete class C35/45 with a length of 41 meters in the base span. The shape of the cross-

section is a double T having the following dimensions:

Figure 3.2: Main Beam cross-section

The reinforcement of the main beam is provided by steal reinforcement bars type ALE

having φ = 10mm and the following configuration:
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Figure 3.3: Main Beam reinforcement

The prestress is applied on the cross-section using tendos type Freyssinei 12T13:

Figure 3.4: Main Beam prestress
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3.2.2 Cross-Beams

The cross-beams are cast-in-place and realized in reinforced concrete class C35/45. The shape

of the cross-section is a rectangle having the following dimensions:

Figure 3.5: Cross-beam cross-section

The prestress is applied on the cross-section using 3 strands 12φ7 placed at 0.81, 1.21 and

1.61 meters from the top of the deck slab:

Figure 3.6: Cross-beam prestress
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3.2.3 Concrete Slab

The concrete slab is cast-in-place using a concrete C35/45 and has a thickness of 24 cm. It is

connected both with the main and cross-beams and is adequately reinforced using steel bars

type ALE having a diameter φ = 12mm

3.2.4 Piers

The two piers of the bridge have a box-section reinforced concrete C20/25 shaft having

two trapezoidal compartments, each pier supports a monolithic capital realized in reinforced

concrete C20/25 as well:

Figure 3.7: Pier cross-section
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Figure 3.8: Pier capital

The steel bearings used as supports for the longitudinal beams are of two typologies:

• Fixed hinge.

• Unidirectional roller.

Four fixed hinges are located at the abutments, while on the shorter pier, there are four

fixed supports and four mobile supports, on the higher pier all the supports are fixed. A

representation of the bearings configuration is reported in the figures below:
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Figure 3.9: Pier elevation

Figure 3.10: Restrains configuration

3.2.5 Foundations

The pier foundation is realized on a bedrock with an high cohesion and bearing capacity. The

foundation itself is a monolithic reinforced concrete block having dimension 10x4 m2 and 4

meters height.

3.3 Used Materials Properties

The main beams and the cross-beams are made of reinforced concrete class C35/45 prestressed

using harmonic steel for the tendons and strands: 8 tendons 12T13 Freyssinet type and 3

strands 12φ7 respectively. The piers are made of concrete class C20/25. The steel used for the

reinforcement is a type ALE. The main features of the implemented construction materials are

reported in the tables below:
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Concrete [C35/45]
Rck [MPa] 45
fck [MPa] 37.35
fcm [MPa] 35.67
fctm [MPa] 2.74

fctk0,05 [MPa] 1.92
Ecm [MPa] 32218
vs [MPa] 0.2

αcc 1.00
γc 1.00
FC 1.35

fcd [MPa] 27.67
fctd [MPa] 1.92
fbd [MPa] 3.03

Table 3.1: Concrete C35/45 properties

Reinforcing Steel (ALE)
fyk [MPa] 440
ftk [MPa] 506
Es [MPa] 210000

γs 1.00
FC 1.35

fyd [MPa] 325.9

Table 3.2: Steel Ale properties

12 T 13 Freyssinet (Tendons)
d [mm] -

A [mm2] 1130
fp(1)k [MPa] 1670
fptk [MPa] 1750
Ep [MPa] 210000
σspi [MPa] 1146.6
σsp f [MPa] 890
N° of cables 8

Ap [mm] 9040
Relaxation coeff. 8%

µ 0.19
γs 1.15
FC 1.35

fpyd [MPa] 1237

Table 3.3: Harmonic steel (Freyssinet)
properties

Harmonic Steel (Strands)
d [mm] 7

A [mm2] 77
fp(0.1)k [MPa] 1420

fptk [MPa] 1650
Ep [MPa] 210000
σspi [MPa] -
σsp f [MPa] -
N° of cables 12

Ap [mm] 923.60
Relaxation coeff. 8%

µ 0.19
γs 1.15
FC 1.35

fpyd [MPa] 1051.9

Table 3.4: Harmonic steel properties
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4 Finite Element Structural Analysis

4.1 Model Description

In the following chapter it is explained and defined the finite element model used during the

structural analysis process. The model itself was created using the software SAP2000.

4.1.1 Loads

The structural analysis performed on the model is considering the applied loads as follows

[20]:

• Permanent structural loads (G1), are considered as the loads due to the self-weight of

the elements composing the structure (e.g.: beams, slabs);

• Permanent non-structural loads (G2), are considered as the loads due to the self-weight

of non-structural elements having other specific functions (e.g.: kerbs, traffic barriers,

pavement);

• Environmental loads, such as wind action and temperature action.

• Live loads, more specifically the loads due to the traffic action.
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4.1.1.1 Permanent Structural Loads (G1)

The permanent loads (G1) considered are the self-weight of the structural elements, in par-

ticular longitudinal beams, cross-beams and the concrete slab. To create a simplified model

and in order to consider the stiffness provided by the concrete slab, it was set to include the

collaborating slab portion in the beam section, to do that it was necessary to calculate the

effective width (be f f ) of each of the four longitudinal beams to define a complex section. The

effective width of the flange of a T beam cross-section defines the area in which the uniform

condition of stress can be assumed [31], it generally depends upon web and flange dimension,

type of loading, span length, support conditions, and transverse reinforcement. Following the

EC2 sec. - 5.3.2 [46] the be f f was calculated for the generic beam as follows:

be f f = ∑be f f ,i +bw ≤ b (4.1)

where:

• bw is the width of the cross-section flange;

• be f f ,i is the effective width component, calculated as:

be f f ,i = 0.2 ·bi +0.1 · l0 ≤ 0.2 · l0 (4.2)

The meaning of the various terms is represented in the figures below:

Figure 4.1: Definition of l0
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Figure 4.2: Effective flange width parameters

Considering the cross-section of a generic longitudinal beam, it was possible to calculate

for each beam the effective width in order to obtain the following results:

Effective Width Calculation Resutls
Element l0 [m] b [m] bw [m] b1 [m] b2 [m] be f f ,1 [m] be f f ,2 [m] be f f [m]
Beam 1 41 - 0.20 1.78 1.40 1.78 1.40 3.38
Beam 4 41 3.13 0.20 1.53 1.40 1.53 1.40 3.13

Beam 2-3 41 3.00 0.20 1.40 1.40 1.40 1.40 3.00
Cross-beam H 2.10 6.48 0.20 0.88 5.40 0.39 0.42 1.01

Cross-beam A-C 2.10 10.25 0.20 5.40 4.65 0.42 0.42 1.04
Cross-beam B 2.10 9.50 0.20 4.65 4.65 0.42 0.42 1.04

Table 4.1: Effective Width Calculation

Finally, the procedure leads to the definition of a complex cross-section composed of the

real cross-section of each beam and the slab, whose width is set as the effective width of the

concrete slab collaborating with the related beam.

Figure 4.3: Beam complex cross-section
Figure 4.4: Cross-beam complex cross-
section
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A graphical representation of the effective width of each beam element and, in other words,

the amount of concrete slab collaborating with it is presented below:

Figure 4.5: Effective Width overview

As it is possible to notice there is an overlapping area in correspondence of the cross-beams,

therefore, it was resolved to multiply the mass of each cross-beam for a coefficient equal to the

ratio between the weight of the original cross-section and the weight of the new cross-section,

which included also the collaborating portion of the concrete slab, in order to avoid taking

into consideration the weight of the concrete slab twice. By considering the overall area and

the qualities of the material being utilised, it is now possible to determine the actual self of

each beam:

Applied Structural permanent loads (G1)
Element Area [m2] γ [KN/m3] G1 [KN/m]
Beam 1 1.64 25 41.09
Beam 4 1.55 25 39.59

Beam 2-3 1.58 25 38.81
Cross-beam H 0.48 25 12

Cross-beam A-C 0.48 25 12
Cross-beam B 0.48 25 12

Table 4.2: Applied Structural Permanent Loads



Chapter n°4 - Finite Element Structural Analysis 26

4.1.1.2 Permanent Non-Structural Loads (G2)

For what concerns the permanent non-structural loads the elements that were considered are:

• Road pavement;

• Concrete kerb;

• Traffic barrier.

The road pavement applied on the bridge is a bitumen pavement with 25 cm of thickness, the

distribution of the consequent load is applied on the longitudinal beams, and the two edge

beams are also affected by the presence of the concrete kerb and the traffic barrier. For the

concrete kerb, the related applied load is calculated considering the area of the kerb, which

is 0.128 m2 and 0.085 m2 for beam 1 and beam 4 respectively. For what concerns the traffic

barrier it was considered an integrated barrier with a load of 2 KN/m. All the permanent

non-structural loads were summed up and applied as a unique distributed load on each beam:

Applied Non-Structural permanent loads (G2)
Element Pavement [KN/m] Concrete curb [KN/m] Traffic barrier [KN/m] G2 [KN/m]
Beam 1 8.63 1.79 2 12.42

Beam 2-3 9.00 - - 9.00
Beam 4 7.13 2.85 2 11.98

Table 4.3: Applied Non-Structural Permanent Loads

4.1.1.3 Wind Action

To determine the wind action on the bridge is taken as reference the D.M. 17/01/2018 §3.3

[49] and what is reported in the explanatory circular. The wind action induces loads that are

variable in time and generate dynamic effects but it is generally considered as a distributed

horizontal load. Following the previously mentioned code rules the calculation of the wind

action is performed with the following steps:

a) Reference Base Velocity

The reference base velocity vb is the mean value considering a time of 10 minutes and
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a height of 10 meters from the ground considering a homogeneous plain terrain and a

design return period TR = 50years. This velocity is defined as:

vb = vb0 · ca (4.3)

Where vb0 is the reference base velocity at the sea level, which is a function of the

location of the site in which the structure is realized. The second parameter, ca, is the

altitude coefficient defined as:

– if as ≤ a0

ca = 1 (4.4)

– if a0 < as ≤ 1500m

ca = 1+ ks · (as/a0 −1) (4.5)

where a0 and ks are two parameters that are a functions of the site location and as is

the altitude of the site where the construction takes place. The code rules give a table

containing all the above parameters divided by geographic area:

Figure 4.6: Parameters values: vb0, a0, ks
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b) Reference Velocity

The reference base velocity vr is the mean value considering a time of 10 minutes and a

height of 10 meters from the ground having a homogeneous plain terrain and a design

return period Tr = 50 years. This velocity is defined as:

vr = vb · cr (4.6)

In which vb is the reference base velocity and cr is the return coefficient function of the

return period TR, in absence of further information the return period is taken equal to 50

years and therefore the return coefficient is taken equal to 1.

c) Reference Kinematic Pressure

The reference kinematic pressure is given by the following expression:

qr =
1
2
·ρ · v2

r (4.7)

In which vr is the reference wind velocity and ρ is the air density conventionally assumed

constant and equal to 1.25kg/m3.

d) Exposure Coefficient

The exposure coefficient ce depends upon z, defined as the height from the ground of the

considered point, the morphology of the ground itself and the exposure category of the

considered site where the structure takes place. Considering that there are no specific

analyses and the height from the ground < z = 200m, it is possible to calculate ce with

the following formulas:

– if z ≥ zmin:

ce(z) = k2
r · ct · ln(z/z0) · [7+ ct · ln(z/z0)] (4.8)

– if z < zmin:

ce(z) = ce(zmin) (4.9)
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in which ct is the topographic coefficient, while kr, z0 and zmin are assigned parameters

function of the exposure category of the site in which the structure takes place, in the

table given by the code rules:

Figure 4.7: Parameters for the exposure coefficient definition

The category of exposure is assigned considering the geographic position of the site and

the class of roughness of the ground, both of them are defined by the code rules:

Figure 4.8: Class of roughness of the terrain
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Figure 4.9: Parameters for the exposure coefficient definition

e) Force Coefficient

Considering that the structure under analysis is a bridge is mandatory to consider two

cases: the loaded case, in which it is considered the passage of traffic, and the unloaded

case, in which the traffic is not considered. The main difference between the two cases

is the final value for the total height of calculation:

Total Height of Calculation
Quantity Loaded Case Unloaded Case

Height from the ground z[m] 28.00 28.00
Height deck and pavement zimp[m] 3.35 3.35
Height of the moving loads ztra f f [m] 3.00 0
Height of the traffic barrier zbarr[m] 2.50 2.50
Total height of calculation ztot [m] 34.35 33.85

Table 4.4: Total Height of Calculation
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as is possible to notice in the loaded case it is taken the higher value between the traffic

height and the barrier height, while in the unloaded case since the road traffic is not

considered the height of the moving load is posed equally to zero. At this point, it is

possible to define the force coefficient c f , which takes into account the area affected by

the action of the wind. The UNI EN 1991-1-4 gives graphs to determine the value of

this coefficient:

Figure 4.10: Force Coefficient

f) Wind Pressure and Wind Force At this point all the needed parameter and coefficient

are known to obtain the wind pressure:

p = qr · ce · c f · cd (4.10)

in which qr is the reference kinetic pressure, ce is the exposure coefficient from, c f is

the force coefficient and cd is the dynamic coefficient, it takes into account the reductive

effects due to the non-contemporaneity of the maximum local pressures in addition with

the amplifying effects of the dynamic response of the structure. The dynamic coefficient
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can be assumed equal to 1 for safety reasons. [49]

Having the value of the wind pressure it is possible to finally obtain the wind force:

Fw = p ·d (4.11)

in which d is the total reference height equal to the sum between the height of the deck

and the maximum value between the height of the traffic barrier (zbarr) and the height

of the moving load (ztra f f ). The numerical values used for the calculation and the final

results are reported in the table above:

Wind Load Results
Quantity Loaded Case Unloaded Case

Reference Base Velocity vb[m/s] 28.00 28.00
Reference Velocity vr[m/s] 28.00 28.00

Reference Kinetic Pressure qr[KN/m2] 0.490 0.490
Exposure Coefficient ce 2.69 2.68

Force Coefficient c f 1.89 1.84
Total Reference Height d[m] 6.35 5.85

Wind Pressure p[KN/m2] 2.50 2.42
Wind Force Fw[KN/m] 15.87 14.18

Table 4.5: Wind Load Results
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4.1.1.4 Thermal Action

Thermal loads are environmental loads strictly related to the daily and seasonal temperature

variation, the study of the response of bridges subjected to this kind of loads is very important

since they influence the long-term response and the durability of the structure [3]. The

temperature distribution in bridges is generally non-linear and it is influenced by several

conditions and parameters such as material type, bridge type and orientation, and shading

from neighbouring structures [5]. Particularly important for analysing the thermal loads is

the geographical location of the site where the structure takes place, in fact, it affects the air

temperature defined within a range [Tmax;Tmin], in which the two limit values are defined as

the maximum shade air temperature in summer and the minimum shade air temperature in

winter respectively, considering a return period of 50 years [49]. The construction site belongs

to Zone I, therefore the two boundary values are taken as:

Tmin =−15−4 ·as/1000 ≈−15◦C (4.12)

Tmax = 42−6 ·as/1000 ≈ 44◦C (4.13)

The thermal action should be then specified defining the following quantities:

a) A uniform temperature component ∆Tu.

b) A linearly varying temperature component ∆TM.

For what concerns the range of uniform bridge temperature component, it is defined as:

∆TN,con = T0 −Te,min (4.14)

∆TN,exp = Te,max −T0 (4.15)

where T0 is the initial bridge temperature taken equal to 15◦C, while Te,con and Te,exp are,

respectively, the minimum and the maximum uniform bridge temperature component obtained
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by entering in the graph below knowing the values of the minimum and maximum shade air

temperature:

Figure 4.11: Te,min and Te,max recommended values

The choice of the correct straight line within the graph and, consequentially, of the correct

formula to be used is given by the correct identification of the type of deck. The case study

presents a deck type 3 (concrete deck with beams), therefore:

Te,max = Tmax +2 (4.16)

Te,min = Tmin +8 (4.17)

In addition to the uniform component, it is necessary to take into account the differential

component, in fact considering a prescribed time period the heating and cooling process of

the deck’s upper surface will lead to a condition of maximum heating and maximum cooling
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temperature variation [20]. The effect of these vertical temperature differences should be taken

into account by defining a linear temperature difference component ∆TM,heat and ∆TM,cool .

These values have to be adjusted considering the effective surfacing thickness of the pavement

by multiplying them for the coefficient ksur:

Figure 4.12: Recommended values of linear temperature difference component

Figure 4.13: Recommended values of ksur to account for different surfacing thickness
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The outcomes of the calculation previously explained are shown in the following table:

Thermal Load Results
Quantity Value

Minimum shade air temperature Tmin[
◦C] -15.0

Maximum shade air temperature Tmin[
◦C] 42.0

Initial Temperature T0[
◦C] 15.0

Minimum uniform temperature component Te,min[
◦C] -7.0

Maximum uniform temperature component Te,max[
◦C] 44.0

Maximum contraction range of the uniform component ∆TN,con[
◦C] -22.0

Maximum expansion range of the uniform component ∆TN,exp[
◦C] 29.0

Heating equivalent linear temperature difference ∆TM,heat [
◦C] 10.5

Cooling equivalent linear temperature difference ∆TM,cool[
◦C] -8.0

Table 4.6: Thermal Load Results

The simultaneously action on both uniform and differential component was considered by

applying the following combinations:

∆TM,heat(or∆TM,cool)+wN ·∆TN,exp(or∆TN,con) (4.18)

wM ·∆TM,heat(or∆TM,cool)+∆TN,exp(or∆TM,con) (4.19)

where wN = 0.35 and wM = 0.75 are combination coefficients provided by the Eurocode.
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4.1.1.5 Traffic Action

The structure of a bridge enables vehicles to overcome obstacles, but while doing so, they tend

to generate internal stresses due to traffic-related static and dynamic movements. A single

vehicle induces an action on a bridge structure, which splits into a quasi-static component

depending upon the mass of the vehicle and a dynamic component mainly due to the vibrations

of the vehicle that are a consequence of the pavement irregularities [40]. To perform the

design of a bridge the European code defines imposed loads, models and representative

values, associated with road traffic, including dynamic effects, centrifugal forces, braking and

acceleration actions [45]. The traffic load models are mostly calibrated considering traffic

surveys performed at high-loaded highways [18]. The main load models for vertical traffic

loads provided by the Eurocode are described hereafter [20]:

• Load Model 1 (LM1):

The LM1 consider the combined application of axles and uniformly distributed loads and

it is used to represent most of the effects of lorry traffic for general and local assessment

[40], it is based on two subsystems: a system of concentrated axle loads named tandem

system (TS) and a uniformly distributed loads system (UDL) [45]:

Figure 4.14: Load Model 1
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• Load Model 2 (LM2):

The LM2 consider the application of a single axle load applied on a specific contact

area, it is mainly used for local verification and to represent the effects of traffic on short

structural members [35]:

Figure 4.15: Load Model 2

• Load Model 3 (LM3):

The LM3 is intended for general and local verification, it considers the application of

axle loads representing special vehicles [9].

The load models are applied on notional lanes having a width w1 defined by the Eurocode:

Figure 4.16: Number and width of notional lanes
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The arrangement of the notional lanes has to be determined in order to induce the most

unfavourable condition of loading: considering that the carriageway has a total width of 11.25

m the total number of the notional lanes is 3 with a width w1 taken equal to 3.00 m with a

remaining area of 2.25 m width. A representation of the notional lanes is reported in the image

below:

Figure 4.17: Notional lanes representation

Once defined the notional lanes configuration, it is possible to apply the Load Models. In

this case study was applied the LM1 considering the following loads:

TS and UDL (LM1)
Position Axle Load (TS) - Qik[KN] UDL - qik[KN/m2]
Lane 1 300 9.00
Lane 2 200 2.50
Lane 3 100 2.50

Remaining Area 0 2.50

Table 4.7: TS and UDL values for LM1

In addition to the vertical loads represented by the LM1, it has to be considered the

centrifugal force action and the longitudinal action of braking and acceleration, since the

bridge under analysis has no curvature, only the braking and acceleration were taken into
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account. The braking and acceleration force q3 is a function of the vertical applied traffic load

acting on the notional lane 1 and is defined as follows:

180KN ≤ q3 = 0.6 · (2 ·Q1k)+0.10 ·q1k ·w1 ·L ≤ 900KN (4.20)

in which w1 is the notional lane 1 width and L is the loaded length, in this case equal to 41 m,

the calculated value for q3 is then:

q3 = 11.48 KN/m

4.1.1.6 Load Combinations

To perform the assessment of the structure all the load combinations of the Ultimate Limit

State (ULS) were conducted out, taking into account all the imposed loads previously described

along with the appropriate combination factors specified by the code rules for the worst case

scenario:

Figure 4.18: Partial Safety Factors for ULS Assessment
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Figure 4.19: Combination coefficients for ULS Assessment

The performed combinations of actions applied on the model are reported in the table

below, which highlights the used partial safety coefficients and the combination coefficients

used for each load:

Loads Combinations

Load
SLU (gr1) SLU (gr2a) SLU (Wind) SLU (Temperature)
γi j Ψ0i γi j Ψ0i γi j Ψ0i γi j Ψ0i

G1 1.35 - 1.35 - 1.35 - 1.35 -
G2 1.35 - 1.35 - 1.35 - 1.35 -

Traffic (TS) 1.35 - 1.35 0.75 1.35 0.75 1.35 0.75
Traffic (UDL) 1.35 - 1.35 0.40 1.35 0.40 1.35 0.40

Braking and Acc. 0 - 1.35 - 0 - 0 -
Wind 1.50 0.60 1.50 0.60 1.50 - 1.50 0.60

Temperature 1.35 - 1.35 - 1.35 - 1.35 -

Table 4.8: ULS Load Combination
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4.1.2 Geometry

During the definition of the finite element model, it was selected to analyse only the central

span between the two piers having a total length equal to 41 meters:

Figure 4.20: SAP2000 Model Plan

The characteristics of the beam elements in terms of cross-section, dimensions and used

materials are the same described in the Cap.3.

4.1.3 Boundary Conditions

The model used for the FEA is a grid model composed of linear beam elements, having 6

Degree of Freedom (DOF): 3 rotational and 3 translational, the concrete slab was considered

as part of the complex cross-section of beams and cross-beams considering the effective width

calculated before. The piers were not modelled, while the bearings were defined as local

restrains:

Figure 4.21: Restraints Configuration
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4.2 Model Validation

The validation of the model was performed referring to the maximum bending moment of

the main beam 2 (internl beam) due to the application of the permanent structural loads,

non-permanent structural loads and traffic loads as indicated in the original documents of the

bridge:

• Permanent structural loads:

The maximum bending moment acting on the main beam 1 reported in the original

documents it is the result of the application of a distributed load, which considers the

sum of the self-weight of the beam, the weight of the cross-beams and the weight of the

concrete slab;

• Permanent non-structural loads:

For the permanent non-structural loads the technical report provided a maximum bending

moment that considers the application of a distributed load, which represents the self-

weight of the concrete pavement;

• Traffic Loads:

The definition of the traffic loads acting on the bridge reported on the technical report is

related to the standard in force at that time [11]. It splits the roads into two categories:

roads intended for the transit of civilian and military vehicles and roads intended only

for the transit of civilian vehicles. In addition, the standard proposed six traffic loads

schemes defined as follows:

– Scheme 1: undefined column of lorries having a self-weight of 12 tons;

– Scheme 2: single road roller of 18 tons;

– Scheme 3: compacted crowd defined as a 400 Kg/m2 areal load;

– Scheme 4: undefined column of military vehicles of 61.5 tons each;

– Scheme 5: undefined column of military vehicles of 32 tons each;

– Scheme 6: single military vehicle of 74.5 tons.



Chapter n°4 - Finite Element Structural Analysis 44

The case study is defined as a category 1 road, therefore it was loaded with a military

vehicle scheme 5 and a civilian vehicle scheme 1:

Figure 4.22: Scheme 1 - C.M. LL.PP. n. 384, 1962

Figure 4.23: Scheme 5 - C.M. LL.PP. n. 384, 1962
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The standard allowed to consider the application of the schemes described above as

equivalent distributed loads depending upon the considered total length. Therefore the

equivalent applied loads are:

Qcscheme1 = 2.019 t/m ≈ 20.19 KN/m

Qmscheme5 = 4.155 t/m ≈ 41.55 KN/m

Figure 4.24: Scheme 1 and Scheme 5 application

To validate the FE model the same loads were applied and the maximum bending moment

obtained in the three cases was compared with the values given in the technical report:

Model Validation Results
Load Case z [m] Mmax (FEM) [KN/m] Mmax (As Built) [KN/m] ∆M [KN/m] Err [%]

G1 20.5 8807.80 8857.40 49.60 0.56
G2 20.50 1455.71 1477.18 21.47 1.47

Traffic 20.50 6629.32 6935.99 306.67 4.6

Table 4.9: Model Validation

Having that in all of the three cases the error is less than 5% the validation of the model is

considered successful.
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4.3 Loads Transverse Distribution Analysis Results

Figure 4.25: SAP2000 Model Plan

In the following pages the results in terms of bending moment diagram of the cross-beams

(B, C, D) and the main beams (1 and 2) are reported taking as reference the fig. (4.25) and

considering the loads combination defined in table (4.8):

Figure 4.26: Bending Moment Diagram - Cross-Beam B
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Figure 4.27: Bending Moment Diagram - Cross-Beam C

Figure 4.28: Bending Moment Diagram - Cross-Beam D

As can be seen, the cross-beams largest bending moments are applied at their edges, in

correspondence with the connection to the edge main beams 1 and 4. This is compatible with

the fact that the majority of the loads are applied to the edge main beams, which are more

loaded than the two internal main beams. The main beams 1 and 2 bending moments, which



Chapter n°4 - Finite Element Structural Analysis 48

are shown below, support this idea:

Figure 4.29: Bending Moment Diagram - Main Beam 1

Figure 4.30: Bending Moment Diagram - Main Beam 2

As is possible to notice in fig. (4.29) the edge main beam 1 is more loaded than the internal

main beam 2, moreover, it is possible to see how the diagram is subjected to a reduction of the

bending moment value in correspondence of the cross-beams: at z = 11 m, z = 20.5 m and

z = 30 m.
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The following pages aim to study the influence of the cross-beams in terms of the maximum

bending moment applied on the main beams, to do that firstly a comparison between the

original FE model and a new model, in which the cross-beams are not considered, was

performed based on the most severe load combination, the SLU (gr1):

Figure 4.31: Bending Moment Diagram Comparison - Main Beam 1

Figure 4.32: Bending Moment Diagram Comparison - Main Beam 2

The two diagrams confirm the expected behaviour: beam 1 (edge beam) results more

loaded in the model without the cross-beams, while beam 2 (internal beam) has the opposite
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attitude. Moreover, there is a relevant difference between the maximum bending moment

acting on the edge beam and the one acting on the internal beam, this is mainly since the main

beams are more stressed by the combined action of traffic and wind loads in the SLU (gr1)

loads combination than the internal beams. In addition of that, from fig. (4.31) and fig. (4.32)

it is possible to notice that the absence of the cross-beams induces an increase in bending

of the edge beams, while it reduces the applied bending moment on the internal main beam.

These results are consistent with the fact that the cross-beams can be considered as elastic

constraints applied on the main beams making them a hyperstatic structure:

Figure 4.33: Main Beam simplified static scheme

At this stage, it proceeds with the study of the actual contribution of the cross-beams in

terms of the transversal distribution of the loads referring to the moment difference between

the edge and the internal main beam. Firstly a constant distributed load q = 30 KN/m was

applied on each main beam:

Figure 4.34: Loading case
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The bending moment acting on the edge main beam and on the internal main beam was

recorded, the mid-span cross-section was taken as a reference, and the difference between

the two values was calculated (∆M). To determine the actual contribution of the cross-beams

in different configurations the (∆M) was calculated by changing the total number of the

cross-beams and consequently the distance between them:

(∆M) Calculation
n°Cross-Beams i [m] Mz=20.5m (Beam 1) [KNm] Mz=20.5m (Beam 2) [KN/m] ∆M [KN/m]

2 20.5 6387.85 6195.78 192.07
3 13.7 6397.22 6211.76 185.45

Case Study variable 6396.90 6212.14 184.76
4 10.25 6391.37 6216.08 175.28
5 8.20 6395.49 6213.91 181.58
6 6.83 6393.19 6216.16 177.03
7 5.86 6395.16 6214.76 180.39
8 5.125 6393.78 6215.96 177.82
9 4.56 6395.08 6215.17 179.92
10 4.1 6394.23 6215.95 178.28

Table 4.10: ∆M calculation

The variation of the moment increment (∆M) with the change of the number of the

cross-beams is represented in the graph below:

Figure 4.35: Influence of the cross-beams on ∆M
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From fig. (4.35) it is possible to deduce several things:

• The difference (∆M) between the bending moment acting on the edge main beam and

the bending moment acting on the internal beam tends to decrease with the increase

of the number of cross-beams. This result is consistent with the fact that one of the

consequences of the cross-beams increase is that the two beams become more integrated,

increasing the efficiency of the transverse distribution of the loads.

• Although the increase of the number of cross-beams tends to decrease ∆M, it is possible

to notice that exceeding the number of six cross-beams the variation of ∆M is very

limited. This result is consistent considering that increasing too much the number of

cross-beams leads to an oversizing of the structure.

• As expected the worst configuration in terms of (∆M) is the one with 2 cross-beams,

while the best configuration is the one with 4 cross-beams.

The results above were obtained taking as the main variable the number of cross-beams,

and consequently the distance between them, leaving unchanged other parameters that can

influence the transversal load distribution like the torsional rigidity of the main beams or the

flexural rigidity of the cross-beams.



CHAPTER

5 Fatigue Analysis

The aim of the following chapter is to give an overview of the fatigue phenomenon and

in particular the fatigue on concrete under compression. Then a study about the influence

of the cross-beams on the behaviour of the structure case study subjected to fatigue loads is

presented.

5.1 Introduction to the Fatigue Phenomenon

Among many definitions of the term fatigue, the one proposed by the American Society for

Testing Materials (ASTM) cites: ”Fatigue is a permanent, progressive and localized process

of structural change in a material subjected to time-varying stress and strain conditions which

can lead to cracking and/or fracture after a sufficient number of cycles”[1]. This definition

allows to define several peculiarities of the fatigue phenomenon:

• Permanent: in other words it is not reversible;

• Progressive: each application of the loads induces damage, which can be accumulated;

• Localized: it is not a phenomenon of degradation of the characteristics of the whole

material but it affects a limited portion of a structural element.

Moreover, the fundamental concept related to the fatigue phenomenon of a structural com-

ponent is that it is characterized by a deterioration that occurs as a consequence of a cyclic
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repetition of loads that individually applied cannot produce failure [25], one of the indicators

of fatigue damaging is the reduction of the elastic modulus [28]. To define a loading cycle at

least two parameters related to the stresses[33]:

• Maximum stress σmax;

• Minimum stress σmin;

• Mean stress σm =
σmax +σmin

2
;

• Alternating stress σa =
σmax −σmin

2
;

• Stress amplitude ∆σ = σmax −σmin;

• Fatigue ratio R =
σmax

σmin
;

• Amplitude ratio Ra = σa ·σm.

To fully define a cyclic stress history at least two of the above parameters are needed.

Figure 5.1: Fatigue stress cycle

Typical cyclic loads are wind, waves, traffic loads and vibrations, these loads mainly affect

structures such as bridges, skyscrapers and offshore structures. Cyclic loads are divided into

two different categories: low-cycle fatigue (up to 106 cycles) and high-cycle fatigue (between

103 −107 cycles):
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Figure 5.2: Spectra of fatigue load categories [19]

5.1.1 Microscopic aspects of fatigue

From a microscopic point of view, a fracture due to the fatigue phenomenon takes place

following three phases:

• Nucleation phase:

The cracks due to fatigue generally start from the material surface. If the applied load is

oriented parallel to the plane containing the superficial grains, the dislocation movement

induces a sliding between the crystalline planes [6].

Figure 5.3: Dislocation movement
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After its formation, the slip band emerge at the surface generating intrusions and

extrusions, which induces a stress concentration where fatigue cracks nucleate [21]. The

movement of an atom from its original position in the crystalline scheme is permanent

and not reversible, therefore it leads to plastic deformations at the microscopic level.

• Propagation phase:

As the cyclic stress proceeds, the micro-cracks tend to unite, generating a macro-crack

that begins to propagate in the direction normal to the orientation of the applied load.

At this point, the development of the phenomenon is related to material strength.

• Collapse phase:

When the crack size reaches the critical value, fracture of the piece occurs; this fracture

may occur in a brittle manner or by plastic collapse; in the great majority of cases,

fracture occurs in a brittle manner without any apparent permanent deformation. Crack

growth leads to a progressive decrease in the resistant section: when this becomes so

small that it is no longer able to resist external stresses, the final crash fracture occurs

due to static overloading.

This process is well defined and known for steel, but since concrete and steel behave differently

regarding fatigue, reinforced concrete is considered as the sum of two separate materials [24].

Concrete is not a homogeneous material, and when it hardens, pores and microscopic cracks

appear. Furthermore, macro cracks frequently occur prior to the application of any stress

because of shrinkage and temperature variations. Concrete can be thought of as a strain-

softening material as a result of the cracks and inhomogeneity [19]:
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Figure 5.4: Decreasing stiffness of concrete due to strain softening

Since cracks already exist, there won’t be a distinct crack initiation process when the

concrete is subjected to cyclic stress. Instead, these cracks will advance gradually at first, then

more quickly, until the remaining portion of the concrete section fails [7].

5.1.2 Fatigue in reinforced concrete members

As far as reinforced concrete is concerned, being a composite material, its fatigue behaviour

varies depending on the element considered:

• Concrete:

Under force-controlled compression or tension fatigue loading, plain concrete shows

substantially growing stresses during the initial phase of life, which is followed by a

phase of stable, but barely increasing strains. During this final time, the concrete matrix

experiences severe micro-cracks caused by uniaxial compression. Following the failure,

an increasing number of cracks on the outer surface appear parallel to the direction of

loading. The early-age micro-cracks in the cement matrix and at the interface between

aggregates and the cement matrix propagate steadily and perpendicular to the loading

direction until the specimen fractures show one discrete crack. Crack propagation also
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dominates concrete behaviour under tension fatigue loading[16] [13].

• Steel reinforcement:

A steady crack propagation phase, brittle fracture of the remaining portion, and a crack

starting phase can be used to categorise the fatigue life of steel reinforcement. The

root of a rib is typically where a crack in a high-yield steel bar with ribs originates,

which creates stress concentration. Low fatigue strength is caused by welds, bent bars’

curvature, and corrosion, which all favour the development of cracks [37].

• Reinforced concrete members:

The bond between reinforcement and concrete gradually deteriorates due to fatigue

loading. Greater deflection is caused by wider cracks and less concrete filling in the

tension between the cracks. Rebars fatigue fracture is the typical cause of failure;

concrete spalling in the compression zone is another failure mechanism[42].

5.1.3 Fatigue analysis methods

The final goal of a fatigue study is often to calculate the fatigue life of a structure, which

can be done by counting the number of fatigue load cycles or the amount of damage that a

construction detail can withstand before failing. There are several ways to perform a fatigue

analysis, including:

• Fracture mechanics:

Fracture mechanics techniques that introduce a softening crack, i.e. the stress transfer

reduces with increasing crack opening are utilised to prevent fatigue crack propagation

in concrete. Tensile tests have been suggested and numerically simulated, and several

models for the cracking behaviour of plain concrete under cyclic loading have also been

proposed;
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• Damage accumulation:

Models for damage accumulation make it possible to gauge the extent of harm brought

on by various pressures. The linear damage accumulation by Palmgren-Miner is the

most popular theory. It is based on S-N curves and describes the total damage resulting

from each of the individual cycles applying the Palmgren-Miner cycle ratio summation,

which predicts the failure of the component when:

D = ∑
i=1

ni

Ni
= 1 (5.1)

where, for a given load amplitude or cyclic stress, ni is the applied number of cycles and

Ni is the number of cycles at which failure occurs [50]. The Palmgren-Miner Rule is

highly erroneous when applied to gross cycles with few load changes since it does not

account for prior stress history or the pattern of loading [26];

• S-N curves approach:

S-N curves are graphical representations of the relationship between cyclic stress range

and the number of cycles to fatigue failure in a logarithmic scale. The most popular S-N

curve for calculating fatigue life and estimating the accumulation of fatigue damage is

the Wöhler curve. Usually, through the implementation of Experimental Stress Analysis

and long-term fatigue tests with constant stress amplitude can the curve be derived [44].

For steel, the S-N curve approach is widely used, it is possible to find various curves

within the standards and code rules. The Eurocode provides several S-N curves for

steel construction details that express the number of cycles to failure as a function of

stress variations in the cycle ∆σ or ∆τ [38]. Unlike steel, knowledge of the fatigue

behaviour of concrete is still limited. This has led over the years to a certain degree of

uncertainty regarding the treatment of this phenomenon within the relevant standards

[42], the Eurocode does not provide any kind of S-N curves for concrete. It should

be emphasised that the maximum stress level allowed in a structure designed under

serviceability condition is usually lower than the fatigue limit of concrete, which become

sensitive to cyclic loading only above 60% of its static compressive strength [16].
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5.2 Fatigue of concrete under compression

As already mentioned the fatigue analysis of concrete is still experimental and affected by

a lack of knowledge. Moreover, in the case of the analysis of an existing bridge, some

considerations must be made[42]:

• Cracks spread as a result of the deterioration of concrete and steel caused by fatigue.

Many applications of fracture mechanics have been made in the field of steel structure

fatigue. The importance of fracture mechanics in reinforced concrete is acknowledged,

and there are promising methods for characterising the low cycle fatigue behaviour of

concrete [22]. The development of models for high cycle fatigue of reinforced structural

parts, specifically for shear failure. Thus, fracture mechanics is not yet applicable to

concrete for the examination of existing bridges.

• An existing bridge’s reliability index and cumulative fatigue damage could be estimated

using a damage accumulation approach for concrete. It has been demonstrated that

slender flexure members’ concrete compression zone will not fail under fatigue stress.

Because the fatigue damage process is unknown, there is no damage accumulation

theory for the more significant situation of shear fatigue. Hence, the buildup of concrete

damage still has no real-world use.

• The S-N technique produces straightforward values that indicate fatigue safety, but it

does not explain the phenomena of fatigue or its effects. The offered detail categories

for reinforcement should be updated and integrated with damage accumulation and

reliability analysis for the inspection of existing bridges.
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The Eurocode does not give any kind of S-N curves for concrete, but many studies over

the years have proposed S-N curve models for the various concrete classes. To obtain those

curves fatigue tests were performed on concrete specimens, which were loaded between a

lower and an upper-stress limit. These limit values are expressed as fractions of the concrete

compressive strength:

Smax =
σc,max

fck
(5.2)

Smin =
σc,min

fck
(5.3)

It is crucial to draw attention to the fact that fatigue cracking in concrete is more difficult

to identify than fatigue cracks in other materials, such as steel. Nonetheless, it is evident

that there are some conditions, which significantly influence the behaviour of the structure or

elements under analysis [29]:

• Repetitive bending that causes secondary strains;

• Higher rolling loads and traffic pressures on slabs, pavements, and bridges that are more

frequent or greater in magnitude;

• Dead load stresses are significantly less than live load stresses;

• Recurrent impact and other stresses on pavement joints, bridge bearings, and other

structural components;

• Vibration, especially when associated with impurities and dynamically active compo-

nents;

• Points where repetitive loads are applied, that are not sufficiently restricted;

• Chemical attacks, fretting, and pitting, especially in prestressed concrete;

• Carbonation attack, especially in reinforced concrete.
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5.3 Influence of the transverse distribution of loads

In the following pages, the Finite Element Model is updated to analyse the influence of the

cross-beams in resisting the fatigue phenomena and distribution of loads. As explained in

chapter 4, cross-beams are structural elements whose main function is to allow the correct

transfer of loads in the transverse direction. This function becomes fundamental in the case of

the application of traffic load models, which are asymmetrical load configurations that lead

to increased stress in the edge beams. In chapter 4 it was explained how the application of a

symmetrical load configuration determines a difference in bending moment applied between

the edge beam and the interior beam, at this point the intention is to determine the moment

difference given by the application of fatigue-inducing loads in the structure.

5.3.1 Fatigue Load combination

As for the traffic load models, the Eurocode defines specific load models for fatigue [49]:

• Fatigue Load Model 1 (FLM1):

The FLM1 is similar to the LM1, it assumes 70% of axle loads and 30% of distributed

loads, both applied on the conventional lanes defined as described in the chap.4:

Figure 5.5: Fatigue Load Model 1

This model is extremely simple and conservative [15].

• Fatigue Load Model 2 (FLM2):

This model is used when more specific analyses are required. It does not consider the



63 Chapter n°5 - Fatigue Analysis

effects of multiple loaded lanes, only the notional lane 1 is loaded by a set of lorries

with frequent valued of axle loads:

Figure 5.6: Set of lorries for Fatigue Load Model 2

• Fatigue Load Model 3 (FLM3) and Fatigue Load Model 4 (FLM4):

These are models predominantly used for damage assessment using the Palmgren-Miners

law.

The calculation of maximum and minimum applied stress values is obtained by applying the

frequent combination of the loads that do not induce fatigue and the combination of the actions

cause fatigue [20]:

∑
j≥1

Gk j +P+ψ11 ·Qk,1 + ∑
j>1

ψ2,i ·Qk,1 (5.4)

∑
j≥1

Gk j +P+ψ11 ·Qk,1 + ∑
j>1

ψ2,i ·Qk,1 +Q f at (5.5)
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5.3.2 Definition of Case 0 and Overloaded Case

The study aims to link the fatigue behaviour of concrete under compression and the transverse

distribution of loads provided by the cross-beams. It was demonstrated before in this thesis how

the presence of cross-beams determines a difference in the applied bending moment between

the edge beam and the interior beam and how the absence of the cross-beams determines an

increase in the bending moment applied to the edge beam. The objective of this phase is to

design an overload that reflects the level of hyperstaticity provided by the presence of the

cross-beams. This is accomplished by applying the fatigue combination load expressed in

eq.(5.5) to the structure by taking the FLM3 into account and recording the bending moment

acting on the mid-span cross-section of the edge beam and interior beam. The difference

between the two values is then calculated:

Figure 5.7: Bending moment difference between beam 1 and beam 2

z [m] MBeam1 [KNm] MBeam2 [KNm] ∆M [KNm]
20.5 14620.70 13015.36 1605.34

Table 5.1: Value of the Bending moment difference for Case Study
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The overload is then defined as the uniformly distributed load necessary for the simply

supported (absence of cross-beams) internal beam to show a bending moment at the mid-span

cross-section equal to ∆M:

Figure 5.8: Overload for Case Study

All of the various cross-beam configurations of the model already shown in chapter 4 are

analysed following this procedure and for each configuration, the value of the overload is

determined:

Overload Calculation
n° cross-beams MBeam1 [KNm] MBeam2 [KNm] ∆M [KNm] ∆q [KN/m]

2 14756.32 12468.27 2288.05 11.33
3 14579.33 13001.89 1577.44 7.84

Case Study 14620.70 13015.36 1605.34 7.97
4 14874.05 12907.14 1966.92 9.88
5 14903.44 13207.17 1696.27 8.58
6 15106.54 13232.55 1873.99 9.55
7 15192.31 13456.44 1735.87 8.9
8 15362.09 13527.65 1834.44 9.49
9 15472.43 13717.12 1755.31 9.14

10 15624.36 13809.71 1814.66 9.52
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Two load configurations were defined after the overload was established to be applied to

the structure in its various configurations:

• Load Case 0: as the load case in which the eq.(5.4) and eq.(5.5) are applied to the

structure to find the values of the maximum and minimum compressive stresses acting

on the mid-span cross-section of the edge beam.

• Case Overloaded: as the load case in which in addition to the load combination expressed

in eq.(5.4) and eq.(5.5) the value of ∆q is applied as a permanent non-structural load

(G2) on the edge beam.

The mid-span cross-section of the edge beam is taken as construction detail for the fatigue

evaluation. The state of stress in the load case 0 is represented below:

Figure 5.9: State of stress of the mid-span cross-section

The state of stress is the superposition of the effects due to prestress and those due to the

application of loads. The result is a constant compression stress acting on the whole section.

Considering this representation the application of the overload determines a slope increase

in the stress diagram related to the applied load; consequently, the overloaded case shows an

increase of the compression at the top of the cross-section, while it presents a reduction in

the compression at the bottom. Therefore the stresses are calculated considering the beam

extrados.
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The obtained values of the maximum and the minimum compressive stress acting on the

extrados of the mid-span cross-section of the edge beam are reported:

Maximum and Minimum Compressive stresses

n°cross-beams
Loas Case 0 Case Overloaded

σc,max [MPa] σc,min [MPa] σc,max [MPa] σc,min [MPa]
2 3.83 1.80 4.71 2.68
3 3.73 1.89 4.30 2.46

Case Study 3.73 1.91 4.32 2.50
4 3.90 1.96 4.65 2.71
5 3.91 2.05 4.55 2.69
6 4.03 2.13 4.75 2.85
7 4.08 2.22 4.74 2.85
8 4.18 2.29 4.89 3.00
9 4.24 2.38 4.92 3.06

10 4.33 2.45 5.04 3.17

5.3.3 Definition of concrete S-N curves

Considering the above concerns of the fatigue analysis techniques for concrete that can be

applied to existing constructions, the S-N approach is chosen. As already mentioned the

fatigue behaviour of concrete is still affected by lack of knowledge, but still, there are some

studies which give S-N curve models for different concrete classes. In this study two models

are considered: the S-N curves proposed by Jin-Keun Kim and Yun-Young Kim in 1996 [27]

and the S-N curves provided by the Fib Model Code 2010 [47].

5.3.3.1 Kim & Kim proposal

Kim and Kim (1996, Korea advanced institute of science and technology) [27] investigated the

impact of concrete compressive strength on fatigue life. They suggested an S-N relationship

that also considered the compressive strength of concrete. After performing fatigue and strain

rate tests they proposed the following S-N relationship:

Smax =−7.6 ·
(

fc

fl

)0.066

· logN f +126 ·
(

fc

fl

)−0.025

(5.6)
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in which:

- Smax is a percentage expressing the degree of utilisation of the compressive strength of

the concrete class;

- fl is a constant equal to 1 MPa;

- fc is the characteristic compressive strength of the concrete class, in this study will be

assumed equal to fcd

Considering the concrete class C35/45 with the related material properties already reported in

the chapter 3, the obtained S-N curve is showed below:

Figure 5.10: S-N curve (Kim&Kim) [27]

The curve represents the relationship between Smax and the logarithm of the number of
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cycles (n). This model’s main drawback is related to the limited number of specimens that

were tested to obtain the relationship expressed in eq.(5.6).

5.3.3.2 Fib Model Code 2010

The fib Model Code 2010 [47], covers every aspect of concrete structures entire life cycle,

including conceptual design, construction, maintenance, and dismantling, and is the most

comprehensive code available. For both national and international code committees, practi-

tioners, and researchers, it is expected to become a significant document[47]. It gives a valid

relationship between Smax, Smin and the logarithm of the number of cycles:

logN1 =
8

Y −1
· (Sc,max −1) (5.7)

logN2 = 8+
8 · ln(10)

Y −1
· (Y −Sc,min) · log

(
Sc,max −Sc,min

Y −Sc,min

)
(5.8)

with:

Y =
0.45+1.8 ·Sc,min

1+1.8 ·Sc,min −0.3 ·S2
c,min

(5.9)

and:

Sc,max =
|σc,max|
fck, f at

(5.10)

Sc,min =
|σc,min|
fck, f at

(5.11)

If logN1 ≤ 8, then logN = logN1, else, if logN1 > 8, then logN = logN2. fck, f at is the fatigue

reference compressive strength calculated as follows:

fck, f at = βcc(t) ·βc,sus(t, t0) · fck ·
(

1− fck

250

)
(5.12)

for which:

- fck is the characteristic concrete compressive strength, which can be assumed as fcd;

- βcc(t) describes the strength development as function of time, where s is a coefficient
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that depends upon the concrete class, for C35/45 is equal to 0.20; t is the concrete age

expressed in days;

- βc,sus(t, t0) is equal 0.85 for fatigue.

Assuming the equations reported above, the S-N curve for concrete C35/45 is defined:

Figure 5.11: S-N curve (fib Model Code 2010)

The S-N relationships were created by testing concrete that had an ultra-high strength

(up to C200), and they were then verified for concrete that had a high strength and a regular

strength. The curves asymptotically approach the minimum stress level of the corresponding

curve when logN > 8 [29].



71 Chapter n°5 - Fatigue Analysis

5.3.4 Discussion of the obtained results

The results for the case study in terms of the number of cycles (N) are reported considering

the S-N curves provided by Kim & Kim and by the fib Model Code 2010. Then a comparison

between the results obtained for all the different configurations of the cross-beams for both fib

Model and Kim&Kim are reported.

5.3.4.1 Kim&Kim S-N curves results

Figure 5.12: Kim&Kim results for study case
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It is evident that the concrete’s compressive strength is being employed more consistently

in the case of overloading, which results in a reduction in the number of fatigue cycles the

detail can withstand before failing;

Load Case 0 Case Overloaded
∆N

LogN N LogN N
10.84 6.85 ·1010 10.61 4.10 ·1010 2.75 ·1010

despite this, the order of magnitude of the number of cycles value exceeds 107, which is

the threshold below which the construction detail can be thought of as having a finite fatigue

life.

5.3.4.2 fib Model Code 2010 S-N curves results

Figure 5.13: fib Model Code results for study case
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The S-N curve defined using the fib Model Code 2010 exhibits a higher utilisation of the

concrete compressive strength in the overloaded scenario and a corresponding decrease in the

number of cycles up to failure as well:

Load Case 0 Case Overloaded
∆N

LogN N LogN N
15.54 3.49 ·1015 14.58 3.80 ·1014 3.11 ·1015

Also in this case the order of magnitude of the number of cycles value exceeds 107.

5.3.4.3 Models Comparison

Both the Kim&Kim S-N curve and fib Model code S-N curve show the same behaviour: the

application of the overload (∆q), which was used to represent the inefficiency of transverse

load distribution entrusted to the cross-beams, determines an increase in the utilization of the

concrete compressive strength and consequently, it reduces the number of cycles necessary

to reach the fatigue failure of the construction detail. It is noted, however, that the two S-N

curve models have different returning values: in particular, the curves presented by Kim&Kim

demonstrate a noticeably reduced value of the number of cycles to failure due to fatigue

with the same percentage of use of the concrete’s compressive strength concerning the ones

defined by the fib Model Code. This difference is mainly due to the lower number of tested

specimens by Kim&Kim during the definition of the relationship 5.6, on the other hand, the fib

model code is the first provision that is truly based on comparison with experimental findings

on a significant number of high strength concrete specimens [29]. The same procedure for

the case study was performed changing the cross-beam number, the results are reported and

commented:
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Figure 5.14: Kim&Kim results comparison

Figure 5.15: fib Model Code results comparison
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Disregarding the two models’ disparate levels of precision, a certain repeatability of the

results can be found in both. The application of the overloaded model, which is representing

the amount of bending moment distributed transversely by the cross-beams, determines in all

configurations a decrease in the number of cycles necessary to reach fatigue failure for concrete

at the extrados of the edge beam. It can then be noted that the cross-beam configuration of the

case study gives the best results, as it has a value of the number of cycles in the Load Case 0

greater than all the other configurations. If the initial value of the number of cycles is close

to the upper limit of the limited fatigue life, this leads to higher safety. In addition to this,

it should be emphasized that as the number of cross-beams increases, the value of logN in

the case 0 tends to decrease, this can be justified by the fact that by increasing the number of

cross-beams, the self-weight of the structure inexorably increases. Finally, it can be noted how

the configuration with two cross-beams is particularly disadvantaged by the application of the

overload, arriving at having a very low value of logN in the overloaded case and comparable

to configurations having a higher number of cross-beams.



Conclusions

In Italy, the majority of the existing bridges and viaducts constructed between the 1960s

and 1980s are reaching the end of their service life. In addition, vehicles and transports in

general underwent an abrupt increase in size, weight and capacity. This has resulted in a

particularly considerable increase in road traffic. The phenomenon of fatigue is a permanent,

progressive and localized process of structural change in a material subjected to time-varying

stress and strain conditions which can lead to cracking and/or fracture after a sufficient number

of cycles. On beam bridges, the fatigue phenomenon is influenced by traffic loads and can

lead to the failure of certain construction details without them having reached the end of their

service life or having been subjected to loads exceeding their design strengths.

Although the fatigue phenomena have been noted in numerous experiments, there aren’t

many documented instances of fatigue-related damage to bridge concrete slabs. This may

be explained by the inability to discriminate between fatigue cracks in concrete and cracks

caused by other types of concrete deterioration, as well as the inability to see fatigue cracks in

the steel reinforcement.

The present research is meant to analyse the influence of the transverse beams in the

load distribution in an existing beam bridge and to highlight the function that transverse

loads distribution plays in beam bridges susceptible to traffic loads that cause the fatigue

phenomenon. This was accomplished by examining several case study configurations to

determine how the number of transverse beams affected the difference in applied bending

moment between the edge beam and the interior beam. Thereafter the structure’s fatigue

behaviour in its various configurations was investigated. This was achieved by employing

the S-N curve approach, which establishes a relationship between the stresses applied on a
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structural detail and the number of repetitive cycles necessary for fatigue failure. The values

of the number of cycles from 104 to 107 were assumed as representative of the range within

which the construction detail is considered as having a limited fatigue life. The compression

acting on the concrete on the extrados of the edge beam was examined and, through the use of

an overload that is a representation of the hyperstaticity of the main beams provided by the

cross-beams, the influence of the transversal distribution was incorporated.

The outcomes found indicate that the transversal distribution of loads in a beam bridge

is influenced by the number and the performance of cross-beams. The stresses acting on the

edge beams increase as the transverse beams decrease in number or performance. This rise

in stress leads to a reduction in the maximum number of fatigue cycles that the construction

detail can withstand, which could result in the development of fatigue cracks. Nevertheless, as

the number of cycles obtained in the various configurations evaluated exceeds the value of

107, it can be concluded from the obtained results that the studied structure does not present

issues with fatigue.

The main limitation of this study is linked to the fact that the number of cross-beams was

considered as the only parameter, leaving out other possible variables related to the geometry

of the deck, the stiffness of the structural elements or even the aggressive environmental

conditions acting on concrete. However, similar behaviour may be expected for what concern

the relationship between the number of cross-beams and the fatigue behaviour of concrete in

structures similar to the one analysed.
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FEA Finite Element Analysis

DOF Degree of Freedom

ULS Ultimate Limit State

FEM Finite Element Method

FE Finite Element

LM1 Load Model 1

LM2 Load Model 2

LM3 Load Model 3

FLM1 Fatigue Load Model 1

FLM2 Fatigue Load Model 2

FLM3 Fatigue Load Model 3

FLM4 Fatigue Load Model 4

ASTM American Society for Testing
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