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Abstract

With the continuous increase in transportation volume, bridges face the challenge of car-

rying higher traffic loads. As a result, bridges undergo fatigue due to repeated and increasing

loads, leading to progressive deterioration of their structural reliability. While existing codes

already account for several variables affecting the concrete’s ability to withstand compression

fatigue, some critical factors are still not considered. Furthermore, the modelling aspects of

Finite Element Analysis (FEA) are often simplified or disregarded in practical applications,

leading to an inaccurate estimation of fatigue life for concrete. As a result, a consider-

able number of bridges may be rejected for fatigue despite the possibility that they are not

susceptible to this issue.

To address these issues, this thesis presents a parametric study that explores and quan-

tifies the influence of various parameters on the fatigue life of inverted T-girder bridges,

focusing on modelling aspects and material degradation. For this reason, a special case

study was specifically designed to fail in fatigue within its lifespan. The fatigue analysis

process employed both analytical and numerical methods, with the fatigue failure of the

beams determined based on the bending failure at the beam’s midspan criterion. A basic

case was established as a basis for analysis, and the effect of each parameter was evaluated

by incorporating it into the basic case and calculating the fatigue life of the bridge.

The analysis results demonstrate that stress distribution affecting parameters are signifi-

cantly important in determining the fatigue performance of a bridge. The analysis identified

that accounting for the gradual development of prestress losses, rather than instantaneous

losses, and utilising area loads for vehicle modelling are critical aspects that substantially

prolong the bridge’s fatigue life. Furthermore, performing a historical lane configuration

analysis is crucial for accurately assessing fatigue, as it significantly impacts the fatigue life

of the bridge and identifies its critical components. The inclusion of material degradation

caused by cyclic loading in the fatigue analysis is highly advantageous. It can even result

in the bridge no longer being susceptible to fatigue. It is worth noting that accounting for

the cracking of the slab in the lateral has a major negative effect on the fatigue life of the

bridge. However, it is necessary to include it in the analysis to avoid an inaccurate and

overly optimistic fatigue assessment. The study also provides specific equations to calculate

the effect of time-dependent traffic volume on fatigue life. Lastly, the research investigated

other parameters, such as the composite action of the structural components, which had a

minor effect on the fatigue life of the bridge.

It is important to note that the influence percentage of most parameters cannot be

generalised to all bridges, as they are contingent on specific factors unique to each case.

Nevertheless, this research provides insights into the magnitude and contribution of the
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investigated parameters on the fatigue life of concrete bridges, outlining those that must be

necessarily included in the fatigue assessment.

iv



Contents

Acknowledgement ii

Abstract iii

1 Introduction 1

1.1 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Literature study 7

2.1 Fatigue phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Fatigue damage hypotheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Fatigue of plain concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Mechanism of fatigue in plain concrete . . . . . . . . . . . . . . . . . . . . 13

2.3.2 Development of microcracking and inelastic strain . . . . . . . . . . . . . 15

2.4 Case studies of fatigue failure of concrete structures . . . . . . . . . . . . . . . . 21

2.5 Fatigue in concrete bridges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.6 Parameters affecting fatigue of concrete . . . . . . . . . . . . . . . . . . . . . . . 28

2.6.1 Composition and quality of concrete . . . . . . . . . . . . . . . . . . . . . 28

2.6.2 Stress level and stress variation . . . . . . . . . . . . . . . . . . . . . . . . 29

2.6.3 Frequency of loading and stress rate . . . . . . . . . . . . . . . . . . . . . 31

2.6.4 Rest periods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.6.5 Moisture content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6.6 Lateral confining pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.6.7 Different waveforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.6.8 Strengthening effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6.9 Eccentricity and stress gradient . . . . . . . . . . . . . . . . . . . . . . . . 36

2.6.10 Material degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3 Codes and methods for fatigue verification of concrete subjected to compres-

v



sion 38

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 NEN 6723:2009 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 NEN-EN 1992-1-1+C2:2011 and Dutch National Annex . . . . . . . . . . . . . . 39

3.4 NEN-EN 1992-2+C1:2011 and Dutch National Annex . . . . . . . . . . . . . . . 41

3.5 fib Model Code 2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.6 Proposal by Hans Bongers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.7 Proposal by Kim & Kim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.8 Proposal by Lantsogth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.9 Review of the codes and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Hypothesis 47

5 Case study 50

5.1 Case study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Bridge geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.3 Supporting conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.4 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.5 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.5.2 Dead loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.5.3 Prestress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.5.4 Live loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.5.4.2 Notional lanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5.4.3 Concentrated loads dispersal . . . . . . . . . . . . . . . . . . . . 63

5.5.4.4 Load model 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.5.4.5 Fatigue Load model 1 . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5.4.6 Fatigue Load model 4b . . . . . . . . . . . . . . . . . . . . . . . 66

5.5.5 Combinations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.5.5.1 Structural reliability . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.5.5.2 Load factors and combination factors . . . . . . . . . . . . . . . 70

5.5.5.3 Load combinations . . . . . . . . . . . . . . . . . . . . . . . . . . 71

vi



6 Finite Element Analysis (FEA) 73

6.1 Fatigue analysis procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.2 Global analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2.1 Modelling of structural components . . . . . . . . . . . . . . . . . . . . . 74

6.2.1.1 Precast beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2.1.2 Cast in-situ slab . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.2.1.3 Cross beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.2.2 Supports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.2.3 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.2.4 Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.2.5 Global analysis model results . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2.5.1 Result processing . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2.5.2 Mesh element size effect . . . . . . . . . . . . . . . . . . . . . . . 87

6.2.5.3 Plate theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.3 Cross-sectional analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

7 Investigated parameters 97

7.1 Basic case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

7.2 Prestress losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.3 Increasing traffic rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7.4 Orthotropic slab properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

7.5 Load type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7.6 Position of traffic lanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

7.7 Relative creep and shrinkage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.8 Material degradation due to cyclic creep . . . . . . . . . . . . . . . . . . . . . . . 107

8 Results 115

9 Discussion 130

10 Conclusions and Recommendations 142

10.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

10.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

10.2.1 Recommendations for engineering practice . . . . . . . . . . . . . . . . . . 147

vii



10.2.2 Recommendations for future research . . . . . . . . . . . . . . . . . . . . 150

References 152

Appendices 159

A Stress distribution on composite inverted T-beams 160

B Serviceability Limit State (SLS) - Stress control 164

C Beam element types 169

C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

C.2 Beam element types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

C.3 Plates and shells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

C.4 Solid elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

C.5 Comparison of the element types . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

D Model validation 185

E Ultimate Limit State - Bending moment capacity 190

F Prestress losses 192

F.1 Prestress losses accounting for axial loads . . . . . . . . . . . . . . . . . . . . . . 192

F.2 Prestress losses accounting for axial loads and bending moments . . . . . . . . . 197

F.3 Slab shrinkage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

viii



List of Figures

2.1 (a). Goodman diagram, (b). Smith diagram (Tepfers and Kutti 1979) . . . . . . 9

2.2 S-N curves for constant R-values (Tepfers and Kutti 1979) . . . . . . . . . . . . . 9

2.3 Damage/cycle ratio relationship dependent on stress level (Marco and Starkey

1954) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Case of high-low sequence in two-stage constant amplitude tests with correspond-

ing stress-dependent damage accumulation (Marco and Starkey 1954). . . . . . . 12

2.5 Case of low-high sequence in two-stage constant amplitude tests with correspond-

ing stress-dependent damage accumulation (Marco and Starkey 1954). . . . . . . 12

2.6 Crack development under constant amplitude cyclic loading measured using the

acoustic emission method (Weigler and Klausen 1979) . . . . . . . . . . . . . . . 15

2.7 Evolution of cracking in concrete specimen subjected to compressive fatigue load-

ing, using 3D micro-CT images: (a) before the test, (b) at N = 30, 000 cycles, (c)

at N = 60, 000 cycles and (d) at N = 70, 000 cycles. (Marzec, Tejchman, et al.

2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.8 Pores and cracks distribution in concrete specimen subjected to compressive fa-

tigue loading, using 3D micro-CT images: (a). before the test, (b). at N = 30, 000

cycles, (c). at N = 60, 000 cycles and (d). at N = 70, 000 cycles. The colours

indicate the diameter of pores within a specific range: ≤ 1.0mm (red colour),

1.01mm − 2.0mm (green colour) and ≥ 2.0mm (blue colour)) (Marzec, Tejch-

man, et al. 2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.9 Irreversible strain development stages . . . . . . . . . . . . . . . . . . . . . . . . 19

2.10 Variation of fatigue strain range . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.11 Types of crack that result in the inelastic strain development (Bazant and Hubler

2014) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.12 Recorded cracks on the main beam. Road E79, Bridge Ume River at Tärnafors,

Tärnaby-Storuman. (CEB-FIP 1988) . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.13 Failure pattern of the concrete column under the travelling crane. (CEB-FIP 1988) 25

2.14 Strengthening arrangement of the column. (CEB-FIP 1988) . . . . . . . . . . . . 25

2.15 Damage evolution at Smax = 0.85. (Fan and Sun 2019) . . . . . . . . . . . . . . . 30

2.16 Damage evolution at Smax = 0.80. (Fan and Sun 2019) . . . . . . . . . . . . . . . 30

ix



2.17 Effect of moisture conditions on fatigue life of concrete subjected to compression

for (a). dry, and (b). wet concrete (Van Leeuwen and Siemes 1979). . . . . . . . 32

2.18 Effect of lateral confining on fatigue life of concrete subjected to compression.

(Takhar, Jordan, and Gamble 1974) . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.19 Influence of biaxial loading on fatigue life of concrete. (Petkovic 1993) . . . . . . 33

2.20 Effect of loading using different waveforms on the fatigue life of concrete - Wöhler
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1 INTRODUCTION

1 Introduction

1.1 Problem statement

Transportation has always been an integral part of the development of modern societies. In-

frastructure works, especially bridges, are used to traverse geographical constraints. Bridges

are complex structures that signify technological advancement. Their complexity lies in their

structural system and loading conditions. Being subjected to increasing and repeated loads,

bridges experience a progressive deterioration of their structural reliability, namely fatigue. Ac-

cording to the definition, fatigue is the process of progressive, permanent internal structural

changes occurring in a material subjected to repetitive stresses (Rilem Committee 1984). In

other words, fatigue refers to the number of loading cycles that the material or a structural

element can sustain before failure (Lee and Barr 2004).

The booming transportation volume resulted in a constant growth of traffic load that needs to

be carried from the existing transport network. As part of the highways, bridges are required

to sustain higher axle and average vehicle loads in combination with increasing traffic intensity

over their lifetime. Considering the fact that their design has been based on former codes that

are no longer valid and on traffic models that are not representative of the current demands,

the assessment of the fatigue life of concrete bridges is necessary to be conducted. In order to

properly study a structural element in fatigue, the contribution of each material is individually

assessed over the cross section (Blasón et al. 2019; Tilly 1979). Numerous experimental, nu-

merical and analytical studies have been conducted to provide codes and models that determine

the residual life of steel and concrete subjected to cyclic loading. However, the scope of this

thesis is limited to the fatigue assessment of the concrete compressive zone of the prefabricated

prestressed beams of girder bridges.

Girder bridges are one of the most popular types of prestressed bridges. Disregarding box girder

bridges, the composition of their deck includes a number of I-shaped or inverted T-beams,

which are placed in parallel, maintaining a constant distance. The beams are connected in the

transverse direction through diaphragm beams at the position of supports and occasionally in
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the midspan when this is required based on the length. The erection of the beams and the

construction of the diaphragms is followed by the in-situ casting of the deck slab on top of the

beams (Fernández-Ordóñez Hernández 2005). Understanding the individual construction stages

of this bridge type is highly important since they are responsible for the stress distribution along

the beam.

According to the Eurocode, National Annex’s regulations, and RBK (Richtlijnen Beoordeling

Kunstwerken) regulations by the Dutch Ministry of Public Works, the concrete compressive zone

of the beams needs to be checked for fatigue. This is also confirmed in Appendix A, based on

which high-stress values are noted on the top fibre of the prestressed beams. Since fatigue is

affected by the level and range of stress, prestressed bridges are prone to fatigue.

The analysis of practical case studies has shown that even though fatigue is an important factor

contributing to the deterioration of structures, collapses of concrete structures solely due to

fatigue have not been reported (Chapter 2). Without a doubt, current codes and suggested

modified methods (Chapter 3) provide a close estimation of the investigated structure’s fatigue

life. However, simplifications that are often adopted in the analysis process or excluding the effect

of time-dependent parameters from the analysis can result in an inaccurate stress distribution

and, consequently, estimation of the remaining fatigue life.

The rejection of the structural reliability of large-scale concrete structures would lead to high

investment costs, extensive use of material, high levels of carbon emissions and disruption of

traffic. Consequently, the need arises for a more accurate and sustainable fatigue assessment,

which will comply with the current code regulation without being overly conservative.

The problem that is addressed in this study is stated as follows:

Problem statement

During the fatigue assessment of prestressed concrete bridges, a considerable number of bridges

are being rejected for fatigue despite the possibility that they may not be susceptible to this issue.
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1.2 Research objectives

To address the previously described problem, this research’s first objective concerns identifying

the parameters that influence the fatigue life of the bridge. Having specified these parameters,

the study examines the extent to which these parameters are incorporated in the fatigue assess-

ment of concrete bridges based on existing codes and methods. The research also determines

the various analysis aspects that are often simplified or disregarded in the fatigue assessment of

these structures. Once the influencing parameters have been determined, the research aims to

quantify the impact of the analysed parameters on the fatigue analysis and fatigue life of the

bridge.

The overall objective of this thesis is to gain insight into the influence of material properties, time-

dependent parameters, loading conditions and analysis aspects on fatigue verification checks.

This way, the study aims for a more accurate and sustainable evaluation of the fatigue assessment

of existing bridges, providing a more detailed estimation of their expected lifetime.

1.3 Research questions

The primary research question that is addressed in this thesis is

Research question

In which way do variable analysis aspects and time-dependent parameters influence the fatigue

life of an inverted T-girder bridge, and can this be used for a more sustainable fatigue assessment?

In order to answer the main research question, the following questions are also required to be

considered.

Sub-questions:

• How do the considerations taken into account for the calculation of prestress losses impact

the fatigue life of the bridge?

• How does the consideration of the traffic increase volume influence the fatigue life of the
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bridge?

• In what manner are the results of the fatigue analysis affected by the inclusion of or-

thotropic slab properties?

• How might the use of different load types in the modelling of fatigue moving loads influence

the fatigue life of the bridge?

• What effect will different loading configurations have on the fatigue performance of the

bridge?

• To what extent will the consideration of the composite action of structural components

affect the fatigue life of the structure?

• How does cyclic loading influence the material properties of concrete and, consequently,

the fatigue performance of the bridge?

1.4 Scope

This survey is carried out based on the following points that describe the scope:

• The investigated bridges are highway prestressed concrete girder bridges that are part of

the Dutch national infrastructure.

• The design of the bridge has been based on Eurocode and Dutch Annexes provisions and

with the Dutch guidelines for designing infrastructure (ROK) and for assessing infrastruc-

ture (RBK).

• The fatigue assessment of the bridge is conducted based on the Eurocode and Dutch

Annexes provision and with the Dutch guidelines for assessing infrastructure (RBK).

• The investigated bridge is assumed to intersect with the undergoing road at a 90° angle,

resulting in a bridge geometry of an orthogonal parallelogram.

• The bridge is modelled as a single span and simply supported on discrete bearing pads,

which are positioned maintaining a constant centre-to-centre distance.

• The bridge is subjected to permanent loads (self-weight and additional loads), traffic loads
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and fatigue live loads, while thermal, wind, seismic and impact loads are not considered

in the analysis.

• Linear global analysis of the whole structure is conducted using 3D elements.

• Nonlinear cross-sectional analysis is performed for the critical cross-section of the beams.

• The failure criterion for this study is the failure due to bending at the midspan of the

beams.

1.5 Thesis outline

In the following steps, the thesis outline is roughly described, depicting the applied methodology

for the execution of this survey.

1. Literature study

2. Design a case study that does not satisfy fatigue verification checks of concrete in com-

pression at the time of assessment

• Linear global analysis of the structure without including the effect of the studied

parameters.

• Determine the influence line (resulting bending moment for the positions of vehicles

along the bridge deck) at the critical cross-section for every vehicle of the fatigue

model.

• Obtain the maximum and minimum values of internal forces (Mmax, Mmin).

• Insert the internal forces obtained for every beam at the IDEA Statica models of the

beams.

• Nonlinear cross-sectional analysis of the beams to determine the stress distribution

without including the effect of the studied parameters (σmax, σmax).

• Fatigue verification of the concrete in compression or calculation of the remaining

fatigue life.
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3. Determine the investigated parameters and analysis aspects that influence the fatigue

performance of the bridge.

4. For every time step:

• Implement the influence of the parameters in the Finite Element Models (global and

cross-sectional).

• Linear global analysis of the structure, including the effect of the studied parameters.

• Determine the influence line (the resulting bending moment values for the positions

of vehicles along the bridge deck) at the critical cross-section for every vehicle of the

fatigue model.

• Obtain the maximum and minimum values of internal forces (Mmax, Mmin)

• Insert the internal forces obtained for every beam at the IDEA Statica models of the

beams.

• Nonlinear cross-sectional analysis of the beams to determine the stress distribution

without including the effect of the studied parameters (σmax, σmax)

• Fatigue verification of the concrete in compression or calculation of the remaining

fatigue life.

5. Comparison of the obtained fatigue life of the bridge with and without the influence of the

studied parameter.

6. Draw conclusions and discussion of the results.
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2 Literature study

2.1 Fatigue phenomena

Fatigue is a phenomenon characterised by high complexity since it is related to cyclic loads,

stress level and range during the structure’s lifetime, flaws and weak points initially existing in

the materials and external mechanical and environmental factors. The presence and action of

the following parameters have a significant influence on the behaviour of the structural elements

and, by extension, on the behaviour of the structure (CEB-FIP 1988):

1. Constant deflections result in the development of secondary stresses.

2. High traffic stresses and high magnitude or frequency rolling loads applied on slabs, pave-

ments and bridge decks.

3. Stresses caused by live loads are significantly larger than the stresses of dead loads.

4. Impact and other repeated forces presented on pavement joints and bridge bearings.

5. Vibrations, especially in the case of dynamically active elements and contaminants.

6. Inadequately confined or unconfined application points of repeated loads.

7. Chemical attack, pitting and fretting, notably in prestressed concrete.

8. Carbonation attack, particularly in the case of reinforced concrete.

Taking into account the importance of the investigated structures, namely bridges, and the

magnitude of the possible consequences, understanding the fatigue mechanism of concrete is

critical for the design of concrete structures, as well as for the assessment of existing structures

(Gao and C.-T. T. Hsu 1998).

Fatigue cyclic loading involves repeated load cycles, while static, permanent loads are charac-

terised by long-duration actions that do not significantly accelerate the structures. The type

of applied loads determines the difference between the two. Rilem Committee 1984 distinguish

two categories of fatigue loading: low-cycle and high-cycle loading. Specifically, low-cycle cyclic

loading refers to high amplitude loading that includes a small number of load cycles. In contrast,
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in high-cycle fatigue loading, numerous load repetitions are conducted that reach lower stress

levels. Based on T. T. Hsu 1981, the spectrum of fatigue loading is broader, also including the

super-high cycle loading. This way, the fatigue loading classes are finally formed, as presented

in Table 2.1.

Table 2.1: Classes of fatigue loading (T. T. Hsu 1981)

One of the most popular approaches to assess the fatigue life of a material, structural element

or structure is based on the empirical Wöhler curves, also known as S-N curves. These curves

are a semi-log graphical representation of the fatigue performance that depicts the relationship

between the maximum stress level Smax that the structure is subjected to and the logarithmic

number of cycles to failure N. In order to predict and represent the fatigue performance of

the material under investigation, fatigue tests are conducted. The tests present a large scatter

regarding their result (Rilem Committee 1984). Therefore, many specimens are required to be

tested to create the S-N curve of a particular type of concrete.

According to the definition, fatigue strength is a fraction of static strength that the structure

can withstand for multiple load cycles. In concrete, determining the static strength is influenced

by the shape of the tested specimens and the rate of the applied loading, which is significantly

lower than the rate of loading applied in the fatigue tests. As a result, the maximum stress

values obtained are nominal values related to conventional strength properties that may deviate

from the reality of the structure subjected to loading (Rilem Committee 1984).

The S-N curves are usually plotted based on two procedures specifically, for a constant minimum

stress level (Smin) or for constant minimum and maximum stress level ratio (R=Smin/Smax).

Maximum and minimum stress levels have a noteworthy influence on the fatigue life of concrete,

which is clearly in the Goodman diagram (Figure 2.1a), for constant minimum stress level (Smin),

and in the Smith diagram (Figure 2.1b), for constant mean stress level (Sm=1/2 (Smin+ Smax)).
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Figure 2.1: (a). Goodman diagram, (b). Smith diagram (Tepfers and Kutti 1979)

Including the minimum and maximum stress level ratio in the S-N relationship, both Wöhler

curves and Smith-diagram can be described by a standard equation (Tepfers and Kutti 1979,

Aas-Jakobsen 1970), namely

Smax = 1 − β(1 −R) log10N (1)

where,

R = Smin
Smax

, the stress level ratio

Figure 2.2: S-N curves for constant R-values (Tepfers and Kutti 1979)
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2.2 Fatigue damage hypotheses

The previous section (2.1) provides an overview of fatigue life models used to investigate the

fatigue phenomenon. While most of the research on the concrete’s fatigue characteristics has

focused on the effect of constant amplitude loading, the stress cycles in actual structures often

present significant variations in magnitude and frequency. Consequently, when addressing more

complex loading histories, fatigue damage hypotheses are employed to better understand the

behaviour of the material (Rilem Committee 1984).

The structural impact of loading histories is frequently analysed through linear damage theories,

with the Palmgren-Miner (P-M) hypothesis being the most commonly used. This hypothesis

was initially proposed by Palmgren 1924 regarding ball bearings and then utilised by Miner

1945 for tests conducted on notched aluminium specimens. Based on this theory, the structure

reaches its failure when:

k∑
i=1

(
Ni

NF i

)
= 1 (2)

where,

Ni the number of cycles at the stress level i

NF i the number of cycles to failure at the stress level i

Multiple-stage-block loading experimental studies have reported both conservative and unsafe

predictions of the P-M hypothesis (Holmen 1979, Weigler and Klausen 1979, Awad 1971, Tepfers

and Kutti 1979).

Research conducted by Singh 2003 has listed a few significant limitations of the P-M hypothesis:

1. The sequence effect is not taken into consideration.

2. At low load levels, the magnitude of damage is underestimated since low load levels are

considered non-damaging.

3. The amount of damage is considered constant in every load cycle, where this belongs to

the initial or the final stages of the fatigue loading.
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In order to address these limitations and better approach the fatigue performance of the material,

alternative theories have been proposed. Marco and Starkey 1954 modification of the P-M

hypothesis shows that the accumulated damage due to constant amplitude loading is non-linear.

The damage (Di) is expressed using the following equation,

Di = ( ni

Ni
)xi (3)

where, as illustrated in Figure 2.3, the value xi is determined by the stress level Si.

Figure 2.3: Damage/cycle ratio relationship dependent on stress level (Marco and Starkey 1954)

Developing the theory for two stages of cycling loading having constant amplitudes, as presented

in Figures 2.4 and 2.5, has shown that the accumulative damage differs based on the loading

sequence. Specifically, the application of a higher stress level in the first stage followed by lower

stress cycles (Figure 2.4) results in accumulated damage less than unity:

k∑
i=1

Ni

NF i
= n1
N1

+ n2
N2

< 1 (4)

In contrast, when the lower stress precedes the high-stress stage (Figure 2.5),

k∑
i=1

Ni

NF i
= n1
N1

+ n2
N2

> 1 (5)
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Figure 2.4: Case of high-low sequence in two-stage constant amplitude tests with corresponding
stress-dependent damage accumulation (Marco and Starkey 1954).

Figure 2.5: Case of low-high sequence in two-stage constant amplitude tests with corresponding
stress-dependent damage accumulation (Marco and Starkey 1954).

A different modification suggested the introduction of the ω factor in the failure criterion, which

is therefore given as (Rilem Committee 1984),

1
ω

k∑
i=1

( Ni

NF i
) = 1.0 (6)
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or

k∑
i=1

( Ni

NF i
) = ω (7)

where the loading parameters determine ω.

Finally, Oh 1991 proposed a theory that outlines the sequence and magnitude of cyclic loading.

The theory is described by the following equation,

(
n1
N1

)
+
(
n2
N1

)(
S2
S1

)
+ ....+

(
ni

N1

)(
Si

S1

)P

= 1 (8)

where,

ni the number of cycles in stage i

Si the stress level in stage i

N1 the reference number of cycles

S1 the reference stress level

P factor calculated based on experimental data

2.3 Fatigue of plain concrete

2.3.1 Mechanism of fatigue in plain concrete

As previously stated, fatigue is a gradual process of internal structural changes that occur in a

material when subjected to repetitive stresses (Rilem Committee 1984). The occurring changes

often lead to the growth of cracks and eventually to the complete fracture of the concrete in

case the stress repetitions are significant enough (Shah and Chandra 1970, Raju 1970). At a

macro-level, these internal changes in the material caused by the fatigue compressive loading

significantly affect its mechanical properties. Understanding and quantifying their effect is nec-

essary to accurately predict the fatigue life of the investigated structures. However, describing

the fatigue mechanism of concrete can often be proven challenging due to the complexity of the

phenomenon. Over the years, many researchers have proposed several hypotheses regarding the

initiation and propagation of cracks due to fatigue loads.
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Murdock 1960 suggested fatigue loading results in the deterioration of the bond between the

matrix and the aggregates that happens alongside the reduction of the section of the loaded

specimen. The specimen ultimately fails when the matrix undergoes fracture. If the modulus of

elasticity of the coarse aggregate exceeds that of the binding matrix, the development of cracks

may be intensified.

An alternative theory was proposed by Antrim 1967. According to this hypothesis, repetitive

loads cause the development of small cracks that propagate in the cement paste, forming a

crack pattern. Over time, this pattern of cracks can compromise the structural integrity of

the section, which is unable to sustain the applied loads. The development of this damaging

crack pattern is primarily influenced by the water-cement (W/C) ratio of the cement paste, as

well as the presence of shrinkage stresses in the cement paste. Specifically, increasing the W/C

ratio increases the number of capillary pores in the cement paste, reducing the concrete strength.

Moisture content can also influence the concrete strength since, due to shrinkage, tensile stresses

are developed as water is withdrawn from the gel.

According to Rilem Committee 1984, numerous studies conducted have revealed evidence sup-

porting both hypotheses, which highlights the complex nature of concrete fatigue mechanisms.

Nevertheless, it can be concluded that concrete fatigue is associated with the development of

internal micro-cracking, which is likely to occur at the interface between the cement matrix and

the aggregate, as well as within the matrix itself. It is noted that the fatigue crack system is

more extensive compared to the cracking experienced during static compressive failure (Bennett

and Raju 1969).

Based on a different approach, the fracture mechanism also differs on the basis of loading class

(T. T. Hsu 1984):

• Low-cycle fatigue: the fracture mechanism is governed by cracks formed in the concrete

matrix forming a crack network.

• High-cycle fatigue: repeated loading results in bond cracks, which are gradually formed in

the concrete.
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2.3.2 Development of microcracking and inelastic strain

In static monotonic concrete compression, the deformation response is categorised into three

stages, namely linear, nonlinear hardening, and post-peak softening. Similarly, fatigue microc-

racking in concrete is developed in three stages, as illustrated in Figure 2.6. In the first stage,

a rapid increase of microcracks is noted at the weak points within the concrete or mortar (0 -

10 % of fatigue life). Following, the second stage is known as the propagation stage, in which

the microcracking uniformly and progressively increases, reaching a critical size (10 - 80 % of

fatigue life). In the final stage, a sufficient number of cracks has been developed, reducing the

cross-section to such a degree that the propagating cracks easily penetrate, leading to failure

(80 % to failure)(Rilem Committee 1984, Gao and C.-T. T. Hsu 1998 and Lee and Barr 2004).

The process of fatigue crack growth can be divided into two distinct stages (Hideyuki Horii, Shin,

and Pallewatta 1992). The first stage is characterised by a deceleration in the crack growth rate

as the crack expands. The second stage is the acceleration stage, in which there is a steady

increase in the crack growth rate until the component fails (Kolluru et al. 2000).

Figure 2.6: Crack development under constant amplitude cyclic loading measured using the
acoustic emission method (Weigler and Klausen 1979)

Current research has provided more insight into the damage evolution due to compressive fa-

tigue. Using new technological means (X-rays, 3D Industrial Computed Tomography (ICT)),

researchers were able to understand the development of the fatigue phenomenon better, quantify
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the fatigue damage in concrete and express the fatigue behaviour of concrete subjected to cyclic

loading through constitutive models. In their study, Marzec, Tejchman, et al. 2019 examine the

fracture evolution in concrete due to compressive fatigue. As depicted in Figures 2.7a and 2.8a,

the concrete initial state presents a significant number of microcracks. Over the course of 10,000

cycles, thin, irregular-shaped cracks were observed, primarily concentrated along the vertical

edges of the specimens. Analysis revealed that all micro-cracks were present in the Interfacial

Transition Zones (ITZs) between the matrix and aggregate particles and then propagated fur-

ther into the cement matrix. After 30,000 cycles, the internal cracks continued to develop and

extended deeper into the cement matrix, and new macro-cracks emerged (Figure 2.7b and 2.8b).

At 60,000 cycles, the existing vertical macro-cracks persisted along the lateral edges, with two

of those cracks propagating through the height of the specimen (Figure 2.7c and 2.8c). Next,

at 70,000 cycles, the vertical cracks throughout the specimen’s height were predominant, with

diagonal cracks also noticeable. These macro-cracks were interconnected through a network of

smaller cracks (Figure 2.7d and 2.8d). Finally, the specimen damage occurred in the corner

where the dominant vertical macro-crack was located.
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Figure 2.7: Evolution of cracking in concrete specimen subjected to compressive fatigue loading,
using 3D micro-CT images: (a) before the test, (b) at N = 30, 000 cycles, (c) at N = 60, 000
cycles and (d) at N = 70, 000 cycles. (Marzec, Tejchman, et al. 2019)
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Figure 2.8: Pores and cracks distribution in concrete specimen subjected to compressive fatigue
loading, using 3D micro-CT images: (a). before the test, (b). at N = 30, 000 cycles, (c). at
N = 60, 000 cycles and (d). at N = 70, 000 cycles. The colours indicate the diameter of pores
within a specific range: ≤ 1.0mm (red colour), 1.01mm− 2.0mm (green colour) and ≥ 2.0mm
(blue colour)) (Marzec, Tejchman, et al. 2019)

The gradual expansion of microcracking significantly increases the irrecoverable strains. On a

larger scale, this is expected to affect the material’s mechanical properties (Lee and Barr 2004).
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As illustrated in Figure 2.9, the strain - cycle ratio diagram follows a three-stage pattern similar

to the one of the crack growth. According to Gao and C.-T. T. Hsu 1998, the first stage is

defined as the cyclic creep stage since irreversible strains are predominantly caused by the cyclic

creep effect. In this stage, irreversible strains display a rapid increase, similar to that observed

during crack growth. The second stage, known as the creep-fatigue stage, is characterised by

the coupling of cyclic creep and fatigue, which determines the accumulation of irreversible strain

at a slower rate. Finally, the third stage, the fatigue stage, is marked by strain development,

which is determined by factors such as width, distribution, and propagation of existing cracks.

Again, the fatigue strain change is divided into two distinct stages (Figure 2.10). During the

first stage, the fatigue strain range remains relatively stable and does not significantly fluctuate

with the increase of the load cycle. However, the second stage sees a rapid increase in fatigue

strain range, as it is directly linked to the formation and propagation of fatigue cracks. As

the density of fatigue cracks increases and they continue to propagate, the fatigue strain range

becomes increasingly unstable.

Figure 2.9: Irreversible strain development
stages

Figure 2.10: Variation of fatigue strain range

As categorised by Bazant and Hubler 2014 in their study, there are five types of cracks that

result in inelastic strains. The five types of cracks are depicted in Figure 2.11.

1. Crushing band propagating transversely to compression (S. Suresh, Tschegg, and Brock-

enbrough 1989, Subra Suresh 1998, Eliáš and Le 2012) (Figure 2.11a)

2. Wedge-splitting cracks at hard inclusions, parallel to compression (Bažant and Xiang 1997)

(Figure 2.11b)
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3. Interface cracks at inclusions (Figure 2.11c)

4. Pore-opening cracks parallel to compression (Fairhurst and Cornet 1981, Sammis and MF

Ashby 1986) (Figure 2.11d)

5. Wing-tip frictional cracks inclined to compression direction (Ingraffea 1977, Nemat-Nasser

and H. Horii 1982, Kachanov 1982, M.F. Ashby and Hallam 1986, Schulson and Nickolayev

1995) (Figure 2.11e)

Figure 2.11: Types of crack that result in the inelastic strain development (Bazant and Hubler
2014)

Generally, determining fatigue failure in any material largely depends on the extent of the crack

pattern since the final fracture is directly influenced by it. Fatigue fracture mechanism is similar

to brittle fracture as both depend on the random distribution of imperfections or weak points

within the material (Antrim 1967). The brittle fracture occurs when the material’s strength

is exceeded at one or more of these locations, resulting in little to no yielding before failure

20



2 LITERATURE STUDY

(Richards 1961). Even if it presents a brittle fracture mechanism, the fatigue failure process

presents significant differences from that of static situations, as it depends on a series of random

events that may vary from case to case. As a result, there is considerable variation in fatigue

data. Additionally, compressive cyclic loading results in a crack system with wider distribution

(Holmen 1979) and lower strength than the statically determined ones. It is worth mentioning

that since the fatigue failure is initiated at the weak points of the material, delaying the crack

propagation can significantly prolong the fatigue life of the structure.

2.4 Case studies of fatigue failure of concrete structures

The fatigue life of reinforced and prestressed beams has been frequently studied under controlled

laboratory conditions. Nonetheless, many real-life structures exhibit signs of fatigue over time.

While the fatigue in steel structures presents an easily identifiable crack pattern, concrete fatigue

cracking does not display a distinctive surface topology. For this reason, the assessment of the

concrete structures for fatigue requires detailed data from the service life of the structures,

carefully considering the existing cracks and the crack pattern developed. Further information

regarding the construction methods, dates, and loading conditions during the structures’ lifetime

are integral parts of detailed reporting and essentials for assessing their fatigue life (CEB-FIP

1988).

Over the years, plenty of concrete structures have progressively deteriorated, with fatigue being

the primary or essential contributory factor, along with other factors such as fretting fatigue and

corrosion. Several case histories have been reported by CEB-FIP 1988 in which the aforemen-

tioned factors lead to the distortion of the concrete structures. As evident from the following

examples, pure fatigue cannot be solely attributed to the deterioration of the structures. In most

cases, fatigue is accompanied by other factors, such as repeated deflections, increased loading,

and higher frequencies or vibrations. Additionally, chemical attacks like fretting, pitting, or car-

bonation attack can further worsen the fatigue-induced degradation, particularly in prestressed

concrete.

Case study 1 - Throgs Neck Bridge, New York

The Throgs Neck bridge is an 887 m long suspension bridge which has been in service since 1961.
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The bridge’s deck is supported by longitudinal beams, which are placed on transverse beams

with cantilever brackets at 7.3 m intervals. Just ten years after its opening, the bridge showed

signs of severe concrete deterioration, an issue that only worsened over time. The cantilevers’

repetitive deflection caused secondary tensile and fatigue stresses, identified as the primary cause

of the bridge’s failure. Other factors contributing to the bridge’s unreliability include insufficient

reinforcement in accordance with more recent standards, corrosion caused by de-icing salt, and

the loss of concrete cover.

Case study 2 - Japanese bridge decks

Incidents of fatigue failure have been reported on Japanese bridge decks since 1965. The char-

acteristics of such failures include concrete spalling under the bottom reinforcement layer at the

soffit or depressions of the running surface caused by punching failure. The failure was localised

to the concrete following a grid-like pattern, while the steel reinforcement displayed no evident

damage. This type of failure indicates that fatigue caused by traffic loads is the primary rea-

son for the distortion of the bridge, even in the early stages of its service life. Fatigue due to

repetitive loads and increasing traffic volume was not considered in the design process at the

time of the bridges’ construction. The reason for their failure became clear only later when

researchers classified that the repetition of shear and torsional effects reduces the structures’

fatigue strength, inducing their failure. Similar failures have also been observed in bridges in

Sweden.

Case study 3 - Bridge decks in the Netherlands

From 1935 to 1950, around thirty trussed-girder bridges were built in the Netherlands. These

bridges were parted by a cast in-situ, reinforced concrete deck placed on longitudinal and trans-

verse steel girders, with main spans ranging from 50 to 200 m in length. The deck width varied

from 6 to 12 m, having no structural connection to the steel.

In the following period, the concrete decks of all the bridges needed to be replaced because

of their severe condition. The damage was caused by the formation of numerous small cracks

that eventually led to complete concrete deterioration. In the initial stages, the cracks were

primarily longitudinal and occurred beneath the wheel tracks. During the demolition of the
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decks, no damage was observed on the reinforcing steel, and the concrete strength was found to

be high, with a cube strength of 50N/mm2 or more.

According to the Bridge Building Department of Rijkswaterstaat (RWS) in the Netherlands, the

fatigue of the concrete was the primary reason for the concrete failure, given that the previous

Dutch code did not include regulations related to fatigue loading. The following observations

supported this conclusion:

1. The concrete damage was mainly concentrated beneath the wheel tracks of the heavy

vehicles.

2. The traffic volume and axle loads are significantly higher than what was initially considered

in the design process.

3. The live load stresses were significantly larger than those induced by the permanent loads,

and the variation of stresses was the least favourable.

4. There was no evidence of damage to the steel reinforcement.

5. The concrete next to the cracked area presented high cube strength.

Case study 4 - Bridge over Tarnaforsen, Sweden

The bridge, located in Vasterboten, Sweden, was built in 1943 and has a maximum allowed total

load of 514 kN. Over time, vertical and inclined shear cracks have been observed on the bridge

beams. These cracks were believed to be caused by heavy vehicles passing over the bridge when

the permissible load was exceeded. In 1950, a 2200 kN weight truck crossed the bridge and

nearly caused a collapse, which served as the start of fatigue cracking problems. Additionally,

the bridge was not sufficiently reinforced for shear, as the shear resistance of the concrete was

thought to be higher until the 1960s. Despite attempts to repair the cracks, they have reappeared

(Figure 2.12).
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Figure 2.12: Recorded cracks on the main beam. Road E79, Bridge Ume River at Tärnafors,
Tärnaby-Storuman. (CEB-FIP 1988)

Case study 5 - Traveling crane track, Sweden

Tracks are distinguished into two types: the first type is upheld by a steel beam that rests on

concrete columns, while the second type rests on steel plates which are supported by the columns.

In both cases, the track structure is supported by nuts and the load is transferred to the columns

through hold-down bolts and mortar beneath the steel members. In the investigated track that

was built in 1976, it was noticed that the concrete around the bolts had spalled, the mortar

had cracked, and the bolts had been sheared. It was considered that the damage occurred by
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the repeated loads from the cranes acting on the columns and were not structurally confined.

The tops of the columns underwent repair with extra compressive and confining reinforcement

(Figures 2.13 and 2.14).

Figure 2.13: Failure pattern of the concrete column under the travelling crane. (CEB-FIP 1988)

Figure 2.14: Strengthening arrangement of the column. (CEB-FIP 1988)
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Case study 6 - Viaduct over railway, Sweden

The viaduct, constructed in 1934 using steel beams and a continuous concrete slab, has been

observed to have transverse cracks on the underside of the slab. Part of the concrete cover has

also fallen away from the free span. Through cracks have also been found in the slab near the

two middle supports. Despite repair attempts, the damage keeps resurfacing.

Similar to the Japanese bridges, it is considered that the repeated live loads resulted in the

formation of wide cracks since it is unlike that static loads could cause those. In addition, the

concrete cover has been dislodged due to the carbonation of the concrete, which, combined with

the cracks, has allowed corrosion of the reinforcing steel. The presence of these factors finally

led to the deterioration of the structure.

Case study 7 - Reconstruction of concrete pavement, The Netherlands

It has been observed that unreinforced concrete motorways, which have been in use for longer

than their intended lifespan, experience fatigue problems. These issues result in transverse

cracks forming in the most heavily used lanes and smaller longitudinal cracks appearing between

them. Fatigue is believed to be a significant contributing factor to this deterioration. For

the reconstruction of motorways, the principle of reflection cracks is used, where fatigue and

reflection cracks are caused by existing cracks in the lower layers. This reduces the life of

the structures. The problem is addressed by constructing soft stress interlayers to prevent the

formation and propagation of cracks between the surface and the stabilised base.

Case study 8 - Factory floor, United Kingdom

The factory floor experienced fatigue failure due to deflection and excessive cracking. It was

constructed using precast, prestressed planks topped with a thick, continuous, reinforced, cast

in-situ concrete slab. After the factory was occupied, cracks appeared at the joints between

the precast and cast in-situ concrete members. The cracking was initially suspected to be

due to shrinkage, but the pattern and distribution of the cracks did not suggest shrinkage

or temperature effects. Additionally, the in-situ concrete did not show any spalling at the

construction joints from the use of folklift trucks.
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The cracking was mainly caused by the repetitive movements of the folklift trucks. Based on

the original design, the load would be distributed over three units, allowing each unit to share

the applied load with adjacent units. However, the crack pattern that was caused by fatigue

resulted in each unit becoming isolated and causing excessive sagging of the slab. Finally, the

increasing deflection was worsened by the onset of vibration, accelerating the fatigue of the floor.

Case study 9 - Wood chip processor in Korsnasverken, Sweden

This particular concrete building was constructed in 1967. After only one year, cracks were dis-

covered in the slab. Despite attempts to repair and strengthen the structure in 1969, the cracks

reappeared. The equipment attached to the structure was operated in a manner that prevented

the amplification of vibrations through resonance. This helped to reduce the vibrations, but the

cracks still returned. The building was then reinforced with concrete walls and steel beams, but

this did not fix the problem, and the cracks resurfaced at the beginning of 1971. Unfortunately,

a thorough analysis of the issue was not conducted due to the complex combinations of loads.

These loads included hydraulic jacks in the machinery, the weight of wood chips, forces from

the chips caused by changes in moisture content, and the increasing size of tractors that were

used to push the chips. It was believed that the cracks were caused by fatigue.

Case study 10 - Papermill, Finland

The building was constructed in the late 1930s using concrete beams and columns. However,

some areas were found to have low concrete strength, resulting in transverse and vertical cracks

in the structure. It is considered that the damage was caused due to fatigue since the structure

was not designed to withstand fatigue. Additionally, no ground settlements were observed in

the structure despite being subject to long-term load, vibrations, and penetrating oil.

2.5 Fatigue in concrete bridges

Many experimental studies are focused on examining the fatigue behaviour of concrete when

subjected to axial compression. This fact raises the question of whether the findings associated

with the fatigue of concrete under uni-axial compression can also be applied to the fatigue

assessment of the compressive zone of the concrete beams.
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Lambotte and Baus 1963 compared the response of prisms subjected to uni-axial compression

and over-reinforced beams that were constructed having the exact dimensions and quality of

concrete. After 107 cycles, the beams reached failure due to fatigue of the compressive zone,

being able to sustain 70% of their ultimate static strength. At the same time, the equivalent value

of the compressed prisms reached approximately 60%. In addition, in the research conducted by

Ople and Hulsbos 1966, the concrete compressive zone of the beams was simulated by applying

eccentric loads on concrete prisms. In order to ascertain the fatigue strength of the specimens,

the stress at the compression fibre was calculated using the specimen’s stress-strain graph under

uni-axial static compression. Based on the results, increasing the eccentricity positively affected

the fatigue strength but did not influence the relative fatigue strength regarding the total applied

load. Consequently, the effect of eccentricity on the fatigue and the static strength was of the

same proportion, meaning that the fatigue values of concrete under uni-axial compression can

be safely applied to the compressive zone of the beams.

A different approach is suggested by Jiang et al. 2017, whose research focuses on cyclic creep.

Based on this study, considering that the structural elements of the instigated bridges are sub-

jected to both axial force and bending moment would result in a more realistic approach that

reflects the stress gradient occurring in each cross-section. As the number of load cycles rises,

the structural elements present a redistribution of stresses along the cross-section caused by the

gradual degradation of the mechanical and material properties. Therefore, conducting fatigue

experiments by assessing the concrete behaviour under both uni-axial and eccentric loads is

necessary to better understand fatigue’s structural influence.

2.6 Parameters affecting fatigue of concrete

2.6.1 Composition and quality of concrete

According to Rilem Committee 1984, the influence of the composition and quality of the concrete

on the fatigue strength is uncertain. Variables such as water-cement ratio (W/C), cement

content, curing conditions, entrained air quantity, aggregate type, and loading age appear not

to have an impact on fatigue strength when this is expressed in terms of static strength (Nordby

1958, Tepfers and Kutti 1979). In fact, in flexural fatigue tests conducted on three concrete
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types, aged for up to five years and subjected to different curing methods, the obtained results

expressed in terms of the static strengths were almost identical (Raithby 1979).

However, a different theory is suggested by Antrim 1967. As previously mentioned (Chapter 2.3),

concrete is a heterogeneous material whose fatigue life is highly dependent on the development

of internal microcracking. Microcracking is initiated at the weak points of the concrete when the

applied stress surpasses the concrete strength. One of the main parameters influencing crack

pattern development is the water-cement (W/C) ratio. Its increase results in the formation

of more capillary pores in the cement paste, adversely affecting the strength of the concrete.

Additionally, moisture content can impact the strength of concrete since shrinkage leads to the

development of tensile stresses as water is removed from the gel.

According to Powers 1959, the shrinkage process occurs within the gel, and the degree of shrink-

age depends on the amount of water extracted. This means that a paste with few capillary pores

(low W/C ratio) will experience a shrinkage directly proportional to water loss. Conversely, a

paste with a significant number of capillary pores (high W/C ratio) will undergo minimal shrink-

age. As the drying continues, the shrinkage becomes directly proportional to water loss. It is

noted that the effect is higher in concrete specimens having a lower W/C ratio and, consequently,

a denser structure from which water cannot easily escape.

Finally, as cement content is associated with the strength of the concrete, it affects the cracking

mechanism and, consequently, its fatigue life (Zanuy, Albajar, and De la Fuente 2009).

2.6.2 Stress level and stress variation

The fatigue life of concrete is significantly impacted by the maximum and minimum stresses it

experiences. Specimens subjected to high maximum stress present a shortened lifespan. More-

over, an increase in the stress range (R = σmin/σmax) decreases the number of cycles to failure.

Current X-rays and CT imaging methods have shown that the morphology and propagation of

fatigue cracks are notably affected by the stress magnitude during fatigue loading. As obtained

by the Fan and Sun 2019, the damage evolution in concrete specimens under compressive cycling

loading is depicted in Figures 2.15 and 2.16. Comparing the results for the two different stress
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levels, it is clear that the primary fatigue crack propagation was highly associated with the

loading level. During the initial stages of cyclic loading, the micro-cracks exhibited some degree

of widening, yet no noteworthy expansion was observed. Upon completion (n/N = 0.15), no

significant changes were noted in the higher loading levels, while in specimens where the loading

levels were lower, the primary crack had already appeared. As loading cycles increased, the

development of the main fatigue crack accelerated gradually and had fully formed by the end

of the stage. It was noted that higher stress levels resulted in a brittle fracture occurring after

fewer load cycles. Conversely, lower loading levels presented more obvious fatigue characteristics

in the specimen.

Finally, variation of the stress level in the duration of the cyclic loading highly affects the fatigue

performance of concrete. As analytically explained in Chapter 2.2, the stress sequence can either

prolong or shorten the material’s fatigue life.

Figure 2.15: Damage evolution at Smax = 0.85. (Fan and Sun 2019)

Figure 2.16: Damage evolution at Smax = 0.80. (Fan and Sun 2019)
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2.6.3 Frequency of loading and stress rate

Several researchers have conducted studies on the impact of loading frequency as presented by

Rilem Committee 1984. Based on these, it was widely acknowledged that changes in loading

frequency do not significantly affect fatigue strength, provided that the maximum stress level

remains below approximately 75% of the static strength (Hanson, Ballinger, and Linger 1974).

This effect differs at high-stress levels, where the decrease in the loading frequency results in

lower fatigue strength (Holmen 1979).

The effect of the loading rate on the fatigue strength of plain concrete subjected to compression

was studied by Sparks and Menzies 1973. The study showed that altering the loading rate from

0.5 to 50 MPa/s significantly increased the average fatigue life for stresses exceeding approx-

imately 75% of the static compressive strength. This indicates that, for high cyclic stresses,

accelerated fatigue tests may overestimate the fatigue life of concrete structures compared to

the loading rates that may arise during their service life.

2.6.4 Rest periods

Hilsdorf and Kesler 1966 conducted a study to examine the impact of rest periods on fatigue

flexure tests for plain concrete. The study showed that taking repeated rest periods of up to 5

minutes after the loading cycles can increase fatigue strength as it allows for recovery during the

rest period. However, a different series of tests where shorter rest periods were applied presented

decreased fatigue life at a specific stress level. Similar findings were obtained by Siemes 1985,

showing that resting periods of 1.5 to 10 min can prolong the fatigue life when the maximum

and minimum applied stresses remain constant. The noted improvement in both studies was

considered insignificant due to the large scatter in the resulting values. Despite the scatter, it

is accepted that applying longer resting periods can extend the fatigue life of the specimens,

as it provides time for self-healing, relaxation of stresses at the crack tip and finally, stress

redistribution in the concrete.
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2.6.5 Moisture content

Understanding the influence of moisture conditions on the fatigue life of concrete has been proven

complex. To assess its effect, Galloway, Harding, and Raithby 1979 performed fatigue flexural

experiments using concrete beams that had dried from various periods after being saturated

in water. Their findings indicate notable differences in both rapture modulus and fatigue per-

formance. However, when the fatigue stress was expressed as a proportion of concrete flexural

strength, the obtained fatigue strength presented no considerable differences. Similar conclu-

sions have been drawn by testing using saturated, surface dry, or oven-dried following prolonged

immersion. Generally, moisture gradients within the specimens are believed to have played a

more critical role in the observed differences in fatigue performance than the moisture percent-

age. The gradient can lead to high initial strains at the specimen’s surface and the potential

development of shrinkage cracking (CEB-FIP 1988).

Other experimental studies examining the fatigue performance of concrete specimens in dry

and wet conditions have shown that dry concrete can sustain a larger number of loading cycles

in compression (Van Leeuwen and Siemes 1979, Waagaard 1981) and tension (Cornelissen and

Reinhardt 1984), as presented in Figure 2.17. It has been observed that dry concrete exhibits

less creep compared to wet concrete. This characteristic can be attributed to its substantial

impact on the propagation of cracks in concrete when subjected to cyclic loads.

Figure 2.17: Effect of moisture conditions on fatigue life of concrete subjected to compression
for (a). dry, and (b). wet concrete (Van Leeuwen and Siemes 1979).
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2.6.6 Lateral confining pressure

The findings of fatigue tests conducted on sealed cylindrical specimens have revealed that lateral

confining pressure has a significant impact on their fatigue strength on lower stress levels (Takhar,

Jordan, and Gamble 1974). As depicted in Figure 2.18, the specimens subjected to lateral

pressure presented a remarkable extension in their fatigue life. It is also noted that the maximum

stress level of the fatigue load influences this prolongation effect (Rilem Committee 1984).

Figure 2.18: Effect of lateral confining on fatigue life of concrete subjected to compression.
(Takhar, Jordan, and Gamble 1974)

Based on a different study (Petkovic 1993), Figure 2.19 illustrates how the fatigue life N is af-

fected by mean stress Sm and stress range R. It is clear that at every lateral to longitudinal stress

ratio (Sm,1/Sm,2), the positive impact of lateral confinement on fatigue performance diminishes

after the specimen undergoes more than approximately 50 loading cycles.

Figure 2.19: Influence of biaxial loading on fatigue life of concrete. (Petkovic 1993)
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2.6.7 Different waveforms

Most of the experimental studies are conducted by subjecting a structure to repeated sinusoidal

loading, replicating the wave and wind loads experienced in practical applications (Rilem Com-

mittee 1984). However, specific structures may be exposed to other loading patterns, which

requires investigating the effect of different waveforms. In their research, Tepfers and Kutti

1979 studied the influence of rectangular, triangular and sinusoidal loading patterns on the fa-

tigue life of concrete prisms. The findings indicate that the rectangular waveform results in a

shorter fatigue life than the sinusoidal waveform. In contrast, the greatest number of loading

cycles can be sustained when triangular waveforms are applied. Figures 2.20 and 2.21 present

the number of load cycles sustained by the concrete specimens for the different load types.

It is noted that strain velocity is an additional factor influencing the performance of specimens

exposed to different waveforms. In particular, rectangular waveforms with higher velocities

exhibit more significant effects compared to triangular waveforms with lower velocities. It is,

therefore, essential to account for time-dependent effects when assessing the fatigue life of con-

crete under varying waveforms.

Figure 2.20: Effect of loading using different waveforms on the fatigue life of concrete - Wöhler
diagram. (Tepfers and Kutti 1979)
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Figure 2.21: Effect of loading using different waveforms on the fatigue life of concrete - Concrete
prisms after fatigue failure (Tepfers and Kutti 1979).

2.6.8 Strengthening effect

The effect of the strengthening effect of concrete on the fatigue performance of concrete is

analysed by Rilem Committee 1984. Even though the fatigue concrete strength is expressed as

a fraction of its static strength withstanding repetitive loading, it is important to note that a

specimen’s residual static strength after a certain number of cycles is not an accurate indicator

of the extent of damage it has sustained. Numerous researches (Bennett and Raju 1969, Awad

1971, Holmen 1979) have indicated that a specimen subjected to cyclic loading with a specific

cycle ratio (N/Nf ) shows improved strength by up to 15% when tested statically.

Several theories have emerged to explain this strengthening effect (Bennett and Raju 1969).

First, the elevation in temperature caused by energy dissipation in the form of heat may be

linked to the increase in strength. The temperature rise may result in slightly greater maturity

of the specimen as well as increased loss of capillary moisture, leading to a small increase in

strength. The loss of gel moisture could also be a contributing factor to the increased rigidity and

strength. In addition, the strengthening effects may be associated with the release of residual

stresses caused by repeated loads or with the strain-hardening effects.
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2.6.9 Eccentricity and stress gradient

The eccentricity of the applied loads is an additional influencing factor (Rilem Committee 1984).

Considering that uniaxial compression is not always representative of the loads imposed on the

structures, it is necessary to assess its contribution to the fatigue life of the concrete. Figure

2.22, obtained by Ople and Hulsbos 1966, illustrates the fatigue performance of concrete prisms

subjected to compressive load cycles for different stress gradients. The stress level is determined

by the ratio of the maximum stress, noted at the extreme fibre, over the concrete strength.

When expressed this way, it is clear that eccentric loads have a positive impact on fatigue

strength. However, when fatigue strength is measured in terms of static strength, the S-N curves

of centrically and eccentrically loaded specimens overlap, suggesting that they are similarly

affected.

The effect of eccentricity on fatigue performance has often been used to study the compression

zone of concrete beams, as further discussed in Chapter 2.5.

Figure 2.22: Effect of eccentricity on the fatigue life of concrete. (Ople and Hulsbos 1966)
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2.6.10 Material degradation

According to Zanuy, Albajar, and De la Fuente 2009, concrete subjected to repeated loading

undergoes alternation that leads to its progressive damage. This damage is characterised by

an increase in the overall strain as the number of loading cycles increases, as discussed in the

previous section. In addition to this, other changes in the material properties of the loaded spec-

imens can also be observed. When subjected to cyclic loading, both the loading and unloading

branches of each cycle become curved, as illustrated in Figure 2.23. The stress-strain curves

deviate from the initial linear path, indicating a change in material properties, specifically, a

reduction in the modulus of elasticity.

In the experimental study conducted by Jiang et al. 2017, data on eccentrically loaded concrete

specimens have been utilised to investigate the distribution of strains in the cross-section during

fatigue loading. According to their findings, the evolution of the neutral axis location measured

from the tensile side revealed that, as cyclic loading continued, the neutral axis’ position deviated

from the tensile side. The change in the neutral axis shows a redistribution of stresses during

fatigue loading, significantly affecting the concrete’s fatigue life.

Figure 2.23: Stress-strain curve evolution with the fatigue loading (Bennett and Raju 1969).
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3 Codes and methods for fatigue verification of concrete sub-

jected to compression

3.1 Introduction

Various codes and modified methods have been proposed to ensure the concrete can withstand

compressive cyclic loading. These codes are specifically intended to provide an accurate as-

sessment of the fatigue life of concrete when subjected to compression. The following chapters

present the current code provisions and some alternative methods, as reviewed by Lantsoght

2014, specifically intended to provide an accurate assessment of the fatigue life of concrete when

subjected to compression.

3.2 NEN 6723:2009

According to the regulation of the previous Dutch national code NEN 6723: 2009 for concrete

bridges, the fatigue assessment of concrete should comply with the Miner’s rule, namely

m∑
i=1

Ni

NF i
≤ 1 (9)

where,

m the number of considered intervals

Ni the number of cycles at the stress level i

NF i the number of cycles to failure at the stress level i

As stated in §9.6.2.1, for varying compressive stresses, the number of loading cycles that can be

sustained by concrete is given by

Log(Ni) = 10√
1 −R

(
1 −

σ′
b,d,max

f ′
b,v

)
for

σ′
b,d,max

f ′
b,v

> 0.25 (10)

and

Ni = ∞ for
σ′

b,d,max

f ′
b,v

≤ 0.25 (11)
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where,

R = σ′
b,d,min

σ′
b,d,max

, the stress rate

σ′
b,d,min the design value of the minimum compressive stress in the concrete, in N/mm2

σ′
b,d,max the design value of the maximum compressive stress in the concrete, in N/mm2

In the limit fatigue state, the design value of the compressive strength of concrete (f ′
b,v) is

calculated as follows,

f ′
b,v = fb,rep,v

γm
(12)

fb,rep,v = 0.5(f ′
b,rep,k − 0.85 · 30) + 0.85 + 30 (13)

where,

γ = 1.2

f ′
b,rep,k the characteristic value of the uniaxial short-term concrete compressive strength

0, 85f ′
ck, in N/mm2

f ′
b,rep,v the characteristic value of the concrete compressive strength in the limit state

of fatigue, in N/mm2

3.3 NEN-EN 1992-1-1+C2:2011 and Dutch National Annex

Based on §6.8.7 of NEN-EN 1992-1-1+C2:2011/NB:2016+A1:2020, the fatigue resistance of

concrete subjected to compressive cyclic loading can be considered sufficient when

Ecd,max,equ + 0.43
√

1 −Requ ≤ 1 (14)

where,

Requ = Ecd,min,equ

Ecd,max,equ
, the stress ratio

Ecd,min,equ = σcd,min,equ

fcd,fat
, the minimum compressive stress level

Ecd,max,equ = σcd,max,equ

fcd,fat
, the maximum compressive stress level

fcd,fat the design fatigue strength of concrete
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σcd,min,equ the upper stress of the ultimate amplitude for N cycles

σcd,max,equ the lower stress of the ultimate amplitude for N cycles.

The design fatigue strength of concrete is given by,

fcd,fat = k1 · βcc(t0) · fcd ·
(

1 − fck

250

)
(15)

where,

βcc(t0) concrete strength coefficient at first load application

t0 the starting time of the cyclic loading on concrete in days

fck the characteristic concrete strength

fcd = fck
γc,fat

, the design concrete strength

γc,fat =1.5, for fatigue of concrete

For the calculation of the concrete strength coefficient at the first loading application,

βcc(t) = e
s

[
1−( 28

t )
1
2
]

(16)

where,

t the age of the concrete in days

s a coefficient which depends on the type of cement:

= 0.20, for cement of strength Classes CEM 42,5 R, CEM 52,5 N and CEM 52,5

R (Class R)

= 0.25, for cement of strength Classes CEM 32,5 R, CEM 42,5 N (Class N)

= 0.30, for cement of strength Classes CEM 32,5 N (Class S)

It is noted that the recommended number of cycles is N = 106 cycles, which corresponds to k1

value equal to 0.85.

Alternatively, it is possible to assume the fatigue verification of concrete under compression if
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the following criterion is met,

σc,max

fcd,fat
≤ 0.5 + 0.45σc,min

fcd,fat
(17)

≤ 0.9 for fck ≤ 50MPa (18)

≤ 0.8 for fck > 50MPa (19)

where,

σc,max the maximum value of compressive stress at a fibre under the frequent load

combination, in which the compression measured positive

σc,min the minimum compressive stress value at the same fibre where σc,max is noted.

The value is taken equal to zero when σc,min is a tensile stress

3.4 NEN-EN 1992-2+C1:2011 and Dutch National Annex

According to the NEN-EN 1992-2+C1:2011/NB:2016, associated with the design of concrete

bridges, the fatigue resistance of concrete is satisfactory when

m∑
i=1

ni

Ni
≤ 1 (20)

where,

m the number of considered intervals

ni the actual number of cycles at the stress level i

Ni the ultimate number of constant amplitude cycles in interval ”i” that can be

carried before failure.

As stated in §6.8.7, the maximum number of compressive loading cycles is obtained by the
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following equations,

Ni = 10
14

1−Ecd,max,i√
1−Ri (21)

Ri = Ecd,min,i

Ecd,max,i
(22)

Ecd,min,i = σcd,min,i

fcd,fat
(23)

Ecd,max,i = σcd,max,i

fcd,fat
(24)

where,

Ri the stress ratio

Ecd,min,i the minimum stress level

Ecd,max,i the maximum stress level

fcd,fat the design fatigue strength of concrete

σcd,min,i the lower stress in a cycle

σcd,max,i the upper stress in a cycle

Taking into account the regulations of the Dutch National Annex, the design fatigue strength

of concrete is calculated as

fcd,fat = k1 · βcc(t0) · fcd ·
(

1 − fck

400

)
(25)

where,

βcc(t0) coefficient for concrete strength at first load application, that is given by the

Eq.16

t0 the starting time of the cyclic loading on concrete in days

k1 = 1, according to the Dutch National Annex
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fck the characteristic concrete strength

fcd = fck
γc,fat

, the design concrete strength

γc,fat =1.5, for fatigue of concrete

The aforementioned equations will be employed at a later stage to verify the fatigue of the

precast beams in the bridge under investigation. It is noteworthy that the fatigue load models

utilized in the assessment of the bridge are analytically presented in Section 5.5.

3.5 fib Model Code 2010

According to the fib Model Code 2010, §7.4.1, the S-N curves for concrete under compression

are obtained by the following equation. For 0 ≤ Scd,min ≤ 0.8:

(a). if logN1 ≤ 8, then logN = logN1

logN1 = 8
Y − 1(Scd,max − 1) (26)

(b). if logN1 > 8, then logN = logN2

logN2 = 8 + 8ln(10)
Y − 1 (Y − Scd,min)log

(
Scd,max − Scd,min

Y − Scd,min

)
(27)

with,

Y = 0.45 + 1.8Scd,min

1 + 1.8Scd,min − 0.3S2
cd,min

(28)

where,

σc,min the minimum compressive stress

σc,max the maximum compressive stress

Sc,min = γEdσc,minηc

fcd,fat
, the minimum compressive stress

Sc,max = γEdσc,maxηc

fcd,fat
, the design fatigue reference strength for concrete in compression

ηC an averaging factor considering the stress gradient

In order to account for the stress gradient present in the compression zone of a cracked section
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of concrete, the maximum stress is multiplied with a factor ηc that equals:

ηc = 1
1.5 − 0.5 |σc1| / |σc2|

(29)

where,

|σc1| the minimum absolute compressive stress within a 300mm distance

from the surface under the relevant load combination of actions

|σc2| the maximum absolute compressive stress within a 300mm distance

from the surface under the relevant load combination of actions

The fatigue reference strength is determined as

fcd,fat = 0.85 · βcc(t) · fck ·
(

1 − fck

400

)
/γc,fat (30)

where,

fck the characteristic concrete compressive strength

βcc(t) = e
s

[
1−( 28

t )
1
2
]
, the coefficient depending on the age t of concrete in days and

the beginning of the fatigue loading with,

s depends on the strength class of the cement

t the corrected for temperature age of concrete in days, given by

tT = ∑n
i=1 ∆tie

13.65− 4000
273+T (∆ti) , with

∆ti : the number of days with temperature T

T (∆ti) : the temperature during time period ∆ti

For Scd,min > 0.8, the above S-N relation are applying for Scd,min = 0.8.

3.6 Proposal by Hans Bongers

Hans Bongers developed a new approach for determining the S-N curves based on NEN-EN

1992-2+C1:2011. This method aimed to address the issues with the S-N curves produced by

earlier Eurocode regulations. However, according to Lantsoght 2014, the proposal has proven

impractical due to difficulties in achieving convergence. In this proposal, the number of loading
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cycles is given by Eq.21, which is described by the following expressions,

Ecd,max,i = σcd,max,i

0.9fcd − (0.9fcd − fcd,fat)1
6 log(Ni)

for Ni ≤ 106 (31)

and

Ecd,max,i = σcd,max,i

fcd,fat
for Ni > 06 (32)

3.7 Proposal by Kim & Kim

J.-K. Kim and Y.-Y. Kim 1996 conducted an experimental study to investigate the influence

of concrete strength on the fatigue performance of structures. They proposed an expression for

the S-N curves in the following manner:

Smax = −7.6
(
f ′

c

f1

)0.066
logNf + 126

(
f ′

c

f1

)−0.025
(33)

where,

Nf the number of loading cycles

f ′
c the design compressive strength

f1 = 1MPa

3.8 Proposal by Lantsogth

Two fatigue analysis methods for both new and existing structures have been proposed by

Lantsoght 2014. These methods were based on the NEN EN1992-2 regulations, which have

been adjusted to align with experimental findings for high-strength concrete. The equations

for assessing fatigue behaviour in newly designed structures are identical to those outlined in

NEN-EN 1992-2+C1:2011/NB:2016 (Section 3.4). A different proposal is given for the fatigue

assessment of existing structures based on which,
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(a). for Ni ≤ 106:

logNi = 6(Smax − 1)
Smax,EC − 1 for Smax ≥ Smax,EC (34)

with Smax,EC the maximum stress level at 106 loading cycles that equals,

Smax,EC =
(

1 − fck

400

)(
1 − 3

7

√
1 −R′

i

)
(35)

(b). for Ni > 106, the maximum number of compressive loading cycles is calculated using the

Eq. 21 to 25 presented in Chapter 3.4.

3.9 Review of the codes and methods

The preceding sections have outlined the various codes and methods employed to verify the

fatigue performance of concrete under compression. Upon review, it is clear that many of

the parameters that affect the fatigue performance of concrete are taken into account. These

variables include the levels of stress applied, concrete strength, type of cement utilised, age of the

concrete, strength evolution, and initiation of fatigue loading. Notably, Eurocode regulations

incorporate the value of the k1 factor, and the fib Code Model accounts for the temperature

age of concrete, indicating that moisture conditions and temperature are also contemplated in

certain codes and proposals.

This study aims to evaluate the fatigue assessment of an inverted T-girder concrete bridge based

on the provisions of the NEN-EN 1992-2+C1:2011/NB:2016 code. While this code incorporates

most factors that affect the fatigue performance of concrete, it does not consider critical param-

eters such as time-dependent material degradation due to cyclic loading.
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4 Hypothesis

Reviewing the previous chapters, it becomes evident that there are multiple variables that can

significantly impact the ability of concrete to withstand compression fatigue. Many of these

factors have already been taken into account through existing code provisions and methodologies,

as discussed in Section 3.9.

With regards to the structure under investigation and the repeated loads it endures, it is assumed

that parameters associated with cyclic loading have already been incorporated into the fatigue

load models utilised for bridge fatigue analysis. As will be later discussed in the thesis (Section

5.5), current codes propose specific fatigue loading models that take into consideration the

yearly number of loading cycles, the type and dimensions of vehicles, and the contribution of

each vehicle to the fatigue damage, simulating the traffic that corresponds to the traffic category

of the structure. Therefore, it is believed that parameters such as frequency, rate of application,

and rest periods have already been factored into these models.

The existing concrete codes do not consider critical factors, namely the material degradation

caused by repeated loading cycles. The concrete’s capacity for redistribution is often overlooked

because most code provisions are not based on time-dependent material behaviour. Various

researchers have addressed this issue by employing path-dependent modelling. For instance,

Kindrachuk, Thiele, and Unger 2015 have proposed a constitutive model to describe the cyclic

creep effect in concrete under compression. However, the proposed model’s complexity can make

its application challenging in practical scenarios. Other studies by Maekawa, Toongoenthong, et

al. 2006, Maekawa, Gebreyouhannes, et al. 2006 have suggested an embedded into finite element

code fatigue model that yields promising results but requires significant computational time.

Hence, it is important to have a model that can accurately replicate the material changes and

the stress-strain evolution while being applicable to practical problems.

Furthermore, the modelling aspects of Finite Element Analysis (FEA) can significantly influence

the fatigue life assessment of concrete, which is often simplified or disregarded in practical appli-

cations. Several examples of such simplifications include the selection of load type, calculation

of prestress losses, increased rate of traffic loads, modelling of orthotropic properties of the cast
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in-situ slab, constraining action of regular reinforcement, and relative creep and shrinkage in

composite structures. The design and computational time required are integral components of

the decisions made in the numerical analysis of the structures, which can significantly impact

the fatigue analysis outcomes. Therefore, fatigue analysis must be approached with utmost

attention to detail to ensure the accuracy of results.

Excluding the effect of various parameters and oversimplifying the fatigue analysis can lead to

inaccurate predictions of the fatigue life of structures. When assessing the concrete fatigue of

existing bridges in engineering practice, the fatigue resistance of structural members is often

proven insufficient. This leads to the rejection of their structural reliability, even though many

of the examined bridges are fully functional and present no evidence of possible collapse. Con-

sidering these, this thesis aspires to explore and quantify the influence of various factors and

analysis parameters on the fatigue life of inverted T-bridges, with an emphasis on modelling

aspects and material degradation. Specifically, the investigated parameters that are part of this

thesis scope are:

• the calculation of prestress losses,

• the increase in traffic rate,

• the cracking of the slab,

• the type of applied loads,

• the position of fatigue loads on the bridge deck,

• the fatigue load model,

• the relative creep and shrinkage of the composite structure and

• the material degradation due to cyclic creep.

The selection of the aforementioned parameters was based on the premise that they could poten-

tially have a positive impact on the fatigue life of the bridge if a more comprehensive approach

is followed during their analysis. In fact, starting from the calculation of the prestress losses,

engineers tend to opt for a rough estimation of prestress losses, which can lead to an over-
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estimation of losses. These losses, in turn, substantially contribute to the stress distribution

and, consequently, to the fatigue life of the bridge. This thesis endeavours to investigate how a

more detailed calculation can influence the fatigue of concrete. As stated, the load modelling

simplifications in the Finite Element Analysis are anticipated to impact fatigue as they affect

the distribution of forces within the structure. This research also evaluates the accuracy of the

traffic conditions modelling. In engineering practice, simpler load models are often preferred,

requiring less design and computational time. However, such considerations can be conserva-

tive and significantly underestimate the fatigue life of the structure. Accounting for material

degradation caused by cyclic loading is expected to positively influence fatigue. The repetition

of loads can modify material properties over the cross-section, leading to a redistribution of

stresses. Lastly, parameters such as the cracking of the slab in the transverse direction can

influence the load distribution and, by extension, the concrete fatigue. It is expected that this

factor will have a significant impact on the fatigue performance of the structure, the magnitude

of which is investigated in this parametric study. These factors will be analytically presented in

Chapter 7.

Summarizing, the study of the above parameters on the fatigue life of concrete aims for a more

accurate and sustainable fatigue assessment, which will comply with the current code regulation

without being overly conservative.
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5 Case study

5.1 Case study

The central objective of this study is to assess the compressive fatigue of prestressed concrete

beams utilised in girder bridges. Girder bridges consist of precast concrete beams arranged in

a parallel configuration while maintaining a constant centre-to-centre distance. The beams are

interconnected at their edges by diaphragm beams, and the primary structure is finalised by

adding the cast in-situ slab at the top of the beams.

A special case study was designed to investigate the influence of the examined parameters on

the concrete fatigue life. The case study centred on a precast, inverted T-beam concrete bridge

that was specifically designed to fail in fatigue within its lifespan. It is important to note that

bending failure at the beam midspan is the failure criterion for this study, whereas shear is

deemed irrelevant and is thus beyond the scope of the investigation.

It is considered that the structure was built in 1974, making the bridge relatable to actual cases

that are investigated for their structural integrity. Being in service for approximately 50 years,

the bridge is assessed to determine its remaining life. The assumed timeline of its erection was

intentionally chosen to align with the objective of this research (Figure 5.1). Specifically, ten

days after the casting of the beams (t0 = 0 days), the concrete had developed sufficient strength

and the prestressing tendons were cut, transferring the prestressing force to the beams. Then,

the beams were transferred to the site, where the casting of the top slab took place 28 days after

the beam casting. The fatigue loading started at 56 days, after the strength of the cast in-situ

slab had fully developed. Although fatigue loading usually occurs later in most practical cases,

the chosen timeline was deliberate to ensure that the bridge would fail within its anticipated

lifespan. However, it is worth mentioning that keeping the initiation of fatigue loading constant

in the fatigue analyses of the beams does not impact the study results related to the investigated

parameters.

In order to have a better understanding of the analysed factors’ impact, complex geometries

have been avoided, and the structure was designed as a simply supported single-span bridge,
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which crosses that undergoing road at a 90°angle.

Figure 5.1: Timeline of the bridge erection process and start of the fatigue loading

The selection of starting points and design details has often been based on the codes and guide-

lines:

• Eurocode: NEN-EN 1990:2002/A1:2006/C2:2010, NEN-EN 1990+A1+A1/C2:2019/NB:2019,

NEN-EN 1991-1-1:2002/C1:2009, NEN-EN 1991-1-1+C1+C11:2019/NB:2019, NEN-EN

1991-2:2003/C1:2010, NEN-EN 1991-2+C1:2015/NB:2019, NEN-EN 1992-1-1:2005/C2:2010,

NEN-EN 1992-1-1+C2:2011/NB:2016+A1:2020, NEN-EN 1992-2:2005/C1:2008 and NEN-

EN 1992-2+C1:2011/NB:2016

• Richtlijnen Ontwerp Kunstwerken (ROK) - Guidelines for the Design of Structures: RTD

1001: 2021 2.0 and RTD 1010:2019-2.0

• Richtlijnen Beoordeling Kunstwerken (RBK) - Guidelines for the Assessment of Existing

Structures: RTD 1006:2022-1.2.1

• NEN 8701: NEN 8700:2011+A1:2020 and NEN 8701:2011+A1:2020

5.2 Bridge geometry

The dimensions of the bridge were selected based on practical cases. To begin with, the bridge

length is established considering the size of the obstacle that we need to traverse, and for this

case, it was set at 30 meters. In simply supported structures, the span length is determined

as the centre-to-centre distance (ctc) between the supports. For this bridge, the supports were
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positioned at a distance of lcantilever = 0.5 m, forming cantilevering sections at the edges of each

beam, as depicted in Figure 5.2. As a result, the span length of the beams is lspan = 29 m.

Figure 5.2: Geometry of the bridge above the supports

The width of the bridge, on the other hand, is defined as the distance between the bridge’s

free edges, perpendicular to its length, and it is determined by the lane configuration and

the additional distances considered. The road configuration of the examined bridge features

two traffic lanes and an emergency lane. Standard traffic lanes have a width of 3.5 m, while

emergency lanes are 3.7 m wide. In addition, according to the guidelines outlined in the RWS

Informatie, ’Richtlijn Ontwerp Autosnelwegen - Veilige Inrichting van Bermen,’ a minimum

distance of 0.5 m must be present between the side of the emergency lane and the right-side

guide rail. On the left side, the minimum distance between the side of the road and the guide rail

is 1.5 m. Additional distances of 1.4 m are added to the bridge sides, as illustrated in Figure 5.3

(excluding the cosmetic side facing). The total required width of the bridge is then calculated

as,

Wrequired = 2 ∗ 3.5 + 3.7 + 0.5 + 1.5 + 2 ∗ 1.4 = 15.5m
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Figure 5.3: Cross-section of the edge structure (the cosmetic element 7 is not accounted for in
the edge distance). RTD 1010:2019-2.0

The final width of the bridge was defined by the number and geometry of the precast beams.

Taking into account the date of the bridge’s erection, the beam profile was chosen from edition

Nr. 2.2.1 of the Spanbeton Bulletin technical series. The structure was built using a HIP beam

profile produced by Spanbeton, presented in Figure 5.4. The beams maintain a 1.2 m centre-to-

centre distance, which is parted by a beam flange width of 1180mm and an intermediate distance

of 20mm between the flanges. To support the width of the bridge, 13 beams were utilised, as

illustrated in Figure 5.5. This way, the width of the bridge is finally determined as (Figure 5.6),

Wb = 13 ∗ 1.18 + 12 ∗ 0.02 = 15.58m

It is considered that the lane configuration of the bridge has remained constant throughout its

service life.
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Figure 5.4: (a). Cross-section of the HIP beam profile, (b). Cross-section of the composite
beam. (Nr. 2.2.1 of the Spanbeton Bulletin technical series)

Figure 5.5: Cross-section of the bridge

Figure 5.6: Road configuration of the investigated bridge
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The beam height and the prestressing strands’ number were selected based on the following

criteria:

• A preliminary check was conducted according to the previous Dutch code to ensure that

the original bridge’s design satisfies the stress control and bending moment resistance

checks (Appendix B).

• In the Ultimate Limit State (ULS), the occurring bending moments at the beams are

lower than their bending moment capacity. The bending moment resistance of the beams

is verified based on current code regulations (Appendix E).

• The structure fails due to fatigue of concrete under compression within its service life.

The above criteria were satisfied for the beam profile with height Hb = 810mm. For the pre-

stressing, 25∅12.5 (A = 93mm3) strands are used, having the configuration depicted in Figure

5.7.

Figure 5.7: Prestressing strand configuration at the midspan of the precast beams (image gen-
erated by IDEA Statica).

In older bridge designs, the thickness of the cast in-situ slab was thinner compared to new

structures. Following the edition Nr. 2.2.1 of the Spanbeton Bulletin technical series, the slab

thickness was chosen equal to 160 mm. At the top of the slab, an asphalt layer is poured, for
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which the minimum value of thickness is calculated based on RTD 1001: 2021 2.0 as,

Ha = (140 + a) (36)

with

a = L− 30
4 , for 0 ≤ a ≤ 30mm (37)

where,

L the size of span in m

a spacing in mm

Therefore, in this case study (Lspan = 29 m), the thickness of the asphalt layer is chosen equal

to the minimum value, namely 140mm.

As illustrated in Figure 5.2, transverse beams are cast at the edge of the beams, with a width

equal to 0.8m. Finally, self-supporting prestressed edge structures are used at the free edges

of the bridge, as presented in Figure 5.8. Since the structures are self-carrying, they do not

contribute to the loading, and neither are included in the Finite Element Model, as will later be

discussed in the thesis.

Figure 5.8: Self-supporting edge structure (Nr. 2.2.1 of the Spanbeton Bulletin technical series).

5.3 Supporting conditions

The boundary conditions of a bridge can significantly impact its internal force and stress distri-

bution. The investigated case study examines a simply supported bridge that utilizes discrete

56



5 CASE STUDY

bearing pads to support its beams. These bearing pads consist of either natural rubber or

neoprene and are reinforced with steel plates, which increase the bearing’s compressive and ro-

tational stiffness. While the bearing pads permit horizontal movement of the deck through the

shear deformation of the rubber, it is important to note that such movements are restricted by

their stiffness in those directions. Nonetheless, these bearing pads provide several advantages,

such as their resistance to corrosion, cost-effectiveness, and minimal maintenance requirements.

The dimensions of the bearing pads used for the support of this structure are:

(length · width · thickness) = (400 · 300 · 80)mm

Figure 5.9: Support detail of simply supported deck (Nr. 2.2.1 of the Spanbeton Bulletin
technical series).

5.4 Materials

The bridge is a composite structure that comprises several structural components. For the con-

struction of these, different materials have been utilised. Starting from the concrete components,

the concrete classes were determined according to the RTD 1001: 2021 2.0 guidelines as follows,

• Prefabricated beams: C55/67

• Cast in-situ slab: C25/30

• Cast in-situ cross beams: C35/45
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The prestressing forces are applied through pre-tensioned steel strands featuring a steel grade

of FeP 1860. Finally, a FeB500 (=B500B) steel grade was used for the normal reinforcement of

the reinforced concrete slab and the shear reinforcement of the precast beams.

5.5 Loads

5.5.1 Introduction

The analysis of the structural integrity of the structures investigates their capacity to withstand

different types of loads and load combinations throughout their lifespan. Accurate estimation

of the magnitude of these loads is an important component of the analysis process. European

and national codes provide design models and guidelines that assist in this regard.

The action of moving vehicles produces stress gradients that may eventually cause fatigue of

the structural components. In this investigation, the failure criterion is the bending failure at

the midspan of the precast beams comprising the bridge. Based on this criterion, the fatigue

analysis of concrete beams is performed after having verified their cross-section capacity. The

bending moment capacity at the Ultimate Limit State (ULS) evaluates the bridge’s capacity to

withstand the permanent and variable loads applied to the structure. The live loads used for

the bending moment resistance of the bridge are described in the traffic Load Model 1. The

results of this analysis are presented in Appendix E. Subsequently, the fatigue life of the precast

beams is then examined using the Fatigue Load Models described in the following sections.

Regarding other types of loads, the action of thermal loads can be expressed as imposed defor-

mations. In the analysis of statically determined structures, it is generally assumed that thermal

component-induced deformation can occur freely without causing additional stress. Even though

this assumption holds true to some extent, in the case of simply supported bridges, the horizontal

movement is partially constrained due to the stiffness of the discrete bearings used for support.

For the purpose of this investigation, it is considered that the supports can fully accommodate

the deformation of the bridge deck in the horizontal longitudinal direction. As the structure is

not simply supported in the transverse direction, horizontal deformation cannot be fully devel-

oped. However, thermal loads have a relatively low frequency compared to traffic loads and are
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thus excluded from the fatigue analysis. It is also worth noting that impact loads and variable

wind loads have a negligible impact on concrete fatigue and are thus not taken into account in

the fatigue assessment.

5.5.2 Dead loads

Concrete self-weight

The self-weight of the concrete structural components is automatically calculated by the software

used for the global analysis (Diana FEA), taking into account the dimensions of each member.

According to NEN-EN 1991-1-1:2002/C1:2009, the value of concrete self-weight is 24kN/m3 for

unreinforced concrete and 25kN/m3 for reinforced and prestressed concrete. It is noted that the

default value used in Diana FEA for the acceleration of gravity is equal to 9.81m/s2.

Asphalt layer dead load

As previously stated (Section 5.2), the cast in-situ concrete slab is covered by an asphalt layer

having a 140mm thickness. Accounting for the weight of the asphalt, which equals 23kN/m3,

the resulting permanent load is calculated as:

23kN/m3 ∗ 0.14m = 3.22kN/m2

Additional dead weight

Additional permanent loads are caused by the elements of the edge structure presented in Figure

5.8. As mentioned above, the prestressed edge structure is self-supported and does not cause

additional loads on the bridge. However, it is considered that the load of the concrete corner

detail is entirely taken by the concrete slab. By considering the dimensions provided in Figure

5.10 and accounting for the self-weight of the unreinforced concrete, the dead load of the corner

structure is

0.1m2 ∗ 24 = 2.4kN/m.
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Figure 5.10: Dimensions of the edge structure’s concrete concrete corner detail (Nr. 2.2.1 of the
Spanbeton Bulletin technical series).

Other structural details, such as traffic barriers and handrails, contribute to the loading of the

bridge, for which the loads are equal to 1kN/m and 0.5kN/m, respectively. This way, the total

load applied at the free edges of the top slab is 3.9kN/m.

Finally, as illustrated in Figure 5.10, concrete is poured into the space between the inverted

T-beams and the self-supporting edge structures, resulting in additional weight on the system.

It is considered that the total load of this element is applied on the edge of the beam flange and

is accounted for in the bridge analysis by applying a line load and distributed moment to the

base of the modelled edge beams. Their values are calculated as follows,

Acon = (318 ∗ 140) + (0.5 ∗ 132 ∗ 104) + (0.5 ∗ 318 ∗ 31) = 56313mm2

qcon = 0.0563m2 ∗ 24kN/m3 = 1.35kN/m

Mcon = 1.35kN/m ∗ 0.59m = 0.797kNm/m

5.5.3 Prestress

As outlined in Chapter 5, The precast beams were prestressed using 25 pretensioned strands

made of steel class FeP1860, with a diameter of ∅12.5 (A = 93mm2). The prestressing strand

configuration depicted in Figure 5.7 refers to the midspan of the beam, consisting of both straight

and deflected strands. For the deflected stands, the push-down points are located at 1/3 and 2/3

of the beam length, as illustrated in Figure 5.11. The prestressing was conducted by applying

the maximum allowable prestress, which, according to RTD 1006:2022-1.2.1, equals 1394N/mm2

after the immediate losses. It should be noted that the strand configuration at the beam edges
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is not presented, as the internal forces and stress distribution at the edges of the beams are

deemed irrelevant to the scope of this thesis.

Figure 5.11: Prestressing stand profile - Push-down points.

To calculate the prestressing effect, the strand geometry and configuration, initial prestress, and

prestress losses were input into the cross-sectional model created in IDEA Statica. This approach

allowed for the automatic calculation of internal forces and stress distribution resulting from the

prestress during cross-sectional analysis. An analytical calculation of the prestress losses used

in the parametric study is presented in Appendix F.

5.5.4 Live loads

5.5.4.1 Introduction

Traffic loads on bridges are influenced by various factors such as the bridge composition and type,

traffic density, and vehicle types that use the bridge. To accurately analyse these structures,

loading models that account for these variables and align with the specific traffic conditions of

the bridge in question are necessary.

For the present case, the structure is a long-distance highway bridge, categorised under traffic

class 1 for roads with at least two traffic lanes per direction and high flow rates for heavy

vehicles. Given that one of its two lanes is considered a slow lane, the anticipated number of

heavy vehicles per slow lane for bridges of this traffic category is 2.0 ∗ 106 (Table 5.1).
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Table 5.1: Number of heavy vehicles annually expected per slow lane (NEN-EN 1991-
2:2003/C1:2010)

According to NEN 8701:2011+A1:2020, Fatigue Load Models 1, 4, and 5 are utilised to conduct

fatigue analysis of concrete structures. Since no recorded traffic data exists describing the moving

loads applied on the bridge, only models 1 and 4 will be employed to ascertain the fatigue life

of the precast beams.

5.5.4.2 Notional lanes

To represent the action of traffic loads on the structure, the carriageway is initially divided

into notional lanes. The number and width of these lanes are determined in accordance with

NEN-EN 1991-2:2003/C1:2010, §6.2.3, as described in Table 5.2.

Table 5.2: Number and width of notional lanes (NEN-EN 1991-2:2003/C1:2010)

Following the division of the carriageway into distinct lanes, each lane is assigned a specific

number and position that will have the most significant adverse impact on the structure. Lane
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1 is identified as having the most unfavourable influence, followed by Lane 2 and subsequent

lanes. An illustration of lane numbering can be observed in Figure 5.12.

Figure 5.12: Example of the numbering of notional lanes (NEN-EN 1991-2:2003/C1:2010)

However, for the fatigue analysis of bridges, the lane configuration and numbering are determined

based on the anticipated traffic loads in normal operating conditions.

5.5.4.3 Concentrated loads dispersal

According to NEN-EN 1991-2:2003/C1:2010, §6.3.6, the concentrated loads applied on the bridge

should be dispersed horizontally through the cover layer and the concrete slab until reaching

the level of the central axis of the slab. This distribution of loads should be achieved through a

one-to-one spread-to-depth ratio, as illustrated in Figure 5.13.
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Figure 5.13: Dispersal of concentrated loads (NEN-EN 1991-2:2003/C1:2010).

5.5.4.4 Load model 1

Load Model 1 is composed of both concentrated and uniformly distributed loads, which reflect

the majority of traffic vehicles, including cars and lorries. It incorporates two loading systems,

namely the Tandem System (TS) featuring double-axle concentrated loads and the Uniformly

Distributed Loads (UDL). The characteristic values of the aforementioned loads are presented

in Table 5.3.

Table 5.3: Characteristic values of traffic Load Model 1 (LM1) (NEN-EN 1991-2:2003/C1:2010)
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Figure 5.14: Application of traffic Load Model 1 (NEN-EN 1991-2:2003/C1:2010).

Figure 5.15: Application of tandem systems for traffic Load Model 1 (NEN-EN 1991-
2:2003/C1:2010).
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According to the guidelines of the Dutch National Annex NEN-EN 1991-2+C1:2015/NB:2019,

correction factors are necessary to be applied to modify the loads of each lane. The lane bear-

ing the heaviest load requires an adjustment factor of aq1 = 1.15, whereas, for the remaining

lanes, the correction factor differs based on the number of theoretical lanes. In the case of two

theoretical lanes, the correction factor employed is aq2 = 1.0, while for more than two lanes, it

is aq2 = 1.4.

5.5.4.5 Fatigue Load model 1

According to NEN-EN 1991-2:2003/C1:2010, §4.6.1, Fatigue Load Model 1 (FLM1) is derived

from Load Model 1, described in the previous section. This model’s axle load values are equal

to 0, 7Qik, while equivalent values for the uniformly distributed loads are given as 0, 3qik. By

evaluating all possible loading configurations and taking into account the effect of simultaneously

loaded lanes, the model determines the maximum and minimum stress levels required for fatigue

analysis. It is worth noting that FLM1 is generally considered a conservative model and is

primarily applied to determine whether the fatigue life tends to be unlimited when given a

constant stress amplitude fatigue limit. Therefore, This model is deemed suitable for steel

structures but not other materials.

5.5.4.6 Fatigue Load model 4b

The Fatigue Load Model 4 (FLM4) comprises a series of heavy vehicles that, when combined,

simulate the effects of actual vehicles in the corresponding traffic category. To comply with the

Eurocode and Dutch codes, the fatigue analysis of concrete structures must be based on the

equivalent lorries of Fatigue Load Model 4b, presented in Table 5.4. Each heavy vehicle in this

model is defined by its axle loads, the number and spacing of its axles, as well as the contact

areas and configuration of its wheel types, illustrated in Figure 5.16.
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Table 5.4: Fatigue Load Model 4b for concrete structures - Set of equivalent lorries (NEN-EN
1991-2+C1:2015/NB:2019)

The calculation of the contribution of each lorry type to the concrete fatigue takes into account

the lorry percentage, which is determined based on the traffic type of the structure being as-

sessed. The total number of heavy vehicles expected to travel annually in the slow lane of the

corresponding traffic category is then multiplied by this percentage.
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Figure 5.16: Geometrical definition of wheels and axles (NEN-EN 1991-2:2003/C1:2010).

As per NEN-EN 1991-2+C1:2015/NB:2019, the fatigue analysis must also consider the presence

of heavy vehicles in adjacent lanes. For bridges with traffic moving in the same direction, heavy

vehicles are present on both lanes simultaneously in 10% of cases. The fatigue analysis of

concrete structures, according to RTD 1006:2022-1.2.1, employs the equivalent trucks of FLM4b

for the slow lane and the third vehicle of T0066 of the RTD 1001: 2021 2.0 for the loading of

the adjacent lane (Table 5.5).
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Table 5.5: Table T0066 from ROK - Set of equivalent lorries (RTD 1001: 2021 2.0)
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5.5.5 Combinations

5.5.5.1 Structural reliability

The structures are categorised into five consequence classes to evaluate the potential impact of

their failure on human life, injuries, and losses in social, economic and environmental domains.

According to the regulation of NEN-EN 1990:2021, Table A.2.1 (NDP) (B), bridges that con-

stitute part of the national infrastructure are classified as consequence class 3. In the event

of such structures failing, the consequences could be severe in the aspects mentioned above.

Furthermore, considering the consequence class of the structures being assessed and referring to

Table A.2.2 (NDP), the expected service life is set at 100 years.

5.5.5.2 Load factors and combination factors

According toNEN-EN 1990:2002/A1:2006/C2:2010, §6.4, the structures are examined for Ulti-

mate Limit State (ULS) based on the following equations:

(6.10a):

∑
j≥1

γG,jGk,j ”+” γPP ”+” γQ,1ψ0,1Qk,1 ”+”
∑
i>1

γQ,iψ0,iQk,i (38)

(6.10b):

∑
j≥1

ξjγG,jGk,j ”+” γPP ”+” γQ,1ψ0,1Qk,1 ”+”
∑
i>1

γQ,iψ0,iQk,i (39)

where,

Gk, j the characteristic value of permanent load j,

P the representative value of prestressing force,

Qk,1 the characteristic value of predominant variable load, and

Qk,i the characteristic value of the secondary variable load i.
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As per the provisions of EN 1991, the combination used to assess fatigue action is

∑
j≥1

G, jGk,j ”+” P ”+” ψ1,1Qk,1 ”+”
∑
i>1

ψ2,iQk,i

 ”+” Qfat (40)

where,

Qfat the relevant cyclic load j

Load factors

According to RTD 1006:2022-1.2.1 the load factors are:

γG,j,sup =1.25,

ξγG,j,sup =1.15,

γQ,traffic =1.25.

Combination factors

The combination factors are determined by referring to table NB.9 - A2.1 of NEN-EN 1990:2002/A1:2006/C2:2010

as follows,

Table 5.6: Combination factors

Load case ψ0 ψ1 ψ2

Traffic loads - LM1 - vertical 0.8 0.8 0.4

5.5.5.3 Load combinations

The loads mentioned earlier have been calculated in order to assess the cross-sectional capacity

of the structure. This has been accomplished by analyzing the bridge model for the load con-

figurations specified in Appendix E. It should be noted that the structure under investigation

corresponds to consequence class 3 and, as such, is subject to the load combinations presented

in Table 5.7.

Table 5.7 also provides the load combination that has been utilised for the fatigue analysis of the

bridge. This combination takes into account the action of permanent dead loads, prestressing,
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and variable loads of the fatigue load models (Chapter 5.5). It is important to note that the

fatigue analysis combination does not include the traffic loads of Load Model 1 due to the

different frequencies of the variable traffic and fatigue load models.

Table 5.7: Load combinations

Ultimate Limit State (ULS) - Bending moment resistance

6.10a - gr1a 1.25 ·Gk + P + (ψ0 = 0.8) · 1.25 ·Qk

6.10b - gr1a 1.15 ·Gk + P + 1.25 ·Qk

Fatigue loads

Gk + P +Qfat
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6 Finite Element Analysis (FEA)

6.1 Fatigue analysis procedure

In order to assess the influence of various parameters and analysis aspects on the fatigue life of

the bridge, a specific analysis procedure is selected and followed for each individual beam. Both

analytical and numerical methods are employed for the fatigue analysis process. This chapter

will focus on explaining the process used for the fatigue assessment and outline the numerical

considerations used in both the global and cross-sectional analysis models. The process comprises

the following three parts: global linear analysis of the bridge, cross-sectional non-linear analyses

at the midspan of the beams, and calculation of the fatigue life of the beams, as depicted in the

workflow of Figure 6.1.

Figure 6.1: Workflow of the analysis process.

The global linear analysis of the bridge is carried out using the DIANA Finite Element Analysis

software, in which the bridge is modelled based on the analysis aspects described in the subse-

quent sections. Once the bridge model is complete, fatigue load models presented in Chapter

5.5 are utilised to simulate the impact of heavy vehicles on the bridge. As these fatigue load

model trucks traverse the bridge deck, the resulting bending moment values at the midspan of
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each beam are used to form the influence lines of each load combination on the girders.

These influence lines provide the maximum and minimum bending moments (Mmax,Mmin),

which are then input into the cross-sectional analysis. The values are used in each beam’s non-

linear, cross-sectional analysis using the software IDEA Statica to provide the stress distribution

at the midspan of the beams.

As previously mentioned (Section 1.1), the critical stress values at the girder bridges are noted at

their top compressive fibre. The cross-sectional analysis results in the stress levels (σmax, σmin)

that are finally utilised to calculate the fatigue life of the beams following the code regulation

outlined in Chapter 3.4. It is worth noting that the fatigue life of the bridge is determined by

the fatigue life of the bridge beams and not the fatigue behaviour of the rest of the structural

components.

The selection of DIANA FEA software was primarily based on its ability to accurately simulate

the bridge geometry, material properties, supporting conditions, and types of loads applied to

the structure. With its multiple modelling options, it was able to evaluate various design options

and determine the most appropriate design decisions for this investigation. Additionally, the

software’s spacial functions allowed for an accurate representation of the bridge geometry while

simplifying the analysis model, resulting in significant design and calculation time savings. This

feature can also be used to model the variation of properties over the beam height, which may

occur due to material degradation caused by cycling loading. Lastly, programming can be

employed to create all necessary load cases required to easily model the live loads.

6.2 Global analysis

6.2.1 Modelling of structural components

6.2.1.1 Precast beams

For the modelling of the precast beams, various element types and design options were examined

prior to selecting the final design. The analytical comparison between different beam designs

is presented in Appendix C. Several factors, such as design and calculation time, bridge design

accuracy, cross-sectional property representation, and analysis results, were taken into account
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to make an informed decision. Ultimately, shell elements were selected to model the precast

beams.

As shown in Figure 6.2, vertical shell elements with constant and variable thicknesses were

utilised to model the beams to match the actual beam cross-sections. Varying shell element

thickness was achieved using tapered shell elements whose properties were defined through spa-

tial functions.

Figure 6.2: Modelling of the precast beams using vertical shell elements with varying thicknesses.

The beams’ linear material properties are specified as:

• EC55/67 = 38214.2N/mm2

• v = 0.2

• ρbeam = 2548.42Kg/m3

A consistent element type was employed to model the other structural components to ensure

compatibility between the degrees of freedom at the nodes of the utilised elements. The regular

flat shell elements have fundamental variables in the nodes, namely the translations ux, uy, and

uz, and the rotations ϕx and ϕy around the x and y-axis, respectively. However, as illustrated

in Figure 6.3, the shell elements representing different structural components are not configured

in the same plane. At the connection points, the shells meet in a perpendicular configuration,

resulting in incompatibility of the degrees of freedom. The regular shell elements have two

in-plane rotational degrees of freedom in each node. In order to address this issue, a special

type of flat shell element with drilling rotation ϕz as an additional variable is utilised to model
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the structural members. This results in nodes having three translational and three rotational

degrees of freedom, as shown in Figure 6.4.

Figure 6.3: Perpendicular configuration of the shell elements used for the modelling of the
structural components.

Figure 6.4: Node displacements of: a). regular flat shell elements, and b). flat shell elements
with additional drilling rotation(DIANA FEA Release notes).

6.2.1.2 Cast in-situ slab

The cast in-situ slab was modelled as a two-dimensional flat shell element having an orthogonal

shape. The thickness of the slab was assigned in the out-of-plane direction, enabling the two-
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dimensional element to adequately represent the three-dimensional geometry. As displayed in

Figure 6.3, the slab shell element is situated atop the beams. In DIANA FEA, the reference

surface of the shell elements is located in the middle of its thickness, as depicted in Figure C.5.

To accurately model the bridge geometry and avoid the double masses at the top parts of the

beams, the slab thickness was eccentrically positioned. The eccentricity of the top slab shell

element geometry in the z-direction equals Hslab
2 = 160

2 = 80mm (Figure 6.5). For the basis

case study (Chapter 7.1), the cast in-situ slab is considered elastic isotropic, with the material

properties specified as,

• EC25/30 = 31475.81N/mm2

• v = 0.2

• ρbeam = 2548.42Kg/m3

It is noted that, as in the rest of the reinforced structural members, the steel reinforcement is

not included in the global analysis model since a linear analysis is conducted.

Figure 6.5: Eccentrically positioned slab thickness.
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6.2.1.3 Cross beams

The cross beams in the bridge design were modelled with flat shell elements. The thickness of

these elements was chosen to match the geometry of the diaphragm beam. However, utilizing a

single shell element would not accurately simulate the confinement at the edge of the beam. This

is due to the fact that the properties of the shell element at each height level are assigned to a

single node in the longitudinal direction. To achieve the desired confinement, solid elements could

be used for the cross-beam components. However, this approach would result in a significant

increase in the number of nodes and calculation time. To avoid this, the transverse beam

was modelled using two shells having half its thickness, as presented in Figure 6.6. This way,

additional confinement is achieved without significantly increasing the computational time.

Figure 6.6: Modelling of the cross beams using two shell elements.

In addition, the asymmetrical loading of the bridge deck and the differential deflections of the

beams lead to torsional cracks at the diaphragm beams. These cracks cause a decrease in the

cross-beam stiffness, and consequently, the material properties of the cross-beams are determined

as follows,

Ecm,C35/45 = 34077.15N/mm2

EC35/45,cracked = Ecm,C35/45
3 = 11359.05N/mm2

vcracked = 0

78



6 FINITE ELEMENT ANALYSIS (FEA)

Modelling the precast beams using vertical shell elements has an impact on the design of the

cross beams. As illustrated in Figure 6.7, the geometry of the diaphragm beams differs from the

orthogonal shape used in the global analysis model. To account for this additional mass, the

density mass of the cross beams was reduced based on the following calculations,

A1 = 0.594m2

A2 = ctc · hcrossbeam = 1.2 · 0.695 = 0.834m2

ρcrossbeam = A1
A2

· ρconcrete = 0.594
0.834 · 2548.42 = 1815.8kg/m3

where,

A1 the area of the actual geometry of the cross beams,

A2 the area of the shell element used for the modelling of the cross beams,

ρcrossbeam the corrected mass density of the cross beams material,

Figure 6.7: Correction of the diaphragm beams’ mass density to compensate for the difference
between the a). the actual geometry of the cross beams, and b). the modelled geometry of the
cross beams using shell elements.
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6.2.2 Supports

The investigated structure is supported by discrete bearing pads. As this research does not

examine the influence of the other substructure components, the supports are modelled using

boundary springs, a special type of spring that connects a vertex to the environment. The

N6SPR element used in the global analysis model is a one-node generic spring element used

in three-dimensional models, whose basic variables are the three-axis translations and rotations

(Figure 6.8).

Figure 6.8: Degrees of freedom of the matrix spring element type N6SPR (DIANA FEA Release
notes).

For the boundary spring element class, nodal springs have been selected. Nodal or matrix spring

elements are defined in a matrix form based on stress-strain relationships, with or without cross

terms. In this model, nodal springs without cross terms are implemented since there is no

coupling between the six degrees of freedom. The stiffnesses in the springs are defined as

material properties, while the equivalent translational and rotational stiffnesses simulate the

supporting conditions of the bearing pads.

The springs are attached to the bottom of the shell elements, where the beams are connected

to the bearings. The geometry of the support system is determined by specifying its local axes.

Specifically, the local x and y axes are user-determined, while the z axis is automatically set by

DIANA FEA perpendicular to the created plane. In this bridge model, the local axes of the
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supporting springs were defined to coincide with the global coordinate system.

Equivalent stiffness

The equivalent support stiffness values were determined based on the dimensions and material

properties of the utilised elastomeric bearing pads. As described in Section 5.3, their dimensions

are length · width · thickness = 400 · 300 · 80mm, where the thickness corresponds only to the

thickness of the elastomer. It is important to note that the calculation does not account for

the thickness of the steel plates, as it is significantly larger than the equivalent stiffness of the

rubber.

According to EN 1337-3:2005, the typical bulk modulus for the elastomeric material is Eb =

2000N/mm2, while the shear modulus is G = 1N/mm2. The compressive stiffness of the bearing

pads is represented by the spring stiffness in the vertical (z) direction, which is calculated as,

kz = A · Eb

t
= 400 · 300 · 2000

80 = 3 · 106N/mm (41)

Similarly, the shear stiffness of the supports is represented by the spring stiffness in the horizontal

directions, which equals,

kx = ky = A ·G
t

= 400 · 300 · 1
80 = 1500N/mm (42)

Lastly, it is considered that the elastomeric bearing pads do not restrain the rotational move-

ments; hence, the rotational stiffnesses are taken equal to

krotational = 0 (43)

6.2.3 Loads

Due to limitations of DIANA FEA Student Version 10.5, the load cases that represent the

motion of moving vehicles are not automatically created. To address this, programming was

used to generate the necessary load cases, encompassing all potential positions of the axle wheel
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prints along the moving paths on the bridge deck. To minimise the number of load cases that

need to be performed in the global analysis, axle loads of each wheel type were designed in

various positions along the moving path (Figure 6.9). Each axle was loaded with a ”unity” load

divided between the contact areas. This load was subsequently multiplied to match the actual

axle load of the trucks described in the loading models (Sections 5.5.4.5 and 5.5.4.6). Each

axle load generates bending moments along the beams. Considering the number and spacing

of the axles, the effect of each vehicle was obtained as a superposition of the resulting bending

moments as depicted in Figure 6.10. Selecting a step size of 0.1m on a bridge with a length L

= 30m corresponds to 304 load cases per wheel type that require analysis for each traffic route.

This way, the influence lines of each vehicle were obtained, which, for this case, represents the

variation of bending moment at the midspan of the beams as the vehicles traverse the bridge.

Figure 6.9: Modelling of the moving loads using areas loads traversing the bridge.
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Figure 6.10: Influence line of vehicle 7 as a superposition of the bending moments generated by
the axle loads.

Quadrilateral force loads

For the analysis of mobile loads, it was necessary to consider a wide range of wheel print loading

positions. Since imprinting all these load areas on the bridge was not a feasible alternative,

quadrilateral force loads were employed to model wheel loads (Figure 6.11). This load type

distributes a force over a quadrilateral surface on a larger surface of flat shell, curved shell, plate

bending, or solid elements. The edges of the quadrilateral area are not necessarily aligned with

the element edges. This approach allowed for the analysis of moving loads without disrupting

the meshing of loaded components. In the analysed model, quadrilateral force loads were defined

as a series of rectangular surfaces that were configured identically to the respective wheel types

depicted in Figure 5.16.
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Figure 6.11: Quadrilateral force load defined as rectangular area (DIANA FEA Release notes).

The quadrilateral force loads are internally transformed into surface or point loads, ensuring

that the summation of forces and moments precisely aligns with the user-defined force value and

position of the quadrilateral force load.

In cases where the quadrilateral surface is partially situated outside the element area, the total

force is scaled proportionally to the covered surface. This feature enabled the modelling of the

entrance and exit of vehicles when only part of the first and last axle wheels were on the bridge

deck.

6.2.4 Functions

Spatial functions are utilised to establish position dependency, which can be either one-, two-,

or three-dimensional, depending on the global coordinate components upon which they rely.

Each coordinate component combination is linked with a multiplication factor to define these

functions. These functions are then connected to properties such as material, geometry, and

load parameters through diagrams that illustrate how these properties vary in the x, y, and z

global coordinates.

As described above, functions are utilised in this investigation to model the thickness (Figure
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6.12). This feature can also be used to model the variation of properties over the beam height,

which may occur due to material degradation caused by cycling loading. As outlined in the

following chapter, cycling loading results in a decrease in material stiffness, which leads to redis-

tribution of stresses. Incorporating this effect into the global bridge analysis was accomplished

by utilizing spatial functions.

Figure 6.12: Modelling of the varying thickness using spacial functions (image generated by
DIANA FEA).

6.2.5 Global analysis model results

6.2.5.1 Result processing

Coordinate system

As illustrated in Figure 6.13, the bridge’s longitudinal orientation runs parallel to the x-global

axis, while the transverse direction is parallel to the y-global axis. This orientation affects how

the beams are identified in this analysis. Specifically, the beams are defined based on their

transverse location, with the first beam, or Beam 1, positioned closest to the left free edge of

the bridge, located at y=0. Furthermore, positive values in the vertical (z-) direction indicate

an upward direction.
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Figure 6.13: Coordinate system of the bridge (image generated by DIANA FEA).

Composed lines

The present study utilizes a failure criterion based on bending at the midspan of the beams.

To determine the bending moment distribution of the composite section, the DIANA Finite

Element Analysis (FEA) software’s composite line feature is employed. Composite line elements

are created parallel to the precast beams, as shown in Figure 6.14. This approach enables the

integration of internal forces of each composite cross-section over a cross-section plane that is

perpendicular to the defined line. The dimensions of the cross-section plane are determined

by two values that define the nodes included in the calculation. It is important to note that

the composite line does not need to be designed at the central axis of the examined section.

DIANA FEA automatically shifts the composite line to coincide with the centroidal axis of the

composite section. It is noteworthy that composite lines have no mechanical properties and, as

a result, do not influence the results of the Finite Element Analysis.
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Figure 6.14: Dimensions of the composed lines.

6.2.5.2 Mesh element size effect

The determination of the appropriate mesh size for a given structure involves careful consider-

ation of the balance between the accuracy of the model results and calculation time. Opting

for larger mesh elements results in fewer elements required to represent the structure, thereby

reducing the computational time in finite element analysis (FEA). However, this approach may

not accurately capture the behaviour of the structure, leading to significant discrepancies be-

tween the model results and the actual behaviour. Conversely, a fine mesh model with more

elements provides a more accurate representation of the structure’s behaviour, but it requires a

longer computation time. Ultimately, the decision on mesh size should be based on the desired

level of accuracy and the available computational resources.

In the case of bridge analysis, the final mesh size was determined by comparing the results

of two different mesh sizes, 0.1m and 0.2m. Table 6.1 illustrates the bending moments at the

midspan of the beams for each mesh size. The two mesh sizes provided almost identical results,

indicating that increasing the mesh element size did not compromise the accuracy of the results.

Considering the size of the structure being investigated, a mesh element of 0.2m was selected

for the Finite Element Analyses.
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Table 6.1: Comparison of the results for different element sizes

Element size

0.1m 0.2m Difference

Beam My(kNm) My(kNm) %

1 1481.04 1481.11 0.00%

2 1482.48 1482.52 0.00%

3 1483.01 1483.02 0.00%

4 1485.48 1485.47 0.00%

5 1488.23 1488.20 0.00%

6 1490.22 1490.19 0.00%

7 1490.94 1490.90 0.00%

8 1490.22 1490.19 0.00%

9 1490.22 1490.19 0.00%

10 1485.48 1485.47 0.00%

11 1483.01 1483.02 0.00%

12 1482.48 1482.52 0.00%

13 1481.04 1481.11 0.00%

Number of nodes 549138 164610

Analysis time (sec) 165 30

6.2.5.3 Plate theories

When analyzing plate elements that undergo bending, two theoretical models are mainly ap-

plied, namely Kirchhoff and Mindlin theory. It is important to consider the specific circum-

stances involved when deciding which theory to use. Blaauwendraad 2010 provides analytical

presentations of both methods, elucidating their differences and applications.

Mindlin theory, which is also referred to as thick plate theory, incorporates shear deformations in

the analysis. In this theory, the cross-section is not assumed to be perpendicular to the vertical

centre line of the plate, similar to Timoshenko beam theory. The edge degrees of freedom in
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Mindlin theory include vertical displacement (w), normal (ϕn), and in-plane (ϕs) rotations, as

illustrated in Figure 6.15. This corresponds to three load components - a vertically distributed

force (f) equal to the shear force (vn), a distributed torque (tn) equal to the bending moment

(mnn), and a distributed torque (ts) equal to the twisting moment (mns) in the direction of

w, ϕn, and ϕs, respectively. Distributed torques tn and ts are typically zero, resulting in zero

bending and twisting moments (mnn and mns), as shown in the following equation,


w

ϕn

ϕs


→


f

tn

ts


→


vn

mnn

mns


→

vn = f

mnn = 0

mns = 0

(44)

Figure 6.15: Boundary conditions for Kirchhoff and Mindlin bending plate theories (Blaauwen-
draad 2010).

On the other hand, Kirchhoff theory refers to thin plates in which shear deformations are ignored,

resulting in only two degrees of freedom at the free edge - vertical deflection (w) and normal-

to-the-edge rotation (ϕn). In line with the Euler-Bernoulli beam theory, the rotation within the

plane of the edge is entirely dependent on the deflection, as described by the relation ϕs = ∂w
∂s .
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Thus, two loads are applied to the plate edge - the vertical force (f), given by the equation

f = vn + ∂msn
∂s ., and the torque, tn, equal to the bending moment, mnn. , and the torque tn,

equal to the bending moment (mnn). These relationships show that if there is no edge moment

(tn equals zero), the corresponding quantity mnn is also zero. Conversely, if the vertical edge

load is zero, internal quantities vn, and msn are not usually equal to zero, as described below:

w

ϕn

 →

ftn
 →

vn + ∂mns
∂s

mnn

 →

vn ̸= f

mnn = 0

mns ̸= 0

(45)

Subjecting the plate to a zero-edge load tn results in a zero bending moment mnn. However, it

is important to note that a zero load at the plate’s edge, represented by f , does not necessarily

mean that the shear force vn and twisting moment mns will also be zero. An unloaded free

edge will still experience a twisting moment and a shear force despite the absence of f and t.

This concentrated shear force, denoted as Vs, is only present in the Kirchhoff theory while is not

accounted for in Mindlin theory. Instead, the theory calculates distributed shear forces vs in a

narrow edge zone.

To understand the difference between the two theories, it is helpful to examine the shear stress

flow caused by a twisting moment in a section perpendicular to the free edge, as shown in Figure

6.16. Excluding the areas close to the edges, the shear stresses present a linear distribution due

to the twisting moment, which equals zero at the middle plane (h/2). A different distribution

is observed near the edge, where the shear flow must turn around, which occurs over a plate

length approximately equal to the thickness.

The stress state in this small end part of the plate can be described in terms of shear force

(vs) and twisting moment mns. The shear stresses are vertical and non-linear at the mid-plane

of the plate. Specifically, they gradually increase from zero, reaching a maximum value at the

edge. At the edge, the vertical shear stress is noted over the total plate thickness, with an almost

parabolic distribution that becomes zero at the top and bottom. Regarding the stress state away

from the edge section, two components can be distinguished. The vertical shear stress reduces
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while moving away from the edge part. At the same time, the horizontal component follows the

opposite trend and experiences a non-linear decrease until zero as we move towards the edge

zone. The integration of the horizontal shear components results in the torsional moment msn,

while integrating the vertical components yields the vertical shear force vs.

The principal difference between the two theories lies in the fact that Mindlin’s theory accurately

depicts this distribution of shear force and twisting moment, while Kirchhoff’s theory does not.

The boundary condition mns = 0 is met in Mindin theory and not in Kirchhoff. In Kirchhoff

theory, all local vertical stress components are integrated and condensed into a single shear

force (Vs) at the edge. Additionally, the twisting moment remains constant up to the edge in

Kirchhoff theory, as opposed to diminishing to zero, as demonstrated in Figure 6.16.

Figure 6.16: Stress state close to the free edge (Blaauwendraad 2010).

It should be noted that the majority of Finite Element Method (FEM) software does not account

for the concentrated shear force. Consequently, the Mindlin theory has emerged as the preferred

method for plate theory in most FEM software.

The global analysis of the bridge’s structural members was carried out using the DIANA FEA

software. The elements were modelled with flat shell components that can implement either
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Kirchhoff or Mindlin-Reissner plate theories, depending on the element type. According to

DIANA FEA Release notes, flat shell elements consist of a combination of a plane stress el-

ement and a plate bending element. The Mindlin-Reissner bending theory is predominantly

employed for most of the element types, whereas the Kirchhoff plate bending theory is used for

the T18SF and T18FSH three-noded flat shell components. In Mindlin plate bending elements,

both transverse displacements and rotations of middle surface normals are independent and ob-

tained via isoparametric interpolation from the nodes’ displacements. In contrast, the Kirchhoff

plate bending theory is based on the principle that zero transverse shear strain is encountered

at several discrete points within the element. To expand the translational and rotational fields,

shear constraints are introduced, thereby accounting for the effect of the shear deformation.

Based on Blaauwendraad 2010, the Kirchhoff theory is applied in plates where the deformation

caused by shear forces can be neglected, which refers to cases with a span thickness ratio l/t > 10.

Given the dimensions of the top slab, this ratio is calculated as,

l

t
= 29

0.16 = 181.23 >> 10 (46)

Using triangular elements for the top slab mesh that employs the Kirchhoff plate theory would

significantly increase the number of nodes and, consequently, the computational time. Therefore,

a comparison was made between the two methods to determine the bending theory used in the

global analysis of the bridge. In this comparison, different element types were utilized for the

top slab, as illustrated in Figures 6.17 and 6.18. Specifically, the first case utilized the Q24SF

element, a four-node quadrilateral flat shell element following the Mindlin-Reissner bending

plate theory (Figure 6.19). In contrast, the Kirchhoff theory employed the T18SF, a three-node

triangular shell element (Figure 6.20). The analyses were conducted for the self-weight loads,

and the resulting bending moment at the midspan of the precast beams is presented in Table

6.2. The obtained results did not exhibit significant differences between the analyses employing

different theories. However, there was a notable increase in analysis time, which would have an

impact on the required time considering the number of loading cases that need to be analyzed in

this research. Therefore, the Mindlin-Reissner bending plate theory was selected for the global
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analysis of the bridge, as it reduces the analysis time without compromising the accuracy of the

obtained results.

Figure 6.17: Modelling of the cast in-situ slab with four-node elements based on the Mindlin-
Reissner theory (image generated by DIANA FEA).

Figure 6.18: Modelling of the cast in-situ slab with three-node elements based on the Kirchhoff
theory (image generated by DIANA FEA).
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Figure 6.19: Four-node quadrilateral flat shell element - Q24SF (DIANA FEA Release notes).

Figure 6.20: Three-node triangular flat shell element - T18SF (DIANA FEA Release notes).
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Table 6.2: Comparison of the results for different Kirchhoff and Mindlin-Reissner

Bending plate theory

Kirchhoff Mindlin-Reissner Difference

Beam My(kNm) My(kNm) %

1 1481.09 1481.11 0.00%

2 1482.5 1482.52 0.00%

3 1483.01 1483.02 0.00%

4 1485.46 1485.47 0.00%

5 1488.19 1488.20 0.00%

6 1490.18 1490.19 0.00%

7 1490.90 1490.90 0.00%

8 1490.18 1490.19 0.00%

9 1490.19 1488.20 0.00%

10 1485.47 1485.47 0.00%

11 1483.01 1483.02 0.00%

12 1482.5 1482.52 0.00%

13 1481.09 1481.11 0.00%

Number of nodes 188904 164610

Analysis time (sec) 48 30

6.3 Cross-sectional analysis

As aforementioned, the stress distribution over the beam height was obtained by the cross-

sectional analysis conducted in IDEA Statica. The geometry of the composite section, the

reinforcement and the prestressing configuration were initially determined along with their cor-

responding material properties. Additionally, the model was created by defining the construction

stages, which finally determined the loads acting on the studied section. Regarding the internal

forces, the moments caused by the self-weight of the structural components and the permanent

loads on the structure were manually input into the model. On the other hand, axial forces
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and moments due to prestress were automatically calculated by IDEA Statica, considering the

geometry and configuration of the strands, the prestress applied and the prestress losses. Fi-

nally, the maximum and minimum stresses caused by the action of fatigue vehicles (FLM4b), as

determined by the global analysis, were accounted for in the cross-sectional analysis.

Based on the above, the software calculated the maximum and minimum stress distributions.

In both cases, the critical stress values were noted at the top fibre of the precast beams. These

two stress values were then utilized to calculate the fatigue life of the concrete beams. It is

important to note that the software also accounts for the increase in concrete stiffness caused

by the ongoing hardening of the concrete. The stiffness evolution was automatically calculated

by the software, using the secant E-modulus for the cross-sectional analysis.
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7 Investigated parameters

7.1 Basic case

A basic case was established to investigate each parameter’s impact as a basis for analysis. The

effect of each parameter was assessed by implementing it in the basic case and calculating the

fatigue life of the bridge using the analysis process previously described (Section 6.1). In each

case, the resulting fatigue life of the bridge was then compared to the original value obtained

from the basic case.

The finite element analysis (FEA) model for the basic case was created using the geometry,

material properties, erection timeline of the bridge, and other analytical aspects outlined in the

preceding chapters. The fatigue analysis of the model was performed using the fatigue load

combination presented in Table 5.7. In this combination, variable actions were generated by the

vehicles of Fatigue Load Model 4b, where the area loads were used to model wheel loads. The

equivalent lorries traversed two defined routes located in the middle of each traffic lane. It is

important to note that in this basic case, the traffic lane configuration did not match the actual

lane layout. Instead, the two lanes were placed closer to the free edge of the bridge, as illustrated

in Figure 7.1. This arrangement is often employed in engineering practice to induce the most

unfavourable effect on the structure. Hence, this loading configuration was also utilised in this

basic case to guarantee that the bridge would fail in fatigue within its lifespan. In the context of

this study, the impact of traffic lane position on the bridge deck was analysed as an influential

factor affecting the fatigue life of the bridge.

The calculation of prestress losses is presented in Appendix F.1. This calculation was conducted

by taking into account the creep and shrinkage strains developed in the beam, as well as re-

laxation losses. It was considered that creep and shrinkage of the beam could develop freely

without accounting for its interaction with the cast in-situ slab. Additionally, this simplified

calculation includes only the axial loads to determine the creep strain, while bending moments

were neglected. Accounting only for axial loads is a common practice, as the stress value at the

prestress level is not constant along the length of the beam. In simply supported structures,
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Figure 7.1: Positioning of the traffic lanes close to the free edge of the bridge.

the maximum moment is observed at the midspan of the beam. The stress gradient caused

by the bending moments would lead to smaller stress values at the level of the strands. Thus,

considering only axial loads is a conservative measure since higher stress levels lead to greater

prestressing losses in the analysis. Finally, in the basic case, the fatigue analysis was performed,

assuming that the maximum prestress losses had already occurred in the early stages of the

bridge’s lifespan.

It is worth mentioning that the effect of a more detailed calculation of the prestress losses is

examined as part of the parametric study, as discussed in the next section.

7.2 Prestress losses

The loss of prestress is a highly consequential determinant of the fatigue life of bridges since

it has a significant impact on the distribution of stress. Multiple calculation methods have

been evaluated to investigate this parameter. As previously highlighted, the basic case involves

a simplified calculation that assumes maximum prestress loss across the bridge’s lifespan. In

this section, three additional cases of prestress loss are presented: the first case assumes no

losses, while the second case estimates the prestress losses per decade. Lastly, the third case

considers bending moments in determining the prestress loss. The presented methods are crucial

in understanding the different aspects of prestress losses and their effect on the fatigue life of

bridges.
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Zero prestress losses

In the first case, the loss of prestress is not considered in the analysis, and the prestress level

remains constant at 1394N/mm2 throughout the bridge’s life. Even though this approach is not

reflective of realistic scenarios, it highlights the contribution of prestress losses in the fatigue

performance of the structure and emphasizes the need for a more precise and detailed calculation

of prestress loss in bridge analysis.

Calculation of prestress losses at each decade

The gradual development of prestress losses in a bridge throughout its lifespan necessitates

a detailed approach for their calculation. Assuming that total prestress losses occur from the

beginning of the bridge’s life (instantaneous losses) is deemed conservative. However, calculating

the actual prestress losses for each year would significantly increase the time required for the

analysis. To address this challenge, an intermediate approach is implemented in this case.

Specifically, the losses are analytically calculated every decade for the 100 years of the bridge’s

life when maximum losses are expected to occur. For the intermediate years, the first five years

of each decade account for the losses of the previous decade, while in the last five years, the

stress distribution is determined based on the prestress losses of the next decade. This approach

is expected to positively affect the fatigue life of the bridge by calculating losses in prestress in

a less conservative way.

It is noteworthy that the simplifications made in Appendix F.1, relating to axial loading and

structural component interaction, are also applicable to this case.

Calculations, including prestress losses

In the last case, the prestress losses are calculated taking into account the bending moment

caused by the prestress and permanent loads, namely, self-weight and additional dead loads.

This consideration has a significant influence on the prestress losses by affecting the developed

creep strain. Specifically, as outlined in Appendix F, the creep strain relies on the stress value

noted at the level of the prestressing stands. Incorporating the bending moments leads to lower

stress levels and, as a result, smaller creep strain development.
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In composite structures erected in multiple stages, the applied loads differ during various con-

struction stages. For the bridge under investigation, the beams are initially loaded by their

self-weight and prestressing. After 28 days, the top slab is cast, and its self-weight also con-

tributes to the structure’s loads. Finally, at the third stage, the cast in-situ slab has hardened,

and additional dead loads are added to the bridge. This way, the different stress distributions

are considered in the calculation of prestress losses, which is described in Appendix F.2. It is

noted that, in this case, the creep and shrinkage strains of the beam can be freely developed.

The calculation method does not account for the interaction of the structural components, as

this will be examined as a separate parameter later in this study.

Upon assessing the prestress losses calculated in this manner, it is evident that the maximum

losses do not differ significantly from those computed in the basic case. Considering only the

axial loads, the maximum losses are equal to ∆P1 = 201.97N/mm2, while also including the

bending moments ∆P2 = 200.36N/mm2. As the two calculations yielded similar results, it

is considered that accounting for the stress gradient would not significantly affect the fatigue

performance of the bridge. Therefore, this third scenario was not examined as an influencing

parameter in this study.

7.3 Increasing traffic rate

Bridges are analysed using loading models provided by European and National standards. These

models describe the traffic volume, types of vehicles, loading patterns, and loading frequency,

simulating the effect of variable actions on each structure. However, it is important to note

that traffic demands are not constant. The continuous increase in transportation volume has

resulted in bridges being analysed based on traffic loads that do not accurately represent their

actual loading conditions.

Fatigue Load Model 4b, as reported by NEN 8701:2011+A1:2020, corresponds to the expected

traffic conditions in 2050. The traffic volume can be reduced by 0.2% per year for previous

years, while the number of vehicles is expected to increase annually by 0.5% after 2050.

The traffic volume is a crucial component of the fatigue analysis, as it determines the number

of vehicles or loading cycles considered in the analysis. Evaluating the bridge for larger traffic
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volume would lead to an underestimation of its fatigue life. Given that the bridge was erected

in 1974, the load cycles accounted for in the fatigue analysis for the first 76 years of its life

are smaller than those presented in Table 5.1. Therefore, a parametric study is conducted to

analyse the increase in traffic rate, as it is expected that a reduction in the number of slow

vehicles would have a positive impact on the fatigue life of the bridge.

Figure 7.2: Increase of traffic volume.

7.4 Orthotropic slab properties

The material properties of the cast in-situ slab are subject to variation in different directions

throughout the lifespan of a bridge. Non-uniformly distributed loads, differential deflections of

beams, torsion, and transverse moment distribution can lead to cracking in the slab, resulting

in a change in properties in the transverse direction that can impact the distribution of forces

in the structural components.

To account for this effect, the slab is modelled using linear elastic orthotropic material properties.

In the absence of cracks in the longitudinal and vertical directions, stiffness and Poison’s ratio

remain constant in these directions. In the transverse direction, however, the material properties

are adjusted to simulate the effect of the cracked element.

The linear analysis of structures considers the relevant effects of cracking through stiffness re-
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duction, as per the RTD 1006:2022-1.2.1. Orthotropic properties are calculated based on Table

NB-1 of NEN-EN 1992-1-1+C2:2011/NB:2016+A1:2020. The fictitious modulus of elasticity for

bending rectangular cross-sections, to which no normal forces are applied, and concrete class

C25/30, is determined as follows,

(2.65 + 580p · 103) ≥ 3950 (47)

where,

p = Ast
Ac

,

Ast the area of the reinforcement at the most tensed side,

Ac the area of concrete.

Regular reinforcement of the cast in-situ slab is conducted using ∅10 − 200 in the longitudinal

direction and ∅12 − 100 in the lateral direction at the top and bottom of the slab. Therefore,

the reinforcement is calculated as,

Ast = 1
4 · π · 122 · 1000

100 = 1131mm2/m (48)

The compressive area of concrete is equal to the height of the compressive layer multiplied by a

working length, which is,

Ac = 160 · 1000 = 160000mm2/m (49)

As a result, the elastic modulus in the transverse direction is,

(2.65 + 580 · 1131
160000 · 103) = 6749.875N/mm2 ≥ 3950 (50)

Finally, according to NEN-EN 1992-1-1+C2:2011/NB:2016+A1:2020, §3.1.4 (4), the Poison’s

ratio of cracked concrete is taken equal to 0.
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7.5 Load type

The parametric study also analyses the influence of the load type utilised in modelling wheel

loads. In engineering practice, simple point loads are often employed to model these loads,

which are applied at the centre of the loaded area. Using area loads would increase the design

and calculation type, especially in the case of fatigue loads, where three different axle types are

utilised. Besides the required time, this simplification could be safely applied, as it results in a

more conservative distribution of stresses.

However, in the assessment of concrete bridges, such a conservative consideration would neg-

atively affect their fatigue life. As previously mentioned (Section 7.1), for the basic case, the

heavy vehicle loads are modelled using quadrilateral force loads having the dimensions of the

wheel types of Fatigue Load Model 4b (Figure 5.16).To investigate the influence of the load

type, the fatigue analysis is performed by replacing the area loads with two point loads per axle

positioned at the centre of the loaded area.

An additional analysis was also conducted as an intermediate solution. Specifically, in the fatigue

analysis, only one of the suggested wheel types was utilized to model the moving vehicles. Wheel

type A was chosen for this analysis due to its smaller area, which results in a more conservative

distribution of loads. This method is frequently implemented in engineering practice, as it

enables the advantages of utilizing area loads while requiring approximately the same number

of load cases and analysis time as the point load analysis.

7.6 Position of traffic lanes

To create an unfavourable effect on the structure, the heaviest moving loads are often positioned

closer to the free edge of the bridge. This loading configuration was also employed in the basic

analysis case. However, the NEN-EN 1991-2:2003/C1:2010 standard specifies that the lanes for

fatigue load models should be determined based on the actual traffic conditions of the bridge.

While placing the heaviest loaded lanes close to the edge of the bridge may create the most

adverse loading conditions, it may not align with the actual loads that the bridge experiences

(Figure 7.1). For this reason, the location of the traffic lanes on the bridge deck is examined as
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one of the influencing factors in this research.

In this assessment, the actual lane configuration of the bridge is utilised, and the vehicles traverse

the bridge over two specified routes positioned in the middle of the traffic lanes (Figure 5.6). This

way, the loaded lanes are shifted towards the centre of the bridge width, which is anticipated to

alter the distribution of loads between the structural components.

7.7 Relative creep and shrinkage

In reinforced or prestressed concrete structures, the stress and strain undergo changes over a

prolonged period due to the gradual development of creep and shrinkage in concrete, as well

as relaxation in prestressing steel. The present study has performed calculations on the time-

dependent effects of prestress losses for the basic analysis case and the parameters evaluated. The

calculations were based on the assumption that there is no interaction between the structural

components of the composite section. In this regard, the losses were computed by accounting

for the creep and shrinkage strains of the beam, as those were freely developed. An overview

of these values, which were calculated in Appendix F.2 for the axial loads and the bending

moments applied to the beams, is presented in Table 7.1.

It is worth noting that the cast in-situ slab is also susceptible to time-dependent effects, as it

undergoes shortening due to autogenous and drying shrinkage. The free strain evolution in the

cast-in-situ slab has been calculated in Appendix F.3 and presented in Table 7.1.

In composite structures, such as the investigated bridge, the hardening of the slab initiates the

composite action of its components, which results in the end of their free deformation. Under

perfect bonding conditions, the components operate as a single cross-section, and any changes in

creep, shrinkage, or relaxation of either section will impact both. Therefore, the composite action

should be considered while calculating time-dependent effects. Differences in strain development

can affect prestress losses, which can, in turn, influence the stress distribution of the beams. Since

the stress distribution plays a crucial role in fatigue analysis, relative creep and shrinkage of the

bridge components must be investigated as a parameter affecting the fatigue life of the bridge.

Prior to the casting of the top slab, the precast beam is free to deform without the constraints
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Table 7.1: Free strain values of precast beams and cast in-situ slab
Age of bridge t 28 days 56 days 10 years 20 years 30 years 40 years 50 years 60 years 70 years 80 years 90 years 100 years

Beam
Creep strain εcc,b(t) 2.73E-04 3.46E-04 4.98E-04 5.01E-04 5.02E-04 5.02E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04
Autogenous shrinkage strain εca,b(t) 7.35E-05 8.73E-05 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.13E-04 1.13E-04 1.13E-04
Drying shrinkage strain εds,b(t) 4.66E-05 7.77E-05 2.35E-04 2.39E-04 2.40E-04 2.40E-04 2.41E-04 2.41E-04 2.41E-04 2.41E-04 2.42E-04 2.42E-04
Total shrinkage strain εcs,b(t) 1.20E-04 1.65E-04 3.47E-04 3.51E-04 3.52E-04 3.53E-04 3.53E-04 3.54E-04 3.54E-04 3.54E-04 3.54E-04 3.54E-04
Total free strain of the beam εtot,b(t) 3.93E-04 5.11E-04 8.45E-04 8.52E-04 8.54E-04 8.55E-04 8.56E-04 8.57E-04 8.57E-04 8.57E-04 8.57E-04 8.58E-04
Beam free stain after slab casting 0.00E+00 1.18E-04 4.53E-04 4.59E-04 4.62E-04 4.63E-04 4.64E-04 4.64E-04 4.64E-04 4.65E-04 4.65E-04 4.65E-04

Slab
Autogenous shrinkage strain εca,s(t) - 3.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05
Drying shrinkage strain εds,s(t) - 7.56E-05 3.52E-04 3.56E-04 3.57E-04 3.58E-04 3.58E-04 3.58E-04 3.59E-04 3.59E-04 3.59E-04 3.59E-04
Total free strain of the slab εcs,s(t) - 1.13E-04 4.09E-04 4.13E-04 4.15E-04 4.15E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04
Difference - 4.82E-06 4.32E-05 4.61E-05 4.71E-05 4.76E-05 4.79E-05 4.81E-05 4.82E-05 4.83E-05 4.84E-05 4.85E-05

created by the composite action. As a result, the strains up to this point do not affect the

relative creep and shrinkage of the components. However, this effect is considered after the

hardening of the slab is initiated. To investigate this phenomenon, the free strains of the precast

beams after the casting of the slab are compared to those of the top slab at different stages of

the bridge’s life.

A comparison of the strain values provided in Table 7.1 reveals that the maximum difference

occurs at the end of the bridge’s service life when the strains are 4.65 · 10−4 and 4.16 · 10−4

for the beams and the slab, respectively. Once the slab has reached its total deformation, the

beams tend to shorten more, which is partially restrained by the top slab. As a result, part of

the prestress is transferred to the slab, causing it to compress and creep.

Expressing this effect as prestress losses, the constraint of the beam deformation corresponds to

smaller losses than the one calculated based on the free strain of the beams. To quantify this

effect, an estimation of the prestress losses accounting for the interaction between the structural

members is calculated for the end of the bridge’s life span at 100 years when it is considered

that the maximum losses have been developed.
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Figure 7.3: Schematic representation of free stains development for the precast beams and top
slab

According to Appendix F, the prestress losses for the unconstrained creep and shrinkage of the

beam (8.58 · 10−4) at the end of the bridge life are equal to ∆Pc+s = 167.22N/mm2. The creep

and shrinkage strain noted at the beams before the slab casting equals 3.93 ·10−4, corresponding

to prestress losses ∆P1 = 79.57N/mm2. From the point of casting of the top slab up to the

point where the maximum value of the free strain of the slab is reached (4.16 · 10−4), the losses

in prestress are calculated as follows, ∆P2 = 4.16·10−4

8.58·10−4 · 167.22 = 81.08N/mm2.

The maximum remaining shrinkage is 4.65 · 10−4 − 4.16 · 10−4 = 4.85 · 10−5. Assuming that half

of the equivalent losses are restrained, ∆P3 = 0.5 · 4.85·10−5

8.58·10−4 · 167.22 = 4.73N/mm2.

Therefore, the total losses are calculated as,

∆P = ∆P1 + ∆P2 + ∆P2 = 76.57 + 81.08 + 4.73 = 162.38N/mm2.

Based on the investigated case, it is apparent that the relative creep and shrinkage of the precast

beams and the cast-in-situ slab do not cause a significant difference between the calculated pre-

stress losses. As both calculations have yielded comparable results, accounting for the interaction

of the structural components is not expected to affect the fatigue life of the bridge significantly.

However, it should be noted that the analysis of this particular parameter is case-dependent.

Hence, its importance for the fatigue analysis must be independently assessed for each bridge

under evaluation. In case studies where the effect of this parameter is more pronounced, the

prestress losses and the calculated fatigue life of the structure could be highly affected.
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7.8 Material degradation due to cyclic creep

Ensuring the optimal design and evaluation of concrete structures requires a detailed consid-

eration of all potential deterioration mechanisms, including those subject to time and cycle-

dependent effects. One such effect is repeated loading, which can significantly impact the per-

formance of these structures. Concrete fatigue is a continuous and progressive process that alters

the mechanical properties of concrete, increasing permanent strains while decreasing stiffness.

The distribution of strains in the cross-section of eccentrically loaded concrete specimens can

be affected by fatigue loading, leading to stress transfer from the most initially damaged com-

pression zone to less fatigued areas. As a result, the specimens may exhibit an increase in the

resistant number of load cycles.

In order to account for the effect of this parameter on the fatigue life of the bridge, the model

proposed by Zanuy, Albajar, and De la Fuente 2009 was employed to determine the change

of material properties over the beam’s height. This model utilises a time-dependent material

model to capture the behaviour of concrete when exposed to uniaxial compressive cyclic loading.

As described in Section 2.6.10, the fatigue values of concrete under uni-axial compression can

be applied to the compressive zone of the beams. This consideration is also followed in this

parameter assessment to calculate the effect of the cyclic loading on the material properties of

the beam.

To determine the stress-strain state of concrete at the beginning of the fatigue loading (N = 1)

and the envelope of the fatigue process, the model utilises the σ − ε relationship of statically

loaded concrete. This relation is obtained by the normal concrete’ stress-strain curve as this is

given by Model Code MC90:

σ =
Ec

ε
fc

−
(

ε
εc

)2

1 +
(
Ec

εc
fc

− 2
)

ε
εc

fc (51)

σ =
[(

1
εlim/εc

ξ − 2
(εlim /εc)2

)(
ε

εc

)2
+
( 4
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− ξ

)]−1

fc (52)
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ξ =
4
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fc
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[(
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εc
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− 2
) (
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)
+ 1
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where,

fc the compressive strength of concrete,

Ec the initial value of tangent modulus of deformation,

εc the strain corresponding to peak stress and

εlim the strain at 0.5fc.

Figure 7.4: Theoretical model scheme (Zanuy, Albajar, and De la Fuente 2009).

For the time-dependent behaviour of concrete, two variables are proposed, namely the concrete

stiffness E and the maximum stain εmax. The two variables are employed to describe the state

of the material at the investigated point of the fatigue life. It is noted that in the proposed

model, each load cycle is characterised by the maximum and minimum stresses and is based on

the assumption that the concrete presents a linear unloading path, as illustrated in Figure 7.4.

The model acknowledges the inefficiency of reproducing the fatigue process cycle by cycle. Thus,

analytical expressions have been proposed for both the maximum strain and the modulus of

deformation, considering the number of cycles and loading conditions. The proposed equations

comply with the three stages of the concrete fatigue process, defined by transition points at 10%

and 80% of the fatigue life. Parabolic relations are used to describe the initial and final stages

of fatigue, whereas a linear expression is utilised for the intermediate stage.

The following expressions define the strain development curve, wherein the maximum strain is
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determined relative to the initial strain of the first loading cycle.

εmax
ε0

(
N

Nf

)
= 1 +A

N

Nf
+B

(
N

Nf

)2

; 0.0 ≤ N

Nf
0 < 0.1 (54)

εmax
ε0

(
N

Nf

)
= ε1−2 + ε2

(
N

Nf
− 0.1

)
; 0.1 ≤ N

Nf
< 0.8 (55)

εmax
ε0

(
N

Nf

)
= ε1−2 + ε2

(
N

Nf
− 0.1

)
+ C

(
N

Nf
− 0.8

)2

; 0.8 ≤ N

Nf
< 1.0 (56)

with,

A = 20 (ε1−2 − 1) − ε2 (57)

B = 100 (1 − ε1−2) + 10ε2 (58)

C = 25
(
εfail
ε0

− ε1−2 − 0.9ε2

)
(59)

ε1−2 = 1.184
Smax

(60)

ε2 = 0.74037
Smax

(61)

ε2 ≤ 1
0.9

(
εfail
ε0

− ε1−2

)
(62)

where,

ε0 the initial maximum strain,
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ε1−2 the relative stain at the transition between stages 1 and 2 (0.1Nf ),

ε2 the second domain’s constant strain rate,

εfail the failure strain.

Similarly, the evolution of the concrete stiffness during the fatigue loading is given as follows.

E

Ec

(
N

Nf

)
= 1 +M

N

Nf
+ P

(
N

Nf

)2

; 0.0 ≤ N

Nf
< 0.1 (63)

E

Ec

(
N

Nf

)
= T + E2

N

Nf
; 0.1 ≤ N

Nf
< 0.8 (64)

E

Ec

(
N

Nf

)
= Q+R

N

Nf
+ S

(
N

Nf

)2

; 0.8 ≤ N

Nf
< 1.0 (65)

where,

M = −20 − E2 + 20
(
E

Ec

)
1−2

(66)

P = 100 + 10E2 − 100
(
E

Ec

)
1−2

(67)

T =
(
E

Ec

)
1−2

− 0.1E2 (68)

Q = A+ 0.8E2 (69)

R = E2 (70)
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S = 25
(
Efail
Ec

−A− E2

)
(71)

(
E

Ec

)
1−2

=


(0.0912 + 8.19Smin) + (0.8388 − 8.19Smin)Smax;Smin ≤ 0.10

0.93 ;Smin > 0.10

(72)

(73)

E2 =


0.246

1−Smax, lim
(Smax, lim − Smax) ; Smax > Smax, lim

0; Smax ≤ Smax, lim

(74)

(75)

Efail
Ee

=



0.41 + 3.477Smin ; Smin < 0.044

(31.464Smin − 0.8221) + (0.7758 − 17.608Smin ) εfail
εc

; 0.044 ≤ Smin < 0.10

2.3243 − 0.985 εfail ;
εc

Smin ≥ 0.10

(76)

Smax,lim = 0.3912 + Smin (77)

where,

Ec the starting stiffness value,

(E/Ec)1−2 the relative stain at the transition between stages 1 and 2 (0.1Nf ),

E2 the constant rate of stage 2,

(Efail/Ec) the deformation modulus at failure.

Fatigue in concrete components leads to a redistribution of stresses, whereby each material fi-
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bre undergoes a process of variable stress limits. As a result, direct application of the relevant

relations is not feasible. Instead, the process is divided into shorter loading cycles, each corre-

sponding to a specific period wherein the stress limits can be assumed as constant. To connect

these cycles, the concept of the equivalent number of cycles (Neq) is introduced as an accumu-

lation rule. Neq represents the number of loading cycles with constant maximum and minimum

stress limits (σmax, σmin) that need to be applied in a fatigue process with constant limits to

reach the total strain εmax.

The method of equivalent loading cycles is demonstrated in Figure 7.5 for a loading history

comprising two distinct stress level combinations (σmax, σmin). Neq,1 is the number of load cycles

required to generate a total strain εmax,1 under stress levels (σmax,2, σmin,2). The equivalent

number of cycles Neq,1 is then combined with the last set of loading cycles N2, and the resulting

strain increment is determined.

Figure 7.5: (a). Two stress level load history, and (b).strain increment based on the concept of
equivalent number of cycles (Zanuy, Albajar, and De la Fuente 2009).

As part of the investigated parameters, this study aspired to investigate the effect of this ma-

terial degradation on the fatigue life of the investigated bridge. Given the constraints of time,
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certain simplifications have been made in the analysis process. Specifically, the analysis has

been conducted by considering the loading case that results in the most significant impact on

the structure, which pertains to the last vehicle of the Fatigue Load Model 4b in the scenario

of two vehicles simultaneously moving over the bridge. For this load case, the effect of the

first load cycle (N = 1) is obtained by following the analysis process described in Section 6.1.

Specifically, the global and cross-sectional analyses are conducted, resulting in the stress and

stress distributions that will be used to calculate the degradation of the material under cyclic

loading.

As the stress distribution presents a variation over the beam height, the values of maximum

and minimum stresses are different for each fibre. To account for this variation, the beam cross-

section was divided into multiple layers with a height of 10mm. The maximum and minimum

stress levels were considered constant along the layer height, averaging the corresponding stress

values. This way, the degradation of the material was individually calculated for each layer.

As aforementioned, the fatigue process needs to be divided into shorter periods to better account

for the redistribution of stresses and the variation of the stress limits during fatigue loading.

The analysis time was set at five years, during which the stresses at each level were considered

constant.

An additional simplification adopted in this analysis refers to the redistribution of stresses in the

longitudinal and lateral directions. In a simply supported structure, the stress distribution over

the beam height is not constant along the beam, being dependent on the cross-section’s location

in the longitudinal direction. As the maximum stress value is noted at the top compressive

fibre at the midspan of the beam, the effect of material degradation is expected to be more

significant at this location, resulting in a larger reduction of stiffness. Therefore, the stresses

are redistributed from the most damaged part towards the stiffer lower beam layers and edges.

Similarly, the stresses are redistributed in the lateral direction from the most critical beams to

the adjacent less damaged beams.

Calculating the effect would require multiple calculations along the beam length, which would

be further increased by the number of beams. The time required for this process would be
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added to the time required to complete the finite element global analysis of the bridge using the

DIANA software, which takes six hours. To reduce the analysis time and make the application

feasible for practical applications, a more simple and conservative approach was followed. In

this approach, it is considered that the redistribution of loads occurs only in the midspan cross-

section of the most critical beam, not accounting for the redistribution in the longitudinal and

transverse directions.

The global analysis was only conducted at the beginning of the analysis process to obtain the

maximum and minimum moments used to calculate the stress distribution at the midspan of the

beam. Starting from the initial stress, the above equations were used to calculate the change

in the material properties over the beam height. The reduced stiffness of each layer was then

input in IDEA Statica, where the cross-sectional analysis was performed, resulting in the new

stress and strain distributions. The maximum stress and minimum stress levels, along with

the maximum strains and the reduced material stiffness, were then used as starting points in

calculating the material degradation occurring in the subsequent period of time. The effect of

the previous set of cycles was accounted for in the subsequent calculation by employing the

concept of equivalent load cycles.

This process was repeated for 30 years to determine the effect of material degradation on the

fatigue life of the bridge. The stress distribution and the fatigue damage caused on the beam

were compared to those determined in the basic case by the investigated vehicle.

Figure 7.6: Schematic variation of (a). strains, and (b). stiffness, with the cycle ratio (Zanuy,
Albajar, and De la Fuente 2009).
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8 Results

Upon completion of the global and cross-sectional analyses of the bridge, the maximum and

minimum stress distributions were determined at the midspan of the precast beams. The cor-

responding σmax and σmin were then utilised to calculate the fatigue life of each beam in ac-

cordance with the regulations of Section 3.4. The critical beam, which will fail first due to

fatigue, determined the fatigue life of the bridge. It is worth noting that for each case, the

critical beam corresponds to the specific analysed loading configuration, as the position of the

traffic load significantly impacts the distribution of loads in the lateral direction and, thus, the

stress distribution. To assess the influence of each parameter, the resulting fatigue life of its

analysis was compared to the one obtained from the basic case. Moreover, the parameters were

independently evaluated to determine their effect on the fatigue life of the bridge.

Basic case

The fatigue life analysis of the basic case was carried out using the parameters outlined in

Section 7.1. The results of the analysis, which consider the fatigue life of each beam, have been

presented in Graph 8.1. According to the results, three beams exhibit a fatigue life that is

shorter than the bridge’s 100-year lifespan. The critical beam, which determines the fatigue life

of the structure for the applied loading conditions, is Beam 4. The fatigue failure will occur

when the first beam reaches the end of its fatigue life, which, in this case, is expected to happen

after 57 years. Analysing the results in the lateral direction, it is evident that the beams closest

to the traffic lanes (right edge of the bridge) have a significantly shorter fatigue life. In the

assessed lane configuration, girders 3 to 5 are directly located beneath the traffic lanes and are

the heaviest loaded ones, presenting a shorter fatigue life. However, moving away from the traffic

lanes, the fatigue life of the beams significantly increases, with the resulting value showing that

these beams will practically never fail due to fatigue (for the analysed loading conditions).
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Figure 8.1: Fatigue life of the precast beams for the basic case (Case ”zero”).

Prestresss losses

One of the analysed cases assumed that there were no prestress losses throughout the bridge’s

lifespan, meaning that the prestress remained at its initial level of 1394N/mm2. The resulting

fatigue life of the precast beams for this scenario is 5309 years. Beam 4 was again identified as

the critical beam determining the fatigue life of the bridge for the same loading configuration.

The failure to account for prestress losses increased the structure’s fatigue life by more than

90 times, indicating that fatigue failure is unlikely to occur. Although this analysis is not a

reflection of a realistic scenario, it is valuable in demonstrating the impact of prestress losses on

the fatigue assessment of the bridge and underlining the importance of precise calculations.

A more detailed analysis was conducted considering the gradual development of prestress losses

at each decade, as outlined in Section 7.2. The resulting fatigue lives of the beams are presented

in Graph 8.2, with Beam 4 identified as the critical beam that fails first. The prestress losses

considered in this analysis are smaller than the maximum losses (basic case), resulting in a more

favourable stress distribution and an 18% increase in the bridge’s fatigue life from 57 to 67 years.

The effect of this change is illustrated in Graph 8.2, where the most loaded beams show the

most significant improvement, while the remaining beams are less affected.
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Graphs 8.3 and 8.4 demonstrate the progression of the fatigue unity check over the bridge’s

life and the contribution of each decade to the unity check, respectively. In the basic case

where instantaneous losses are taken into account from the beginning of the bridge’s life, the

unity check contribution remains constant at each decade. As a result, the unity check shows

a steady rate of increase over time, as depicted by a straight line in Graph 8.3. Based on

this, the bridge reaches its fatigue failure (UC=1) after 57 years. On the other hand, when

accounting for the gradual development of prestress losses in the fatigue analysis, the fatigue

unity check contribution gradually increases and reaches its maximum value at 100 years, when

the maximum prestress losses have been fully developed. Consequently, the fatigue unity check

line (Graph 8.3) is slightly curved and does not exhibit a constant rate of increase. The rate

appears to be smaller than the one considering the instantaneous losses, and the fatigue failure

of the bridge (UC=1) occurs later in its service life (after 67 years).

Figure 8.2: Fatigue life of the precast beams for the ”Actual Prestress Losses (Case ”PL”)” case.
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Figure 8.3: Development of the fatigue unity checks for the ”Basic case” (instantaneous losses)
and the ”Actual Prestress Losses” case (gradual losses).

Figure 8.4: Contribution to the fatigue unity checks of the critical beam for the ”Basic case”
(instantaneous losses) and the ”Actual Prestress Losses” case (gradual losses).

Increasing traffic volume

The increase in traffic volume over the years is an important factor that affects the fatigue

life of a bridge. Graph 8.5 presents the results of the analysis conducted for the most loaded
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beams. Notably, this parameter has varying impacts on the bridge girders. Specifically, beams

that previously failed due to fatigue within the bridge’s service life show an increase in fatigue

life, with higher fatigue life values noted. Beam 4, which has the shortest fatigue life, primarily

determines the fatigue life of the entire bridge. The analysis reveals a positive effect of this

parameter on the fatigue life of the bridge, which has increased by 9% (from 57 to 62 years).

Figure 8.5: Fatigue life of the precast beams 1 to 7 for the ”Increase of the traffic volume increase
(Case ”TI”)” case.

Orthotropic slab properties

The analysis of the bridge reveals that accounting for the cracking of the slab in the transverse

direction can result in a different distribution in this direction, leading to a decrease in the

bridge’s fatigue life. Graph 8.6 displays the resulting fatigue lives of the beams, which demon-

strate that a reduction of stiffness in the lateral direction results in a smaller distribution of

loads in that direction. Consequently, the most heavily loaded beams are subject to even higher

loads, which significantly impacts their fatigue life, leading to a shorter lifespan of the bridge.

Specifically, the fatigue life of the structure is reduced by 51%, with the fatigue failure occurring

after 29 years of the bridge’s life.

It’s worth noting that not all beams are affected by a reduction in their fatigue life. Graph

8.6 shows that beams located under traffic lanes experience a decrease in their lives, with the
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corresponding nodes of the curve moving downwards. Conversely, the opposite phenomenon is

observed in the more distant beams.

In conclusion, the transverse cracking of the slab can have a significant impact on the load

distribution of the bridge, leading to a decrease in its fatigue life.

Figure 8.6: Fatigue life of the precast beams for the ”Orthotropic slab properties (Case ”SC”)”
case.

Load type

The replacement of area loads with point loads is a widely accepted engineering practice that

simplifies the analysis process. Compared to area loads, point loads result in a more conservative

load distribution, which can significantly impact the fatigue life of precast beams. As evidenced

by Graph 8.7, precast beams located closer to the loaded lanes demonstrate reduced fatigue

life. Conversely, beams located further from the traffic lanes experience a practically negligible

increase in fatigue life compared to the basic case. It is worth noting that the location of the

traffic lanes has not changed, making Beam 4 the critical beam in this case as well, with a fatigue

life reduction of 10 years (18%).
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Figure 8.7: Fatigue life of the precast beams for the ”Load type (Case ”PO”)” case.

As per the guidelines set by NEN-EN 1991-2+C1:2015/NB:2019, fatigue load vehicles are mod-

elled using three different wheel types, which are illustrated in Figure 5.16. However, the

inclusion of actual axle types during the fatigue analysis leads to a substantial increase in com-

putational time. This consideration demands triple the number of loading cases and, in turn,

triple the analysis time. Therefore, the fatigue trucks are modelled using only one wheel type in

this section to investigate the influence of this simplification on the fatigue performance of the

bridge.

The analysis is conducted based on the methodology followed in the analysis of the basic case

and for the most critical beam, namely Beam 4. The midspan bending moments due to moving

loads for both the actual wheel types of the vehicles and the single wheel type analysis are

presented in Tables 8.1 and 8.2, respectively. It should be noted that wheel type A is selected

for this comparison due to its smaller area, which results in a more conservative distribution of

loads.
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Table 8.1: Bending moments at the midspan of Beam 4 caused by moving loads - Actual wheel
types analysis

Vehicle type FLM4b
Mmax Mmin

[kNm] [kNm]

Type 1 - single 194.64 -1.28

Type 1 - double 427.12 -1.19

Type 2 - single 409.92 -1.19

Type 2 - double 638.05 -1.19

Type 3 - single 394.06 -0.89

Type 3 - double 634.03 -1.53

Type 4 - single 298.12 -0.89

Type 4 - double 523.56 -1.49

Type 5 - single 329.06 -0.69

Type 5 - double 565.06 -1.19

Type 6 - single 484.16 -0.99

Type 6 - double 716.62 -1.29

Type 7 - single 585.38 -0.89

Type 7 - double 818.76 -1.19

Upon comparing the results presented in the two tables, it is evident that utilising a single

type of wheel in vehicle modelling results in a slight increase in the maximum moment values.

However, performing fatigue analysis based on these increased moments yields a fatigue life of

56 years, compared to 57 years in the basic case. This indicates that both methods provide

almost identical predictions of fatigue life. Performing the fatigue analysis using one type of

wheel would reduce the finite element analysis time to one-third while simultaneously providing

the benefits of more favourable load distribution via area loads.
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Table 8.2: Bending moments at the midspan of Beam 4 caused by moving loads - Single wheel
type analysis

Vehicle type FLM4b
Mmax Mmin

[kNm] [kNm]

Type 1 - single 195.76 -1.28

Type 1 - double 427.93 -1.19

Type 2 - single 409.94 -1.19

Type 2 - double 637.68 -1.19

Type 3 - single 394.11 -0.89

Type 3 - double 634.08 -1.53

Type 4 - single 299.33 -0.89

Type 4 - double 524.27 -1.49

Type 5 - single 330.32 -0.69

Type 5 - double 565.98 -1.19

Type 6 - single 484.87 -0.99

Type 6 - double 716.89 -1.29

Type 7 - single 586.02 -0.89

Type 7 - double 819.07 -1.19

An overview of the resulting fatigue lives obtained from the three analyzed cases is presented in

Table 8.3.

Table 8.3: Comparison of the resulting fatigue life of the bridge for the cases using different
types of loads.

Case
Fatigue life

(years)

Difference

%

Actual wheel types 57 -

Wheel type A 56 2

Point loads 47 18
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Position of traffic lanes

The assessment of fatigue life for a bridge under a different loading configuration can have a

significant impact on the structure’s fatigue behaviour. This is because the different loading

introduces a completely different distribution of loads, causing different beams to bear greater

loads. As illustrated in Graph 8.9, this effect can result in Beam 8 being the most critical

component and the first to experience fatigue failure, thereby determining the overall fatigue

life of the bridge. Furthermore, this altered load distribution can have a substantial influence

on the bridge’s fatigue life, which can be prolonged up to three times compared to the fatigue

life of the basic case. In this particular case, the calculated fatigue life is 186 years, indicating

that the bridge will not fail due to fatigue.

Figure 8.8: Fatigue life of the precast beams for the basic case (Case ”zero”) relative to the
position of the traffic lanes.
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Figure 8.9: Fatigue life of the precast beams for the ”Position of the traffic lanes (Case ”HLL”)”
case relative to the position of the traffic lanes.

Fatigue load model

The Eurocode provides several fatigue load models for the fatigue analysis of bridges, as outlined

in Section 5.5. The fatigue analysis of the bridge under consideration employed Fatigue Load

Model 4b. This study, however, investigates the effects of using Fatigue Load Model 1 as an

influencing parameter on the fatigue assessment of the structure.

The results of the fatigue life of the bridge using this loading model are presented in Graph 8.10.

Each node in the graph represents the fatigue life of each beam, with the values presented in

a logarithmic scale. It is clear that this loading model leads to a highly conservative analysis,

causing the bridge to fail due to fatigue from the beginning of its service life. Notably, Beam

4 is the most critical beam, with a fatigue life close to zero. The fatigue life graph illustrates

that the FLM1 curve is shifted downwards, with the most significant divergence in the values of

the two curves occurring at the side of the bridge, which is closer to the heaviest loaded lanes.

It is worth mentioning that the FLM1 presents the same loading configuration as Load Model

1, where the most unfavourable effect on the bridge occurs when the heaviest loaded lanes are

positioned close to the bridge edge, as detailed in Appendix E.
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Figure 8.10: Fatigue life of the precast beams for the ”Fatigue load model 1 (Case ”FLM1”)”
case.

Graph 8.11 visually represents the impact of the parameters under investigation on the fatigue

life of the bridge.

Figure 8.11: Effect of the investigated parameters on the fatigue life of the bridge.
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Material degradation

As previously mentioned (Section 7.8), due to time limitations, a comprehensive analysis of

the material degradation parameter for the entire lifespan of the bridge and all investigated

vehicles could not be conducted. Instead, a specific period was examined, and the impact of

the vehicle that had the most adverse effect on the structure was considered. The analysis of

the parameter was based on the premise that the material degradation and the redistribution of

stresses occurred solely at the midspan cross-section of the critical beam (Beam 4). Consequently,

the results of this analysis focus on the calculated evolution of stiffness at different layers of the

precast beam and the contribution of this vehicle to the fatigue unity check for the analysed

period.

The material degradation was observed at the uppermost layers of the beam, where the highest

stress values are noted. Table 8.4 presents the stiffness values at the top fibres of the precast

beam, calculated every five years. Notably, the material degradation starts at the top of the

beam and gradually extends to the lower layers. The change in material properties caused a

Table 8.4: Evolution of concrete stiffness at the top layers of the precast Beam 4

Distance from Concrete stiffness
bottom fibre t=0 t=5 years t=10 years t=15 years t=20 years t=25 years

(mm) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2)
810 38214.206 36266.617 33963.861 31736.601 29636.775 27677.340
800 38214.206 37296.994 35815.671 34046.448 32181.729 30356.395
790 38214.206 37835.444 36951.437 35447.032 33497.529 31465.339
780 38214.206 38066.851 37651.350 36697.097 35041.774 33025.027
770 38214.206 38158.972 37989.994 37522.342 36412.930 34593.237
760 38214.206 38194.116 38130.635 37938.175 37373.928 36076.253
750 38214.206 38207.106 38184.298 38112.944 37879.917 37190.272
740 38214.206 38211.771 38203.939 38178.801 38093.556 37806.045
730 38214.206 38213.397 38210.787 38202.414 38173.214 38070.197
720 38214.206 38213.947 38213.109 38210.410 38200.994 38166.555
710 38214.206 38214.126 38213.868 38213.033 38210.114 38199.391
700 38214.206 38214.183 38214.106 38213.857 38212.987 38209.777
690 38214.206 38214.200 38214.178 38214.108 38213.862 38212.954
680 38214.206 38214.205 38214.199 38214.180 38214.114 38213.867
670 38214.206 38214.206 38214.205 38214.200 38214.183 38214.120
660 38214.206 38214.206 38214.206 38214.205 38214.201 38214.186
650 38214.206 38214.206 38214.206 38214.206 38214.205 38214.203
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redistribution of stresses, with the most significant stresses transferred from the most damaged

part to the lower, stiffer layers of the beam. Figures 8.12 and 8.13 illustrate the evolution of the

maximum and minimum stress distributions at the analysed moments, which determined the

σmax and σmin values used to calculate the fatigue damage caused to the beam by the examined

vehicle.

Figure 8.12: Stress distribution over the beam height at t = 5years and t = 25years.

Figure 8.13: Evolution of maximum stress distribution over the beam height.
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The contribution of the examined vehicle to the fatigue unity check (Equation 20) was calcu-

lated every five years. The fatigue analysis was conducted, considering that the stress levels

remained constant during the examined periods. For the first five-year period, the ratio ni/Ni

was calculated based on the stress distribution of the first loading cycle N = 1. For the second

period (5 to 10 years), the maximum and minimum stress levels were determined by the stress

distributions at t = 5years. The same approach was followed for the subsequent periods.

Graph 8.14 presents the calculated contribution of the investigated vehicle to the fatigue unity

check over the years. It has been observed that when material degradation is taken into account,

the vehicle’s contribution to the fatigue check after 30 years is almost zero (0.00027). Assuming

that this contribution will remain the same in the following years, the total contribution of the

vehicle was calculated up to 57 years, which is the point at which the bridge will fail due to

fatigue according to the basic case (Unity check = 1). At 57 years, the total contribution of

the examined vehicle, without accounting for the material degradation due to cyclic loading

(basic case), amounts to 0.5423. This implies that the contribution of the examined vehicle to

the total fatigue damage is approximately 55%. However, when considering the redistribution

of stresses caused by the fatigue loading, the total contribution of the vehicle is only 0.0857,

representing approximately 9% of the fatigue damage. Therefore, it is evident that by totally

reducing the maximum and minimum stress levels by 4.3% and 1.6% (Graph 8.14), respectively,

the investigated vehicle’s total contribution to the fatigue unity check can be decreased by 84%.

Figure 8.14: Evolution of the contribution of the investigated vehicle to the fatigue unity check.
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9 Discussion

This section will present a discussion of the results obtained and the analysis considerations

adopted in this study.

The findings indicate that prestress losses significantly contribute to the fatigue life of the bridge.

As stress levels have an exponential impact on the fatigue life, even slight differences in stress

distribution can have a significant effect on fatigue. Increasing the accuracy of prestress loss

calculations by computing losses for every decade instead of using maximum losses can prolong

fatigue life. For the analysed bridge, the inclusion of this parameter resulted in a considerable

increase in fatigue life (18%). Incorporating this parameter in the fatigue analysis of bridges will

positively affect their fatigue life. However, it is noted that the magnitude of this impact in other

bridges may vary as it depends on the way that the prestress losses develop. As analytically

discussed in Appendix F, the development of prestress losses depends on various parameters,

such as stress level, material and geometrical properties of the structural components, age of

the bridge at loading, humidity, curing time, and relaxation class of the prestressing strands.

Therefore, it is clear that the gradual development of prestress losses and its impact on the

fatigue life of bridges are linked to variables specific to each examined case and cannot be

generalised.

Accounting for the different stress distributions of each decade can increase the post-processing

effort and, consequently, the analysis time. In this study, the prestress loads are automati-

cally calculated by IDEA Statica. Thus, this parameter’s consideration influences only the time

required for the cross-sectional analysis of the beams, while the more time-consuming global

analysis remains unaffected. Nevertheless, accounting for the gradual development of the pre-

stress losses in the fatigue analysis means that the cross-sectional analysis would be performed

ten times.

The prestress calculation has been based on simplifications that may result in more conservative

prestress losses, reducing the structure’s fatigue life. Accounting for bending moments in the

prestress losses calculation can result in smaller stresses at the prestressing strand level, affecting

the resulting prestress losses. However, this effect is not constant along the beam length, so it
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is necessary to consider different stress distributions. Such an approach would significantly

increase analysis time. In this study, the calculation of the prestress losses accounting for

bending moments is conducted at the most favourable cross-section. At the mid-span of the

beams, the bending moment presents its highest value, reducing the stress at the prestressing

level. Even for this least conservative cross-section, the consideration of bending moments was

negligible and due to that, it was not accounted for in the fatigue analysis. Nonetheless, it is

essential to note that this might differ in other structures assessed for fatigue. The effect of

this parameter on the stress distribution depends on the magnitude of the considered moments,

which in turn are determined by the construction stages, bridge geometry, material properties,

the prestressing force and the height of the prestressing stands. Including the bending moments

in this calculation could have a more significant effect on this calculation and, in turn, the fatigue

check.

Similarly, in the case under investigation, the composite action of the structural components was

found to have a minor effect and was therefore not considered in the calculation of prestress. This

parameter would have increased analysis time without significantly affecting the bridge’s fatigue

life. However, it is necessary to note that this parameter varies for different structures. As the

parameter of prestress losses, the influence of composite action on prestress losses depends on

various parameters unique to each analysed case, resulting in an effect on fatigue life that can be

either significant or negligible, depending on the developed strains. Generally, the consideration

of composite action can result in smaller prestress losses, which, according to their magnitude,

can influence fatigue. For this reason, this parameter should be evaluated on an individual basis

for each structure to determine its importance and contribution to fatigue performance.

Incorporating the increase in traffic volume over the lifespan of a bridge can potentially have a

positive impact on its fatigue life, as demonstrated in the investigated case. Although its con-

sideration did not necessarily lead to a significant increase in fatigue life based on the outcome,

it was still beneficial and extended the lifespan of the bridge. Accounting for this factor in the

fatigue analysis does not increase the design and computational time, as it is solely related to

the post-processing of the results.

However, it is essential to note that the impact of the increasing trend of traffic volume on the
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fatigue analysis of the bridge depends on its construction date. Graphs 9.1 and 9.2 illustrate the

effect of this parameter on a bridge built many years before 2050 and one constructed near 2050,

respectively. Both bridges have a lifespan of 100 years. It is evident that when the construction

date is further away from the turning point (2050), the structure is primarily affected by the

positive influence of the increasing traffic rate. Conversely, for structures erected closer to 2050,

the opposite holds. Therefore, the effect of the change in traffic volume on the fatigue analysis

of a bridge cannot be deemed consistently positive or negative since it can either prolong or

shorten the fatigue life of the structure.

Figure 9.1: Effect of the increase of traffic rate on the fatigue life - Case 1
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Figure 9.2: Effect of the increase of traffic rate on the fatigue life - Case 2

The fatigue check is performed using the Equation 20 (NEN-EN 1992-2:2005/C1:2008). In

this relation, the percentage (pi) of each vehicle in the total traffic volume is determined by

the utilised fatigue load model. This percentage remains unaltered, provided that the fatigue

assessment is conducted using the same load model. Consequently, the unity check in the fatigue

analysis of a bridge with specific loading conditions is solely influenced by the traffic volume

that the bridge sustains, as presented in the ensuing relation:

UC = Vtot

∑ pi

Ni
= Vtot

(
p1
N1

+ p2
N2

+ ...+ pn

Nn

)
(78)

As the traffic volume expands over time, the total traffic volume carried by each structure relies

on the year that the bridge was constructed. The fatigue life of the bridge (d), taking into

account the impact of the increasing traffic rate, can be directly determined using the ensuing

equations, where x is the year of the bridge’s erection and y is the fatigue life of the bridge

calculated with a constant traffic volume (Vconstant) per year (basic case):

(a). Bridges constructed before 2050 (x < 2050) and, according to the basic case, fail due to
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fatigue before 2050 (x+ y < 2050) (Figure 9.3):

0.001 · Vconstant · d2 + 0.002 · Vconstant · d · x− 3.1 · Vconstant · d = Vconstant · y (79)

Figure 9.3: Effect of the increase of traffic rate on the fatigue life - Bridges constructed before
2050 (x < 2050) and, according to the basic case, fail due to fatigue before 2050 (x+ y < 2050).

(b). Bridges constructed before 2050 (x < 2050) and, according to the basic case, fail due to

fatigue at or after 2050 (x+ y ≥ 2050) (Figure 9.4):

0.0025 · Vconstant · d2 + 0.005 · Vconstant · d · x+ 0.0015 · Vconstant · x2 − 9.25 · Vconstant · d

−6.15 · Vconstant · x+ 6303.75 · Vconstant = Vconstant · y (80)

Figure 9.4: Effect of the increase of traffic rate on the fatigue life - Bridges constructed before
2050 (x < 2050) and, according to the basic case, fail due to fatigue at or after 2050 (x + y ≥
2050).
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(c). Bridges constructed at or after 2050 (x ≥ 2050) (Figure 9.5):

0.0025 · Vconstant · d2 + 0.005 · Vconstant · d · x− 9.25 · Vconstant · d = Vconstant · y (81)

Figure 9.5: Effect of the increase of traffic rate on the fatigue life - Bridges constructed at or
after 2050 (x ≥ 2050).

An additional check should be performed for bridges of the first category. If x + d ≥ 2050,

the fatigue life accounting for the increasing rate of traffic volume should be recalculated using

Equation 80.

For the investigated bridge:

x = 1974

y = 57 years

Vconstant = 2 · 106 vehicles

Using Equation 79, the following fatigue life is obtained:

0.001 · Vconstant · d2 + 0.002 · Vconstant · d · x− 3.1 · Vconstant · d = Vconstant · y

⇒ d ≃ 62years (82)

It is worth mentioning that even in cases where its effect on fatigue is negative, this parameter

provides valuable information on the fatigue performance of the structure based on the actual

traffic conditions.
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Furthermore, the cracking of the slab in the lateral direction is a parameter that has a significant

impact on the fatigue life of the bridge. The reduced stiffness caused less distribution of loads

in the lateral direction, which led to even higher loads being applied to the most loaded beams.

This, in turn, caused a significant reduction in the fatigue life of the most loaded components

(up to 51%). Considering the effect of this parameter raises questions about whether the utilised

calculation is too conservative. Comparing the initial and cracked values of concrete stiffness, it

can be observed that the latter is equal to one-fifth of the initial value.

In order to ascertain whether the incorporation of material properties in fatigue analysis also

has the same impact on the fatigue life of other bridges, a stepwise analysis is carried out. First,

as outlined in Section 7.4, the lateral stiffness of the cracked slab is dependent upon the top slab

dimensions and the reinforcement amount on the most tensed side. As a result, each case will

experience a unique stiffness reduction based on the specific characteristics of the bridge being

examined. This stiffness reduction, in turn, affects the load distribution over the bridge. The

distribution is primarily influenced by the flexural and torsional rigidities of the structure in

the horizontal directions, which are defined by the material and geometrical properties of each

bridge. After determining the load distribution, the stress levels of the structural components

are calculated, which also depend on the structural members’ characteristics and the applied

loads. Finally, these stresses are used for the calculation of the fatigue life. It is evident that

every step in this procedure is highly influenced by the properties of the analysed bridge. Hence,

the impact of incorporating the orthotropic slab properties in fatigue analysis is not uniform for

every bridge.

It is imperative to acknowledge that the reduction percentage in fatigue life that results from

analysing a specific structure cannot be generalised for all bridges. However, it is expected

that this parameter will have a substantial impact on the fatigue life of each structure, as it

affects the stress distribution on the structural components. Excluding its effect from the fatigue

assessment of a bridge would lead to an inaccurate and overly optimistic estimation of the fatigue

performance.

The selection of load type used in simulating the effects of moving vehicles on bridges is a crucial

factor that can significantly affect the bridge’s lifespan. It has been observed that the use of
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point loads does not accurately represent the actual loads and can lead to a more conservative

load distribution, which can curtail the bridge’s fatigue life. For the analysed bridge, replacing

the are loads with point loads resulted in an 18% decrease in the fatigue life. Generally, the

distribution of loads in the horizontal directions is largely dependent on the unique properties of

the bridge being analysed and the size of the loaded area. It is noteworthy that the concentrated

loads are dispersed horizontally through the cover layer and the concrete slab until they reach

the level of the central axis of the slab, as discussed in Section 5.5.4.3. Therefore, the size of

the loaded area can also be affected by the height of the top slab. Based on these factors, it

is important to note that the specific influence percentage obtained in this study cannot be

generalised for all bridges.

As aforementioned, the action of vehicles is modelled using the three suggested wheel types

presented in Section 5.5.4.6. However, incorporating different axle types (as shown in Figure

5.16) increases the analysis type by three times, which means that triple the number of load

cases needs to be analysed. For this reason, a comparison was made between the fatigue life

obtained using the actual wheel types of each vehicle and using one type of wheel for all the

truck axles. The results of this comparison have shown that performing the analysis using the

smallest (more conservative) wheel type, namely wheel type A, yielded similar moments and

fatigue life to the model utilising the exact axle types. Analysing the same wheel type for all

the vehicle’s axles would minimise the required load cases while providing the benefits of area

loads.

For all the analysed cases, it is evident that the fatigue life of a bridge is highly dependent

on the distribution of loads in the lateral direction, which determines the internal forces and,

consequently, the stress distribution. The investigated bridge was analysed for fatigue using

two different lane configurations. In both cases, the critical beam was identified underneath the

traffic lanes, showing that changing the lane configuration can result in a completely different

fatigue performance. Specifically, the analysis of the bridge using the actual lane configuration

led to an increase in fatigue life by over three times as a result of the more even distribution of

loads among the beams.

It is expected that positioning traffic lanes more centrally on the bridge deck will have a positive
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influence on all bridges. When the lanes are located closer to the middle of the bridge width, the

total load is more evenly distributed among the beams. On the other hand, when the traffic loads

are applied closer to the edge of the bridge, the loads are primarily taken by the beams under the

lanes. These beams are, therefore, subjected to higher loads, leading to a significant reduction

in their fatigue life. It is, however, noted that even though the more centrical position of the

traffic lanes is expected to have a similar effect on the fatigue performance of girder bridges, the

exact percentage of this impact is not uniform. As mentioned above, the distribution of loads in

the horizontal directions is linked to the flexural and torsional rigidities of the examined bridge.

These are, in turn, affected by the structure’s geometry, material properties and boundary

conditions. Furthermore, each bridge might present a different lane configuration. As a result,

the magnitude of the effect of this parameter is going to be different in each analysed bridge

based on the way that the loads are applied and distributed in each particular case.

An additional point that needs to be emphasised refers to the historical lane configuration of

the bridges. In the analysed case study, it is considered that the lane road configuration has

remained the same throughout the service life of the bridge. For this reason, using the actual

configuration is representative of the loading conditions of the bridge and can provide accurate

results in determining the most critical components and the fatigue performance. However, this

might not be the case in other bridges, as their lane configuration can alter over time to adjust to

the traffic demands. As the fatigue life of concrete is also affected by the changes and sequence

of the stress levels, these changes need to be incorporated into the fatigue analysis. Obtaining

the historical data of a bridge loading is highly important for their assessment, given the large

impact of this parameter on the fatigue life of the structure.

Based on the above, it is important to account for the actual loading configuration of the bridge.

This consideration does not increase the design or computational time, as it merely refers to the

position of traffic lanes in the transverse direction. The number of load cases and the rest of

the analysis considerations remain intact. This parameter has a significant effect on the fatigue

analysis of a bridge, providing essential information on the critical components.

The calculation of the bridge’s fatigue life is also performed using the Fatigue Load Model 1

(Section 5.5.4.5). However, after conducting the analysis, it has been observed that the model
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is excessively conservative and does not offer an accurate estimate of the bridge’s fatigue life,

ultimately resulting in a zero fatigue life prediction. As per the NEN-EN 1991-2:2003/C1:2010

guidelines, the model can be employed to ascertain whether the fatigue life of the specimen is

unlimited, given that a constant stress amplitude limit is provided. Consequently, the model

is deemed appropriate for steel structures, while it is unsuitable for other materials such as

concrete. Due to this, other bridges’ fatigue analysis using Fatigue Load Model 1 is expected to

have a similar outcome.

Another parameter studied in this thesis refers to the material degradation caused by cyclic

loading. Accounting for this effect and the resulting redistribution of stresses can significantly

impact the fatigue life of the investigated structure. Even a slight reduction in stress levels

can have an exponential effect on the fatigue check. Consequently, the change in the material

properties significantly reduces the contribution of the investigated vehicle on the fatigue check.

More specifically, as obtained from the results of this analysis, the action of the investigated

vehicle affected the material properties to such an extent that its contribution to the fatigue

unity check became almost zero after 30 years. Considering that the effect would be similar for

the rest of the load model’s vehicles, means that the fatigue life of the bridge would turn from

57 years to infinite, as the unity check would not reach one within the bridge lifespan.

Similar to other analysed parameters, the degradation of the material properties due to cyclic

loading is highly dependent on case-specific parameters, such as the material properties, geom-

etry and stress distribution of each component. Thus, the magnitude of its effect will vary not

only among different bridges but also between their structural members.

As per Section 7.8, the analysis considers only the vertical redistribution of stress within the

examined cross-section, without accounting for the transfer of stresses from the damaged parts

to the stiffer parts of the beam and adjacent beams. Therefore, the time required for the

global analysis of the bridge was not affected. The increase in the analysis time was caused

by incorporating this effect in the cross-sectional analysis. Specifically, this approach requires

additional time for designing the multilayered cross-section in which each layer is an individual

component whose loads and properties need to be defined. Generally, considering this parameter

in the fatigue analysis of a structure results in a significant increase in the time requirements.
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Several considerations have also been adopted regarding the material degradation analysis. The

suggested model assumes that the unloading between the maximum and minimum stresses is

linear within a load cycle. In the bridge analysis, each load cycle corresponds to a crossing vehicle

and is characterised by the maximum and minimum moments obtained from the influence lines.

Observing the form of the influence lines (Figure 6.10), it is clear that the transition between

the maximum and the minimum moment and the equivalent stresses is not linear, presenting

fluctuations. These intermediate values are not accounted for in the analysis. A more accurate

analysis of the stress variation could consider a more detailed approach, where the main load

cycle consists of smaller cycles with corresponding stress limits.

Additionally, the model used to calculate the material degradation caused by fatigue loading

has been experimentally verified using studies conducted for normal-strength concrete with

characteristic strength up to fck ≤ 50N/mm2. In the analysed case, the concrete class of the

precast beams was determined according to RBK as C55/67, which presents higher strength.

It is, however, important to note that this concrete class was not utilised at the time of the

bridge’s construction. The original concrete strength would probably correspond to a lower

concrete strength than the one of C55/67. Still, the suggestion has been made as a consideration

of the strengthening of concrete caused by its ongoing hydration. Based on this, and since the

characteristic strength does not significantly differ from the maximum stress limit assessed by

Zanuy, Albajar, and De la Fuente 2009, it is considered that the method can be employed to

sufficiently calculate the change of material properties.

A final analysis aspect that needs to be discussed refers to the consideration of concrete stiffening

in the analysis process. As previously mentioned in Section 6.3, the cross-sectional analysis is

performed by taking into account the increase in concrete stiffness due to ongoing hydration.

Thus, the stress distributions are determined for the secant E-modulus at the analysis time.

However, the global analysis of the bridge does not incorporate this stiffening effect. Instead,

the linear properties outlined in Section 6.2.1 are employed to model the structural components,

with the E-modulus corresponding to the stiffness of concrete at 28 days. It is essential to

note that incorporating this stiffening effect would necessitate conducting the analysis for every

decade, leading to a substantial increase in computational time. Considering that all the concrete
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components exhibit a rise of their stiffness over time, it is assumed that this is uniform and, as a

result, it does not affect the resulting moments. The stiffness evolution was, therefore, excluded

from the global analysis.
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10 Conclusions and Recommendations

10.1 Conclusions

The primary research question that is addressed in this thesis is

Research question:

In which way do variable analysis aspects and time-dependent parameters influence the fatigue

life of an inverted T-girder bridge, and can this be used for a more sustainable fatigue assessment?

Sub-questions:

To provide an answer to the primary question, a series of sub-questions were formulated and

subsequently answered.

How do the considerations taken into account for the calculation of prestress losses

impact the fatigue life of a bridge?

• In this thesis, various calculations of the prestress losses were conducted to determine their

effect on the fatigue life of the bridge. For the analysed case, the gradual development of

prestress losses, as opposed to instantaneous losses, has been found to increase the fatigue

life of the bridge by 18%.

• In general, the magnitude and the gradual development of the prestress losses depend on

parameters that are unique in each case. For this reason, the above percentage cannot be

generalised for all bridges. Since the prestress loss is one of the parameters that directly

influence the stress distribution over the beam height, it significantly affects the fatigue

life. The fatigue analysis should, therefore, be performed, accounting for the gradual loss

of prestress.

• Although it is common practice to account for only the axial loads applied on the beams

when calculating the losses, this approach can result in a conservative stress distribution.

Considering the bending moments in the calculation of prestress losses can result in smaller

stresses at the prestress level, leading to smaller losses and positively affecting fatigue per-

formance. For the bridge under investigation, it was concluded that including bending
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moments did not significantly affect the loss of prestress and, in turn, the final stress dis-

tribution. Hence, this parameter was excluded from the fatigue analysis. It should be

noted that this may not be the case in all situations, as this is also a case-dependent pa-

rameter. It is essential to individually evaluate its contribution to the fatigue performance

of each structure.

How does the consideration of the traffic volume increase impact the fatigue life of

the bridge?

• The incessant growth of transportation has led to an upward trend in traffic volume over

the years. For the examined case, accounting for the gradual increase in traffic rate in the

fatigue analysis prolonged the fatigue life of the bridge by 9%.

• The effect of the increasing traffic rate on the fatigue life of a bridge can be calculated

based on the following equations:

(a). Bridges constructed before 2050 (x < 2050) and, according to the basic case, fail due

to fatigue before 2050 (x+ y < 2050):

0.001 · Vconstant · d2 + 0.002 · Vconstant · d · x− 3.1 · Vconstant · d = Vconstant · y

(b). Bridges constructed before 2050 (x < 2050) and, according to the basic case, fail due

to fatigue at or after 2050 (x+ y ≥ 2050):

0.0025 · Vconstant · d2 + 0.005 · Vconstant · d · x+ 0.0015 · Vconstant · x2 − 9.25 · Vconstant · d

−6.15 · Vconstant · x+ 6303.75 · Vconstant = Vconstant · y

(c). Bridges constructed at or after 2050 (x ≥ 2050):

0.0025 · Vconstant · d2 + 0.005 · Vconstant · d · x− 9.25 · Vconstant · d = Vconstant · y

where,

x the year of the bridge’s construction

y the fatigue life of the bridge with constant traffic volume

d the fatigue life of the bridge accounting for the increasing traffic rate

Vconstant· the constant number of vehicles per slow lane per year

An additional check should be performed for bridges of Case (a). If x+d ≥ 2050, the fatigue
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life accounting for the increasing rate of traffic volume should be recalculated according

to Case (b).

• Taking into account the increase in traffic volume leads to a more precise fatigue analysis,

which accurately reflects the actual traffic conditions.

In what manner are the results of a fatigue analysis affected by the inclusion of

orthotropic slab properties?

• Throughout a bridge’s lifespan, the applied loads can lead to cracking on the top slab in

the lateral direction, which results in a stiffness reduction in this direction. Incorporating

this parameter in the fatigue analysis of the investigated bridge reduced its fatigue life by

51%.

• The orthotropic slab properties significantly impact the load distribution and, subse-

quently, the fatigue life of the bridge. However, the effect of this parameter is linked to the

specific geometry and material properties of each structure, and therefore, the percentage

of its impact will differ for each bridge.

• Taking into account this parameter is critical, despite its negative effect on the fatigue life,

since excluding the orthotropic slab properties in the analysis would lead to an unrealistic

stress distribution and estimation of the fatigue life.

How might the use of different load types in the modelling of fatigue moving loads

influence the fatigue life of a bridge?

• In the analysis of the designed bridge, replacing the area wheel loads with point loads

resulted in a more conservative load distribution, which shortened the fatigue life of the

bridge by 18%. However, when the fatigue analysis was performed using wheel type A,

it provided almost identical results to the analysis that took into consideration the actual

wheel types of the vehicles.

• The analysis indicated that small variations in the loaded area would not have a signif-

icant impact on the fatigue performance of the bridge. Even though the exact influence

percentages cannot be specified since they are dependent on the geometry and the way
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the loads are distributed in each bridge, a similar magnitude effect is expected in other

structures when different load types are examined.

• Based on these, it is concluded that point loads can result in a substantial reduction of

the fatigue life and should not be utilised for modelling the vehicles. In contrast, using

the wheel type A provides a sufficiently accurate estimation of the fatigue life without

increasing the analysis time and should, therefore, be employed for the fatigue analysis.

What effect will different loading configurations have on the fatigue performance of

the bridge?

• The fatigue analysis of the bridge under investigation revealed a notable increase in fatigue

life when the actual lane configuration was utilised, where traffic lanes were positioned

closer to the bridge’s centre. Specifically, the fatigue life increased by 3.26 times compared

to the scenario where traffic lanes were situated closer to the bridge’s edge. Notably, the

critical beams were consistently located beneath the traffic lanes, indicating that different

components were identified as critical based on different loading configurations.

• The positioning of traffic lanes is a crucial factor in determining the fatigue performance

and critical components of a bridge. As it is directly related to the load and stress dis-

tribution, it has a significant impact on the fatigue life of the structure. However, it is

important to note that the results of this analysis cannot be generalised for other bridges,

as the load distribution depends on case-specific parameters such as flexural and torsional

rigidities and the lane configuration of each bridge.

• Generally, it is essential to design the loads to accurately replicate the actual conditions

of the bridge, utilising historical lane configuration whenever possible. Any deviations

from this would lead to an inaccurate representation of the actual situation and provide

an unreliable estimation of the bridge’s fatigue performance.

• The Fatigue Load Model 1 (FLM1) is not a suitable approach to evaluate concrete struc-

tures, as its primary purpose is to determine if the fatigue life of the specimen is unlimited.

The recent study on this model has shown that it is overly conservative and does not pro-

vide an accurate estimate of the fatigue life of the bridge.
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To what extent will the consideration of the composite action of structural compo-

nents affect the fatigue life of a structure?

• In composite structures, the differential deformation of the structural components impacts

the stress distribution over the beams, ultimately affecting the fatigue life of the bridge.

For the studied bridge, it was observed that the composite action had only a minor impact

on the calculated prestress losses, rendering it negligible. Accordingly, it was concluded

that accounting for the composite action would not significantly influence the fatigue

performance of the bridge, and thus, it was excluded from the analysis.

• The contribution of composite action to a bridge’s fatigue life is case-specific and neces-

sitates a separate assessment for each structure. It is essential to consider its effect on

structures, where the relative creep and shrinkage of the structural members have a more

critical effect on prestress losses, as this can impact the fatigue life of the structure.

How does cyclic loading influence the material properties of concrete and, conse-

quently, the fatigue performance of the bridge?

• Repeated loading of the bridge over time degrades the concrete material properties, mainly

affecting the top layers with the highest stresses. This leads to a redistribution of stresses

from the most damaged parts of the beam to the stiffer areas and adjacent beams. In

this study, the effect of this parameter was calculated at the midspan of the critical beam

and accounting for one vehicle. After 30 years, the concrete stiffness was reduced up to

27.5% at the top fibre, which reduced the maximum and minimum stress levels by 4.3%

and 1.6%, respectively.

• The stress redistribution led to a smaller contribution of a vehicle in the fatigue unity

check (Ni/Nf ), which is almost zero after 30 years. Ultimately, the total contribution of

the vehicle to fatigue unity check was reduced by 84% compared to the analysis in which

the initial stress values remained constant throughout the bridge’s fatigue life. Considering

that the effect will be similar for the rest of the vehicles, the bridge is no longer susceptible

to fatigue failure.

• The parameter of material degradation directly impacts stress distribution, wherein is
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expected to impact fatigue performance greatly. The magnitude of this influence is a

function of the material and geometrical properties of the structure, as well as the stress

level. As such, the current analysis results are case-specific and cannot be extrapolated to

all bridges.

• Incorporating the material degradation into the fatigue analysis can be highly beneficial

to the fatigue life of bridges and can potentially turn the fatigue life of a prone-to-fatigue

structure into infinite.

Based on the findings of this thesis, the parameters having the most significant effect on the fa-

tigue performance of the concrete bridge are those affecting the stress distribution over the beam

height. Even slight variations in maximum and minimum stress levels can have a substantial im-

pact on the bridge’s fatigue life. Therefore, it is of utmost importance to carefully consider these

factors during the fatigue assessment of concrete bridges. Among the parameters investigated

in this study, the gradual prestress losses, orthotropic slab properties, loading configuration,

type of loads used for modelling fatigue vehicles, and degradation of material properties due to

repeated loading have the most significant influence on concrete fatigue. Conversely, parameters

such as the inclusion of bending moments in the calculation of prestress losses and accounting for

the composite action of the structural components have a relatively minor effect on the fatigue

performance of the analysed bridge.

10.2 Recommendations

10.2.1 Recommendations for engineering practice

• Appendix C provides an overview of element types and their applications, including the

types considered for the structure and the reasons for the final selection. The selection of

element types for finite element analysis should be based on several factors, such as the

software’s modelling options, the type of analysis and the desired results, the structure’s

geometry and its components, and the level of accuracy required for the analysis. Based

on these, the choice of elements for finite element analysis should be determined separately

for each case to fit for purpose.
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The general structural analysis of an inverted T-girder bridge can be performed, as sug-

gested by current codes, using the beam elements for the precast beams’ modelling, specif-

ically when the intended outcomes involve the internal forces of the components. However,

to achieve a higher degree of precision in the modelling of the bridge’s geometry or include

the variation of material properties, shell elements are a more suitable alternative for the

beams’ modelling. This approach provides an accurate depiction of the bridge’s geometry

and is effective in terms of both design and computational time.

• The study found that prestress losses significantly affect the fatigue life of the bridge,

impacting the stress distribution over the beams. A more detailed calculation of the

prestress losses can increase the fatigue life of the bridge without significantly increasing

the analysis time. It is important to note that considering the composite action and the

bending moments can provide a more accurate estimation of the prestress losses. However,

the magnitude of their effect on stress losses and, in turn, on the stress distribution and

fatigue life depends on the analysed case and should be assessed individually.

• Incorporating the time-dependent traffic volume can either positively or negatively affect

the fatigue life of a bridge, depending on the date of its erection. Disregarding this factor

during the analysis process can lead to an imprecise shortening or prolongation of the

fatigue life. It is important to note that this parameter is not included in the global and

cross-section analysis of the bridge. Instead, it is factored in the post-processing of the

results, specifically on the fatigue life calculation, meaning that it does not increase the

analysis time. As a result, it is highly recommended to consider its impact on the fatigue

analysis as it provides a more accurate prediction of the fatigue performance.

• Excluding the orthotropic slab properties from the analysis would lead to an unrealistic

and excessively optimistic stress distribution. This would result in a false calculation of

the fatigue life, and therefore, it is necessary to incorporate the effect of slab cracking in

the analysis.

• The study has revealed that the type of loads utilised to model moving loads can have a

considerable impact on the fatigue life of the bridge. The utilisation of point loads can lead
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to a more conservative load distribution, thereby reducing the fatigue life. As such, this

modelling method should be avoided in the fatigue assessment. However, incorporating all

of the recommended wheel types results in a threefold increase in the time required for the

global analysis. Utilising area loads while using the wheel type A for all the wheel axles is

an intermediate solution that results in an almost identical fatigue life without increasing

analysis time It is, therefore, a preferred solution for modelling fatigued vehicles.

• Conducting the fatigue analysis of the bridge using the Fatigue Load Model 1 is highly

unrecommended. As discussed in Chapter 9, this loading model is not suitable for concrete

structures and can provide a very conservative estimation of the fatigue life of the bridge.

• The position of the traffic lanes is one of the main parameters determining the bridge’s

critical components and fatigue life. As mentioned in the analysis of the investigated

parameters, the obtained results correspond to the analysed loading configuration. Con-

sequently, it is essential to design the applied load in such a way that will accurately

simulate the actual conditions existing in the bridge. The fatigue analysis should be con-

ducted based on the historical lane configuration data when these are available. Selecting

a different loading configuration may lead to a worse effect on the structure, but this would

not be representative of the loading condition that the bridge exhibits. In the cases where

this information is not known, the fatigue analysis should be performed using the most

conservative loading configuration.

• The inclusion of the material degradation parameter in the analysis, despite the associ-

ated increase in analysis time, has a significant positive impact on the fatigue life of the

bridge that cannot be overlooked. This parameter plays a crucial role in determining the

distribution of stresses, which in turn greatly affects the fatigue performance of the bridge.

Therefore, incorporating this parameter into the analysis process, even when using the

simplest and most conservative approach, can result in a significant increase in fatigue

life. Consequently, it is highly recommended to consider this parameter in the analysis

process despite the considerable amount of time it entails. Automating this process could

be highly beneficial in engineering practice, making it more efficient and cost-effective for

the fatigue analysis of structures.
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10.2.2 Recommendations for future research

• The objective of the present study was to investigate the impact of various parameters on

the fatigue life of a bridge. Each parameter was analysed individually, wherein only the

parameter under investigation was modified while keeping other aspects of the analysis

constant. However, in reality, these parameters exist simultaneously on the bridge. There-

fore, examining the interaction of these parameters and their total effect on the fatigue

life of the structure appears to be an interesting proposition.

• The analysis of prestress-loss-related parameters has revealed that the approach taken

during the analysis has a significant impact on fatigue performance. Notably, the analyses

with instantaneous and gradual losses have produced comparable results. The difference

between these analyses lies in the way the prestress losses are developed over time. If a

general rule can be established that describes the relationship between this gradual devel-

opment of prestress losses and fatigue unity check, it could provide valuable information

on whether incorporating these gradual losses can substantially influence the fatigue life

of the assessed bridge.

• In order to analyse the degradation parameter of the material, certain simplifications have

been made in the method that was utilised. It is important to note that not accounting

for the distribution of stresses from the most heavily loaded parts of the beams to the less

damaged and stiffer parts, as well as the adjacent beams, can be considered a conserva-

tive approach. Therefore, a more detailed analysis of the phenomenon is required, which

includes the longitudinal and lateral distribution of stresses to provide a more accurate

view of the phenomenon’s evolution. Additionally, the analysis should consider the effect

of all the vehicles passing through the bridge in a random sequence, as this would be more

representative of the actual traffic conditions and loads applied to the structure.

• As discussed in Section 7.8, the model employed to determine the changes in material prop-

erties due to cyclic loading has been validated for normal-strength concrete. Assessing its

applicability or adjusting the existing model to properly describe the material degradation

of high-strength concrete could be advantageous for fatigue analysis. As per J.-K. Kim and
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Y.-Y. Kim 1996, high-strength concrete displays less strain increase and stiffness decrease

than normal-strength concrete due to its stiffer monotonic response. This discrepancy may

be attributed to the differences in the microcracking mechanism of high-strength concrete

compared to normal-strength concrete. Specifically, in high-strength concrete, the crack-

ing surface can also be developed through the aggregates. Given that many bridges have

been constructed with high-strength concrete or have undergone strength increase over

time, an appropriate material degradation model could offer a more precise understanding

of the structure’s condition and fatigue performance.

• One possible approach to evaluating and quantifying the impact of parameters involves

conducting experimental studies.
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A Stress distribution on composite inverted T-beams

The focus of this study is an inverted T-girder bridge consisting of precast beams and a cast

in-situ top layer. Erecting this type of structure involves several stages, each of which involves

the application of various loads on the bridge. The thesis aims to examine the fatigue life of the

concrete beams, which is contingent on the stress distribution over the beam height, particularly

the maximum stress values observed.

Inverted T-girder bridges typically experience maximum stress values on the top compressive

layer of the beams due to the stresses of the various load components. To provide a compre-

hensive understanding of the stress distribution, this appendix analyzes the stress distribution

of each bridge stage.

The initial stage of the bridge’s life corresponds to the initiation of the prestressing, which occurs

ten days after the beams have been cast. At this stage, the stress distribution is determined

by the self-weight of the beams, the axial loads, and the bending moments caused by the pre-

stress. Thus, the stress distribution illustrated in Figure A.1 is calculated based on the following

relations,

Top fibre:

σtop = +Fpiep

Wbt
− Fpi

A
− Mg

Wbt
(83)

Bottom fibre:

σbottom = −Fpiep

Wbb
− Fpi

A
+ Mg

Wbb
(84)

where,

Mg the bending moment due to the self-weight of the beam,

Fpi the initial prestressing force ,

ep the eccentricity of the prestressing strands,

A the area of the cross section,
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Wbt = I
ytop

, the sectional modulus of the top fibre,

Wbb = I
ybottom

, the sectional modulus of the bottom fibre,

I the second moment of inertia,

ytop the distance of the top extreme fibre from the neutral axis,

ybottom the distance of the bottom extreme fibre from the neutral axis.

Figure A.1: Stress distribution at the initial stage

The next stage refers to the casting of the top layer prior to the hardening of the cast in-situ

slab. In addition to the self-weight of the beams and prestressing loads, the beams are subjected

to loading due to the self-weight of the top layer. The resulting stress distribution is presented

in Figure A.2, in which the stress values at the top and bottom fibres of the beam are given as,

Top fibre:

σtop = +Fpwep

Wbt
− Fpi

A
− Mg

Wbt
− Ms

Wbt
(85)

Bottom fibre:

σbottom = −Fpwep

Wbb
− Fpi

A
+ Mg

Wbb
+ Ms

Wbb
(86)

where,

Ms the bending moment due to the self-weight of the cast in-situ slab,

Fpw the prestressing force reduced by the prestress losses of the corresponding stage.
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Figure A.2: Stress distribution at the intermediate stage

At the final stage, the hardening of the top slab initiates the composite action of the structural

components. As a result, the components begin to work together as a single cross-section, leading

to a change in the position of the neutral axis. The application of additional dead and variable

loads on the bridge generates stress gradients that contribute to the final stress distribution over

the beam height. Accounting for these loads, the stress distribution is depicted in Figure A.3,

while the stress values of the extreme fibres are determined as,

Top fibre:

σtop = +Fpwep

Wbt
− Fpi

A
− Mg

Wbt
− Ms

Wbt
− Ma +Mll

Wbt,c
(87)

Bottom fibre:

σbottom = −Fpwep

Wbb
− Fpi

A
+ Mg

Wbb
+ Ms

Wbb
+ Ma +Mll

Wbb,c
(88)

where,

Ma the bending moment due to the additional dead weight,

Mll the bending moment due to the live loads,

Wbt,c = I
ytop,c

, the sectional modulus of the composite section for the top fibre of the beam,

Wbb,c = I
ybottom,c

, the sectional modulus of the composite section for the bottom fibre of the beam,
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Figure A.3: Stress distribution at the final stage
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B Serviceability Limit State (SLS) - Stress control

The dimensions of the beams and the prestressing strand configuration were selected to comply

with both old and current regulations, ensuring the bridge’s fatigue failure within its expected

lifespan. The bridge was built in 1974, meaning that its design was based on previous Dutch

codes. To account for this, the stress control for Serviceability Limit State (SLS) was conducted

for permanent and variable loads applied on the bridge. It is noted that the bending moment

resistance of the bridge, according to the previous national regulations, is not presented. The

bending moment resistance of the structure will be assessed later, based on current standards,

to ensure that the bridge does not fail due to bending, which is the failure criterion.

Permanent loads applied on the structure are generated by the self-weight of the structural com-

ponents, prestress and the additional dead weight applied on the bridge, as analysed in Chapter

5.5. Given the time of the bridge’s erection, older traffic load models were used for its design.

Specifically, with the bridge being part of the main rod network, its analysis is performed for the

traffic class A/60 model. This load model consists of concentrated and uniformly distributed

loads. The longitudinal and transverse configurations of the considered trucks are illustrated

in Figures B.1 and B.2, respectively. For loading class 60, the traffic loads comprise three-axle

loads of 200kN and a distributed load equal to 4kN/m2. Two loading cases were evaluated,

one for a single vehicle and one for two vehicles simultaneously moving over the bridge. In the

case of two vehicles present on the bridge, the corresponding loads are multiplied by a reduction

factor of 0.8.

Figure B.1: Longitudinal traffic load configuration for load class A/60
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Figure B.2: Transverse traffic load configuration for load class A/60

For single-supported beams, the maximum bending moment at the midspan of the beams is

noted when the vehicles are in the longitudinal position depicted in Figure B.3.

Figure B.3: Position of the vehicle in the longitudinal direction that results in the maximum
bending moment.

In the bridge’s design, the traffic load is modelled as static loading. However, in order to

accurately account for the impact of dynamic loading on real-life traffic, a dynamic amplification

factor (DAF) is applied. According to the VB 1974/1984, the DAF is given as

DAF (S) = 1 + 3
100L = 1 + 3

100 · 29 = 1.0 (89)
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An additional reduction factor is also applied to the design load, which equals

B = 0.6 + 40
100 + L

= 0.6 + 40
100 + 29 = 0.91 (90)

The stress control is conducted based on the following properties:

• Beam height Hb = 810mm

• Beam area Ab = 375460mm2

• Moment of inertia of the beam Ib = 22669278945mm4

• Centre of gravity of the beam (distance from the bottom fibre) zb = 290mm

• Sectional modulus of the beam for the top fibre Wbt = 43594767.2mm3

• Sectional modulus of the beam for the bottom fibre Wbb = 78169927.4mm3

• Slab height Hs = 160mm

• Asphalt layer height Ha = 140mm

• Moment of inertia of the composite section Ic = 63088963971mm4

• Centre of gravity of the composite section (distance from the bottom fibre) zb = 468mm

• Sectional modulus of the composite section for the top fibre of the beamWbt,c = 184470654.9mm3

• Sectional modulus of the composite section for the bottom fibre of the beam Wbb,c =

134805478.6mm3

• Initial prestress σp = 1394N/mm2

• Characteristic concrete strength fck = 55N/mm2

• Design concrete strength fcd = 36.7/mm2

• Characteristic axial tensile strength of concrete fctk0.05 = 2.95/mm2

• Design axial tensile strength of concrete fctd = 1.97N/mm2

• Strength of fresh concrete ffresh = 45N/mm2(= f ′
ck,fresh)
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• Modulus of elasticity Ecm = 38214.206N/mm2

The stress control is conducted based on the worst loaded beam for the various construction

stages of the bridge’s life. The internal forces for the dead loads and the aforementioned moving

loads were obtained from the Finite Element Analysis (FEA) of the structure and are equal to

• Bending moment due to the self-weight of the beam Mg = 984.19kNm

• Bending moment due to the self-weight of the cast in-situ slab Ms = 498.83kNm

• Bending moment due to the additional dead weight Ma = 389.15kNm

• Bending moment due to the live loads Mll = 1111.70kNm

For the prestressing, the axial loads and bending moment caused by the prestressing strands are

calculated as,

Fp =
∑

Fpi =
∑

n ·Ai · σp = 6093.14kN (91)

Mp,b =
∑

Mpi =
∑

n · Fpi · epi = 1332.72kNm (92)

At the initial stage,

Top fibre:

σtop = +Fpiep

Wbt
− Fpi

A
− Mg

Wbt
= −8.25N/mm2 ≤ fctd = 1.97N/mm2 (93)

Bottom fibre:

σbottom = −Fpiep

Wbb
− Fpi

A
+ Mg

Wbb
= −20.67N/mm2 ≥ 0.6 · f ′

ck,fresh = −27.0N/mm2 (94)

where,

f ′
ck the characteristic cubic strength
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The stress control for the stages following the initial one is conducted considering prestress losses

equal to 15%

At the intermediate stage,

Top fibre:

σtop = +Fpwep

Wbt
− Fpi

A
− Mg

Wbt
− Ms

Wbt
= −21.83N/mm2 ≥ 0.6 · f ′

ck = −40.2N/mm2 (95)

Bottom fibre:

σbottom = −Fpwep

Wbb
− Fpi

A
+ Mg

Wbb
+ Ms

Wbb
= −9.31N/mm2 ≤ fctd = 1.97N/mm2 (96)

At the final stage,

Top fibre:

σtop = +Fpwep

Wbt
− Fpi

A
− Mg

Wbt
− Ms

Wbt
− Ma +Mll

Wbt,c
= −29.96N/mm2 ≥ 0.6 · f ′

ck = −40.2N/mm2

(97)

Bottom fibre:

σbottom = −Fpwep

Wbb
− Fpi

A
+ Mg

Wbb
+ Ms

Wbb
+ Ma +Mll

Wbb,c
= 1.82N/mm2 ≤ fctd = 1.97N/mm2 (98)
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C Beam element types

C.1 Introduction

In order to determine the most suitable type of elements for beam modelling, a comprehensive

assessment of various options was conducted. The evaluation encompassed different types of

elements classified into beams, shells, and solid elements. To compare those, simply supported

beam models were created and subjected to various load cases. The resulting beam models

were evaluated based on deflection, moment distribution, design accuracy, node count, design

and computational time. Finally, different types of elements were utilised to model the precast

beams in the global models of the entire structure. The subsequent sections provide an overview

of the element types analyzed in this study, based on the DIANA FEA Release notes.

C.2 Beam element types

In engineering practice, structures similar to the bridge under investigation are commonly mod-

elled utilising beam elements for the precast beam. These beam elements are eccentrically

connected to a plate or shell element, representing the cast in-situ slab.

The dimensions of the beam elements perpendicular to the bar direction are relatively smaller

in comparison to their length (Figure C.1). These beam elements can exhibit axial and shear

deformation, curvature, and torsion and can be used to describe axial forces, shear forces, and

moments.

Figure C.1: Characteristics of beam element (DIANA FEA Release notes).
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DIANA software offers a range of element types that are categorised into three classes.

Class I beam elements

Beams of class I can be determined by their area and moment of inertia or by defining the

dimensions of predefined shapes provided by DIANA. The primary variables for this class are

normal forces and moments regarding stresses, which correspond to elongation and curvature

for two-dimensional beams. Torsion is also included in the primary strains of the elements for

three-dimensional beams.

It is worth noting that beams of class I, by default, do not account for shear deformation, as

they rely on the Bernoulli theory, where the cross-section remains plane and perpendicular to

the beam’s axis. However, DIANA software allows beam element models of class I to consider

shear deformation by specifying a shape factor S in the material properties. Additionally, when

utilising two-dimensional, three-node curved beam elements of class I, shear deformation is

taken into account by default. By doing so, the deformation of the beams is regarded according

to the Timoshenko theory, which considers a constant distribution of shear stresses over the

cross-section.

Figure C.2: Two-node straight Class I beam element - L6BEN (DIANA FEA Release notes).

This section offers a comprehensive review of two class I element types. Firstly, the two-

dimensional, two-node straight beam element known as L6BEN is based on the Bernoulli theory

(Figure C.2). The same element type is also analysed but with a specified shape factor of S=1.2

to account for shear deformation. The analysis of the two-dimensional, three-noded beam ele-

ment (CL9BEN) is not performed as it would increase calculation time due to the p-refinement

of the beam element (Figure C.3). The characteristics of the investigated class I elements are

presented in Table C.2.
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Figure C.3: Three-node curved Class I beam element - CL9BEN (DIANA FEA Release notes).

Class II beam elements

The numerical integration of DIANA’s class-II Bernoulli beam elements along their cross-section

and axis makes them well-suited for use in both physical and geometrical nonlinear analysis.

In contrast to class-I beam elements, these beams include an additional variable, namely the

relative elongation of the beam - ∆ux. The primary variables for class-II beams comprise Cauchy

stresses and Green-Lagrange strains, which are derived directly from node displacements. It is

important to note that the primary strains and stresses of class-II beams are not calculated

with consideration to the distributed load or self-weight on the beam element. Given these

characteristics, class-II beam elements are deemed unsuitable for the current investigation and,

therefore, are not included in the analysis.

Class III beam elements

DIANA software employs class-III beams, which consist of both straight and curved elements.

These elements undergo numerical integration along their axis and cross-section and are based

on the Mindlin-Reissner theory, which accounts for shear deformation. The class-III beam

elements differ from the classical beam elements of class-I and class-II, using an isoparametric

formulation. This formulation allows the beam axis normals’ displacements and rotations to

be mutually independent and interpolated from the nodal displacements and rotations. The

cross-sectional geometry of the beams is determined through predefined shapes of DIANA FEA

that do not, however, include a geometry similar to the investigated beam. As a result, the

precast beam cannot be accurately represented by class-III beam elements, and consequently,

this beam element type is excluded from the analysis.
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C.3 Plates and shells

The modelling of the precast beams can also conducted using plate or shell elements, whose

configuration and thickness have been properly determined to match the geometry of the beams.

These elements are characterised by a relatively small out-of-plane thickness in comparison

with their in-plane dimensions. They can have a quadrilateral or triangular shape, while their

displacement field can present a linear, quadratic or cubic interpolation function. Within the

DIANA software, three types of plate or shell elements are available, including the plate bending

element, the flat shell element, and the curved shell element.

Plate elements

The design of plate-bending elements necessitates their adherence to specific shape and loading

criteria. These elements must exhibit a flat configuration, with the node coordinates situated on

the xy plane of the element. Force loading (F) must act perpendicularly to the element plane,

while moment loading (M) must act around an axis situated in the element plane (Figure C.4).

The plate-bending elements are characterised by a zero direct stress component perpendicular

to the plane, which satisfies the plane stress condition. The normals of the element plane remain

straight post-deformation, and the displacement perpendicular to the plane remains consistent

throughout the thickness.

Two categories of plate-bending elements are available, namely, Discrete Kirchhoff plate elements

based on the Discrete Kirchhoff theory and Mindlin plate elements based on the Mindlin-Reissner

theory. Both kinds of plate-bending elements are numerically integrated. These elements are

typically employed in analysing two-dimensional structural components that are not subject

to in-plane forces. However, due to the geometry of the examined structure, precast beams

are mostly subjected to in-plane loading, rendering plate-bending elements unsuitable for their

modelling.
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Figure C.4: Characteristics of plate bending element (DIANA FEA Release notes).

Flat shell element

Flat shell elements combine the characteristics of both plane and plate-bending elements. How-

ever, in contrast to plane stress elements, forces are the fundamental variables instead of Cauchy

stresses. To qualify as a flat shell element, the element must meet specific shape and loading

criteria, including being planar and having its nodes’ coordinates lying in a flat plane. If these

criteria are not met, the element can be replaced by curved shell elements.

It is worth noting that force loads (F) can act in any direction, either out or in the plane, while

moments (M) only act within the flat shell element’s plane (Figure C.5). After deformation, the

plane normals remain straight, and there are no variations in the perpendicular displacement’s

thickness direction.

Flat shell elements are unique in that they do not exhibit coupling between the membrane and

bending behaviour despite being a combination of plane stress and bending plate elements. The

membrane behaviour is similar to that of a plane stress element, except that the primary stresses

are defined in terms of forces and moments instead of Cauchy stresses.
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Figure C.5: Characteristics of flat shell element (DIANA FEA Release notes).

Diana provides two distinct categories of flat shell elements, namely regular elements and ele-

ments with drilling rotation (Figure 6.4). The regular elements offer three degrees of freedom for

translation and two degrees of freedom for in-plane rotation at each node. Conversely, elements

with drilling rotation offer an additional degree of freedom for rotation (ϕz) perpendicular to

the plane at each node, commonly known as the ”drilling rotation”.

In this analysis, the modelling of the precast beams is conducted using the Q24SF element

type (Figure 6.19), whose characteristics are presented in Table C.1. This type refers to a

quadrilateral, four-node flat shell element with drilling rotation. The beam models analysed in

this section are intended to be used in the global analysis model. As analytically explained in

Chapter 6, the configuration of the structural components may result in incompatibility at their

connection points. Therefore, These elements are selected to prevent such problems and ensure

that they will have the same degrees of freedom at their shared nodes.

Curved shell elements

Diana’s curved shell elements employ an isoparametric degenerated-solid approach that com-

prises two shell hypotheses, namely the straight-normals and zero-normal stress hypotheses.

The straight-normals hypothesis assumes that the normals are straight, though not necessarily

normal to the reference surface, and accounts for transverse shear deformation based on the

Mindlin-Reissner theory. Meanwhile, the zero-normal-stress hypothesis enforces a zero normal

stress component in the normal direction (σzz = 0).
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Each shell point is equipped with a local Cartesian coordinate system (xylocal) corresponding

to a lamina basis and spanning the element tangent plane. The xl and yl local directions are

tangent to the ξη plane, while the zl direction is perpendicular. The curved shell elements

exhibit strains characterised by linear variation in the thickness direction for in-plane strains

such as εxx, εyy, and γxy. In contrast, transverse shear strains γxz and γyz remain constant in

the same direction.

Like flat shell elements, each node of curved shell elements has five defined degrees of freedom,

encompassing three translations and two rotations. The degrees of freedom per node can be

increased by the rotation perpendicular to the plane, utilising the curved shell elements with

drilling rotation. Figure C.6 illustrates that force loads are present in any direction in and out

of the shell plane, while moment loads act around the in-plane axis of the element.

When comparing the two types of shell elements, it is worth noting that flat shell elements are

a more cost-effective choice, particularly in situations where the desired results are forces and

moments. As a global analysis model is utilised to obtain bending moments at the midspan of

the beam for various loads, flat shell elements have been selected for precast beam modelling.

Figure C.6: Characteristics of curved shell element (DIANA FEA Release notes).

Shell element design versions

As aforementioned, the precast beams can be modelled using shell elements, provided their

configuration and thickness are accurately determined to correspond to the beams’ geometry. In
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this beam model analysis, two model versions of the precast beams are examined, one including

both vertical and horizontal shell elements and one utilising only vertical shells to model the

beams.

As illustrated in Figure C.7, the flat shell element thickness can be either constant throughout

the whole element or tapered. The variation of the thickness can be accomplished using spacial

functions depending on one, two or three global coordinate components. This DIANA feature

has been utilised in both model versions described below.

Figure C.7: Shell element thickness: (a).uniform and (b). tapered (DIANA FEA Release notes).

In the first Version (Figure C.8), shell elements were arranged both vertically and horizontally

to represent the web and the flange of the inverted T-beam, respectively. Both varying and

constant thickness elements have been used. A combination of varying and constant thickness

elements was utilised. However, this configuration led to a problem of overlapping elements at

the intersection of shell elements for the web and flange. To address this issue, the geometry

of some shells is eccentrically positioned. Each beam was modelled using nine shells, trying to

model the cross-sectional properties of the beam with the most possible accuracy.

In a simpler approach, the beams were modelled using only vertical shell elements. In this

version, the geometry and the properties of the beams are defined by the assigned thicknesses

to the shells, as presented in Figure C.9.

Both designs were used to create simply supported beam models that were later analysed to

determine the element type and beam design finally used in the global analysis.

176



Figure C.8: Shell element design - Ver-
sion 1

Figure C.9: Shell element design - Ver-
sion 2

C.4 Solid elements

Solid elements are a highly versatile and general-purpose type of element that can be used to

model complex geometries without the need for engineering considerations and simplifications of

the real element geometries during analysis. In the past, these elements were not frequently em-

ployed due to their tendency to produce large systems of equations. However, modern advance-

ments have allowed for their efficient use in situations where other elements may be unsuitable

or produce inaccurate analysis results.

These elements are characterised by their three-dimensional stress situation, arbitrary loading,

and dimensions in the three axial directions (x, y, and z) being of the same order of magnitude.

They are often employed for analysing voluminous structures.
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Figure C.10: Characteristics of solid element (DIANA FEA Release notes).

DIANA provides a wide range of regular three-dimensional structural element types for bodies,

including tetrahedrons, pentahedrons, and hexahedrons. Furthermore, the elements may feature

linear, quadratic, or cubic interpolation functions for the displacement field, depending on the

specific requirements of the analysis.

In this analysis, the beams are modelled using tree-dimensional, eight-node (brick) and six-node

(wedge) elements, whose characteristics are overviewed in Table C.1.

Table C.1: Characteristics of the element types (DIANA FEA Release notes)
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C.5 Comparison of the element types

The simply supported beam models created were analysed for the following load cases:

• Load case 1: Point load (1kN) at the midspan of the beam

• Load case 2: Point load (1kN) at the l = l
4

• Load case 3: Point load (1kN) at the l = l
8

• Load case 4: Uniformly distributed load

• Load case 5: Self-weight of the beam

For the above loads, the deflection and bending moment at the midspan of the beams are

presented in Table C.2.

Table C.2: Results of simply supported beam models for different elements

Beam element
Shell elements

Solid elementsClass I

Bernoulli Shape Factor Version 1 Version 2

Point load uz[∗10−4m] -5.87 -5.88 -5.99 -5.88 -5.87534

at l/2 My[kNm] 7.25 7.25 7.25 7.25 7.25

Point load uz[∗10−4m] -3.92 -3.92 -4.00 -3.92 -3.92

at l/4 My[kNm] 3.50 3.50 3.50 3.50 3.50

Point load uz[∗10−4m] -1.94 -1.94 -1.96 -1.94 -1.94

at l/8 My[kNm] 1.63 1.63 1.63 1.63 1.63

Disrtibuted uz[∗10−4m] -3.98 -3.99 -4.06 -3.99 -3.99

load My[kNm] 3.94 3.94 3.94 3.94 3.94

Selfweight uz[m] -0.10 -0.10 -0.10 -0.10 -0.10

My[kNm] 985.58 985.58 985.58 985.58 985.58

Duration t [sec] 1 1 8 3 11

Nodes N 906 906 37650 16850 62420
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Based on the results of the analyses, it is observed that the different element types did not result

in significant differences in terms of deflection and bending moment. As expected, the deflection

of the Bernoulli beam is smaller compared to the rest of the elements, which also accounts for

shear deformation. However, this deference caused by the shear deformation is very small. The

response of the beam models is highly affected by their slenderness, with shear deformation

being negligible in slender beams. One exception was the Version 1 shell element beam model,

which was found to have larger deflections compared to the other models. The larger deflections

can be attributed to the design of the beam, which could not provide a completely accurate

representation of the beam’s cross-sectional properties.

Besides the deformation and internal forces resulting from the analyses, plenty of other param-

eters contribute to the selection of the element type finally used for the bridge model. Starting

from the time required for the design of the models, beam elements are, without a doubt, the

simplest design method offered. The beam element models were created through a straight-

forward method, making them efficient in terms of design time and an attractive solution for

engineering practice. The solid element model also presented a simple design process. The

design complexity was significantly increased for the Version 1 shell element model. Its design

process required careful consideration of the shells’ configuration, thicknesses and geometries.

For this reason, the simpler approach followed in the Version 2 shell element model is considered

more efficient, requiring a relatively small design time and employing a simpler model geometry.

During the design process, it is imperative to consider the computational time required for the

analysis. Table C.2 shows that beam elements are the most cost-effective solution, requiring the

least number of nodes and shortest calculation time. On the other hand, the solid element model

is the least efficient, significantly increasing the number of calculated elements and, consequently,

the analysis time. The shell type is often used as an intermediate design solution as it results in

a more efficient model compared to the solid element model. It is noted that the effects of the

more complex geometry of the Version 1 beam are also evident in this parameter.

In the analysed cases using shell and solid elements, the results were obtained using a composed

line feature offered by DIANA, described in Chapter 6. This way, the resulting concentrated

forces and moments were easily obtained without requiring a complicated post-processing of the
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results.

An additional parameter that needs to be considered is the compatibility of utilised elements.

As discussed in Chapter 6, the top slab was modelled using shell elements with drilling rotation,

which offer six degrees of freedom per node, including three translational and three rotational

degrees of freedom. This element type is compatible with both beam and shell elements of

the same type used for the precast beam modelling. Solid elements, conversely, only account

for three translations and no rotations at their nodes (Figure C.11). In case solid elements

are used for precast beams, the same element type should also be used for all other structural

components, which would significantly increase computation time.

Figure C.11: Veriables of solid element (DIANA FEA Release notes).

The selection of element type depends on several factors, including the design’s accuracy, the

characteristics that need to be modelled, and the results that need to be obtained from the

analysis. Beam elements are efficient and accurate in simulating the cross-sectional properties of

beams, making them ideal for internal force calculations. However, beam elements are unsuitable

when modelling characteristics that vary over the beam directions. In this element type, the

properties of the beam are concentrated in a single line. This way, the variation of these

properties, for example, the stiffness reduction over the beam height caused by cycling loading,

cannot be simulated using this element type. In addition, beam elements cannot provide results
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such as the strain and stress distribution or the distributed forces. On the other hand, these

options are available for both shell and solid element types.

As analysed in Chapter 7, cyclic loading can cause material degradation of the precast beam,

which is translated with the reduction of their stiffness. As this degradation is highly dependent

on the applied stresses, its effect is more evident at the top layer of the beams, where the highest

stresses are noted. As a result, this stiffness reduction is not constant over the beam height. To

simulate this effect, an element type that allows the variation of properties over the beam height

needs to be employed. Even though this feature was finally not utilised in the analysis due to

time limitations, the model was initially designed to offer this design option.

Finally, considering the accuracy of the bridge design, using bream elements for the precast

beam means that the cross beams are also modelled using beam elements. This way, the con-

nection of the two elements is conducted to a single point, which cannot accurately represent

the confinement offered by the diaphragm beam. The same problem is also met when modelling

the cross beams using shell elements. Even though this approach can ensure an over-the-height

connection of the two beams, it does not accurately model the cross-beam connection in the

beams in the longitudinal direction. To mitigate this issue, alternative solutions can be em-

ployed, as described in Section 6.2.1.3. The most accurate approach would include modelling

all the structural components using solid elements, which, however, would significantly impact

the model’s effectiveness.

Taking the above into consideration, it has become clear that different element types may be used

to study the structure. Each type presents its own advantages and disadvantages in the analysed

domains. In linear structure analysis, beam elements provide sufficiently accurate results for

the internal forces on structural components. However, in studies where nonlinear analysis is

conducted, the stresses, strains or distributed forces and moments are studied, localised effects

are analysed, or the variation of the properties needs to be modelled, a different type of element

might regarded as more appropriate.

Comparing the two beam versions using shell elements, it is noted that the Version 2 model

provided more accurate results and modelling of the beam properties. Furthermore, the Version
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1 model requires a substantially longer time for both its design and analysis, with a calcula-

tion time of more than twice that of Version 2. This difference would significantly impact the

computational time required for analysing the bridge.

It could be argued that the beam model, including the beam flanges, better represents the

torsional behaviour of the beam, as flanges contribute to its torsional stiffness. To investigate

the influence of this effect on the beams, the two beam models were analysed for eccentrically

located point loads, for which the resulting torsional moments are presented in Table C.3. Based

on these results, it is evident that the torsional stiffness of Version 1’s beam is slightly larger,

resulting in smaller torsional moments caused by the same loads. However, the obtained values

do not present a significant divergence, and therefore, we consider that Version 2’s shell element

model sufficiently simulates the torsional stiffness of the beam.

Table C.3: Torsional moments at the midspan of the simply supported beam models modelled
with shell element

Shell elements

Version 1 Version 2

Ecc.Point load (1kN) at l/2 Mx[Nm]
11.60 11.55

-11.60 -11.55

Ecc.Point load (1kN) at l/4 Mx[Nm]
33.75 34.79

33.83 34.83

Ecc.Point load (1kN) at l/8 Mx[Nm]
15.79 15.93

15.80 15.94

A last comparison is conducted between the Version 2 shell element model and the solid element

model. For this analysis, the different elements are used to model the precast beam in the

global analysis model. The response of the bridge model is examined for the self-weight loads,

for which the obtained bending moments at the midspan of the beams are presented in Table

C.4. Notable, the divergence of the resulting moments is smaller than 0.15% and is therefore

considered negligible.
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Table C.4: Comparison of the global models modelled using shell and solid elements.

Beam

Element type
Difference

Shell Solid

My(kNm) My(kNm) %

1 1481.17 1482.76 0.11

2 1483.26 1484.41 0.08

3 1484.59 1485.02 0.03

4 1488.04 1487.69 0.02

5 1491.61 1490.56 0.07

6 1494.08 1492.81 0.08

7 1494.95 1493.56 0.09

8 1494.08 1492.81 0.08

9 1491.61 1490.56 0.07

10 1488.04 1487.69 0.02

11 1484.59 1485.02 0.03

12 1483.26 1484.41 0.08

13 1481.17 1482.76 0.11

Summarising, based on the above analyses, it has been determined that the shell Version 2

element beam design is the most suitable choice for the present study. This model offers an

accurate representation of the beam and bridge geometry, along with a diverse range of modelling

possibilities. Moreover, the design proves to be highly efficient in terms of both computational

time and practicality.
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D Model validation

The precision of the constructed models was validated for both beam models examined in Ap-

pendix C, as well as for a model of the composite beam and the global analysis model. It is

noteworthy that for this validation, the beams were modelled as simply supported using regular

supports.

Beam models

Point load at the midspan In statically determined beams, whose supports are located at a

distance d = 0.5m from its edges, the bending moment at the midspan of the beam for a point

load (F = 1kN) applied at x = l
2 is given as,

Mpointload = F

2

(
l

2 − d

)
= 1

2

(30
2 − 0.5

)
= 7.25kNm (99)

Furthermore, the effect of the self-weight of the beam is calculated as a distributed load, whose

resulting moment at the midspan of the beam equals,

qbeam = Abeam · γconcrete = 375460 · 10−6 · 25 = 9.39kN/m (100)

Mbeam = qbeaml

2

(
l

2 − d

)
−
qbeam( l

2)2

2 = 9.39 · 30
2

(30
2 − 0.5

)
−

9.39(30
2 )2

2 = 985.58kNm

(101)

Composite beam model

For the composite section consisting of the beam and the equivalent parts of the cast in-situ slab

and the cross-beams, the validation is again conducted regarding the resulting bending moment

at x = l
2 . The section is analysed for the self-weight of its structural components. Specifically,

the self-weight of the beam and the slab are accounted as distributed loads, while for the weight

of each cross-beam, point loads were applied at the locations of the shell elements representing

the diaphragm beams (Figure D.1). As explained in Chapter 6, the diaphragm beam is modelled
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using two shell elements having half its thickness. The bending moment at the beam midspan

is calculated as,

qslab = Aslab · γconcrete = (1200 · 160) · 10−6 · 25 = 4.80kN/m (102)

Mslab = qslabl

2

(
l

2 − d

)
−
qslab( l

2)2

2 = 4.80 · 30
2

(30
2 − 0.5

)
−

4.80(30
2 )2

2 = 504.00kNm (103)

Fcross−beam =
[
(Hcross−beam · tcross−beam

2 · bequivalent) − (Abeam − (1.18 · 0.115))
]

· γconcrete

(104)

=
[
(0.695 · 0.4 · 1.2) − (375460 · 10−6) − (1.18 · 0.115))

]
· γconcrete = 5.94kN

(105)

Mcross−beam + Fcross−beam · (x− 0.6) + Fcross−beam · (x− 0.2) − 2Fcross−beam · (x− 0.5) = 0

(106)

⇒ Mcrossbeam = −0.2 · Fcross−beam

(107)

⇒ Mcross−beam( l2) = −0.2 · Fcross−beam = −1.19kNm

(108)

Therefore, the resulting bending moment at the midspan of the beam is

MT otal = Mbeam +Mslab +Mcross−beam = 1488.39kNm (109)

This result was also obtained by the numerical analysis of the composite cross-section.
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Figure D.1: Equivalent loads from the self-weight of the cross-beams.

Global model

The validation of the global analysis model was also conducted for the self-weight of the structure,

calculating the total reaction force of the model and the total bending moment at the midspan

of the bridge.

The structural components of the bridge contribute to its total weight, which is calculated as

follows,

Fbeam = 13 · Lbridge ·Abeam · γconcrete = 13 · 30 · (375460 · 10−6) · 25 = 3660.74kN (110)

Fslab = Lbridge ·Wbridge ·Hslab · γconcrete = 30 · 15.58 · 0.16 · 25 = 1869.60kN (111)

Fcross−beam = [2 · (Wbridge · tcross−beam) − 13 · (Abeam·cross−beam)] · γconcrete (112)

= [2 · (30 · 0.8) − 13 · (375460 · 10−6 · 0.8)] · 25 = 308.45kN (113)

FT otal = Fbeam + Fslab + Fcross−beam = 5838.78kN (114)

The total weight of the bridge should be equal to the summation of the reaction forces presented
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in Table D.1.

Table D.1: Reaction forces due to self-weight

Reaction Fz

[kN]
1 254.08
2 244.52
3 221.78
4 223.38
5 218.64
6 221.73
7 218.38
8 220.60
9 218.60

10 219.98
11 218.79
12 219.70
13 218.90
14 219.63
15 218.80
16 219.70
17 218.60
18 219.98
19 218.37
20 220.58
21 218.70
22 221.80
23 221.71
24 223.35
25 254.10
26 244.51

Total 5838.80

As previously calculated, the bending moment at the midspan of the cross-section is 1488.39kNm

for the intermediate beams (Beams 2-12) and 1484.21kNm for the edge beams (as the considered

width equals 1.19m instead of 1.2m). For the total bridge,

MT otal = (13 · 1488.39) + (2 · 1484.250) = 19340.7kNm (115)

The total moment should be equal to the summation of the model bending moments presented

in Table D.2. Table D.2 provides an overview of the model and calculated values, establishing
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that the analytical calculations confirm the numerical results. It is worth noting, however, that

the model moments of the composite section do not align with the analytically calculated values.

Instead, they display variation in the transverse direction. Specifically, the middle beam exhibits

the highest bending moment, while the values decrease towards the edge beams. This variation

can be explained by the lateral bending and load distribution, as well as the torsional stiffness

of the structural components, factors that were not accounted for in the analytical calculations.

Table D.2: Summation of the total bending moments at the midspan of the bridge due to self-
weight.

Beam My(kNm)

1 1481.17

2 1483.26

3 1484.59

4 1488.04

5 1491.61

6 1494.08

7 1494.95

8 1494.08

9 1491.61

10 1488.04

11 1484.59

12 1483.26

13 1481.17

Total 19340.45
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E Ultimate Limit State - Bending moment capacity

As previously stated, this study employs the failure criterion due to bending. One of the criteria

in the selection of the beam dimensions and configuration of the prestressing strands is to ensure

that the bridge does not fail due to bending moment. Otherwise, in case of failure, the analysis

would not proceed with assessing the fatigue life of the bridge.

In the composite structure, the failure can occur if:

• The strain at the top of the compressive zone of the precast beam exceeds the concrete

ultimate strain: εc ≥ εcu3,

• The strain at the top of the compressive zone of the top slab exceeds the concrete ultimate

strain: εc ≥ εcu3,

• The strain at the prestressing reinforcement level exceeds its ultimate value: εp ≥ εpu3.

Given that the depth of the cast in-situ deck is relatively small (160mm), it is considered that

the strains in this part are larger than the yield strain. Therefore, the developed stresses of the

deck can be viewed as uniform all over its height and equal to the design strength of the concrete

(C25/30).

For the Ultimate Limit State, the prestressing strands present prestress losses of 15%. The figure

below shows the distribution of forces for ULS, with a compression zone of depth hi.

By applying the equilibrium of forces,

Nb +Nd − ∆Fp = Fpw (116)

abbxuFcd,b + bdhdFcd,d −Ap0.85fpk

1.1 − σpm∞ = Fpm∞ (117)

xu =
Ap0.85fpk

1.1 − bdhdFcd,d

abbFcd,b
= 603mm (118)
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As xu > Hslab, is located in the web of the beam

For the bending moment resistance,

MRd = Ndzd +Nbzb + (Fpw + ∆Fp)ep = 4557.80kNm (119)

The bending moment capacity of the bridge is assessed for the permanent and variable loads

acting on the structure. For the Ultimate Limit State, the acting moment is obtained by the

load combinations of Table 5.7. For the traffic loads, two loading configurations were examined,

as depicted in Figure E.1. Positioning the heaviest loaded lane close to the bridge resulted in

the most adverse effect. The check is performed for the critical beam of the bridge, which in this

case is Beam 4. The maximum design moment is obtained for the 6.10b - gr1a load combination

as

MEd = 1.15MEd,G + 1.25MEd,Q = 4396.21kNm (120)

Therefore,

UC = MEd

MRd
= 0.96 (121)

Figure E.1: Loading configurations analysed for traffic loads (Load Model 1).
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F Prestress losses

F.1 Prestress losses accounting for axial loads

Various simplifications have been taken into consideration while calculating the prestress losses.

The calculation presented here takes into account the development of creep and shrinkage strains

in the beam, along with relaxation losses. It is noteworthy that the beam’s creep and shrinkage

were considered to develop independently of its interaction with the cast-in-situ slab.

In order to determine the creep strain, only axial loads were considered, while bending moments

were excluded. This is a common practice as the stress value at the prestress level is not uniform

along the length of the beam. Bending moments cause a stress gradient, leading to smaller stress

values at the level of the strands. However, this is not constant for the entire length of the beam.

Therefore, focusing solely on axial loads might be a more conservative approach, as higher stress

levels lead to larger prestress losses in the analysis.

Creep

The creep and shrinkage of concrete are influenced by the ambient humidity, composition of the

concrete, and dimensions of the element. The magnitude and duration of the loading, as well

as the maturity of the concrete at the time of the initial application of the load, can also affect

the amount of creep.

To determine the creep deformation of concrete εcc(t, t0) at a given time t under a constant

compressive stress σc applied at the age t0 of the concrete, the following formula can be utilized,

εcc = φ (t, t0) σc

Ec
(122)

where,

φ (t, t0) the final creep coefficient,

t0 the age of concrete at the loading time (10 days),

Ec 1.05 · Ecm, the tangent modulus and

σc the compressive stress
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The creep coefficient is given as,

φ (t, t0) = φ0 · βc (t, t0) (123)

with, the notional creep coefficient before the casting of the slab:

φ0 = φRH · β (fcm) · β (t0) = 1.27 (124)

and φ0 = 1.26 after the slab casting,

To account for:

the effect of relative humidity (80% )on φ0 coefficient,

φRH =
[
1 +

1 − RH
100

0.1 · 3√h0
a1

]
a2 = 1.09 for fcm > 35MPa (125)

the effect of concrete strength

β (fcm) = 16.8/
√
fcm = 2.12 (126)

and the effect of concrete age at loading

β (t0) = 1
0.1 + t0.2

0
= 0.55 (127)

The notional size of the member is

ho = 2Ac

u
= 195.4mm (128)

before the top layer is cast, and h0 = 210.8mm after the slab casting.

The coefficient that describes the degree of creep development that occurs over time after loading

is calculated as,

βc (t, t0) =
[ (t− t0)

(βH + t− t0)

]0,3
(129)
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with, βH a coefficient that depends on the relative humidity and the notional member size,

which equals to

βH = 1, 5
[
1 + (0, 012RH)18

]
h0 + 250a3 = 187.84 ≤ 1500a3 = 1118 for fcm ≤ 35MPa

(130)

The following coefficients take into consideration the effect of concrete strength as,

a1 =
[ 35
fcm

]0.7
= 0.66 (131)

a2 =
[ 35
fcm

]0.2
= 0.89 (132)

a3 =
[ 35
fcm

]0.5
= 0.75 (133)

The creep coefficient of concrete can be modified by adjusting the age of loading with respect

to the type of cement used.

t0 = t0,T

(
9

2 + t1.2
0,T

+ 1
)a

15.02 ≥ 0.5 (134)

where,

a = 1 for cement class R

t0,T the temperature corrected age of concrete in days, given by

tT = ∑n
i=1 ∆tie

13.65− 4000
273+T (∆ti) , with

∆ti : the number of days with temperature T

T (∆ti) : the temperature during time period ∆ti

Based on the above the time-dependent values of the creep coefficient φ0(t, t0), βc(t, t0) and

finally the creep strain εcc(t, t0) are presented in Table F.1

Shrinkage

Concrete’s total shrinkage strain is composed of two main components - drying shrinkage strain

and autogenous shrinkage strain. Drying shrinkage strain occurs slowly over time as water

migrates through the hardened concrete, while autogenous shrinkage strain develops during the
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hardening process of concrete.

In order to determine the values of total shrinkage strain, both drying and autogenous shrinkage

strains need to be taken into consideration, as follows

εcs = εcd + εca (135)

where,

εcd the drying shrinkage and

εca the autogenous shrinkage.

For the drying shrinkage εcd,

εcd, = βds (t, ts) khεcd,0 (136)

with,

βds (t, ts) = t− ts

(t− ts) + 0.04
√
h3

0

(137)

The basic drying shrinkage strain is determined as

εcd,0 = 0.85
[
(220 + 110ads1) exp

(
−ads2

fcm

fcm0

)]
= 2.83 · 10−4 (138)

where, for the cement type CEM42.5R:

ads1 = 6 (139)

ads2 = 0.11 (140)
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and

βRH = 1.55
[
1 −

(
RH

RH0

)3
]

= 0.76 (141)

The value of kh is determined based on the notional size of the cross-section (h0) and equals to

kh = 0.86 and kh = 0.84 before and after the slab casting, respectively.

The autogenous shrinkage strain εca is calculated as,

εca(t) = βas(t)εca,∞ (142)

with

εca,∞ = 2.5 (fck − 10) 10−6 (143)

βas(t) = 1 − exp
(
−0.2t0.5

)
(144)

The time-dependent values that have been calculated are listed in Table F.1.

Relaxation

The relaxation loss can be determined either by referencing the manufacturer’s test certificates

or by calculating it as a percentage of the variation between the prestressing stress and the

initial prestressing stress. For this study, the relaxation losses are calculated according to Class

II, based on the following expression,

∆σpr
σpi

= 0.66ρ1000e9.1µ
( t

1000

)0.75(1−µ)
10−5 (145)

where,

µ = σpi
fpk

,

ρ1000 = 8%, the value of relaxation loss (in %), at 1000 hours after tensioning and at
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mean temperature of 20°C,

t the time after tensioning,

σpi absolute initial prestress

Relaxation losses have been computed for every decade, and the obtained results are presented

in Table F.1.

Based on the above, the total prestress losses are given as

∆σc+s+r = ∆σc+s + 0.8∆σpr = εtot(t) ∗ Ep + 0.8∆σpr (146)

Table F.1: Time-dependent parameters for prestress losses accounting for axial loads

10 years 20 years 30 years 40 years 50 years 60 years 70 years 80 years 90 years 100 years

Age of concrete (days) t 28 3650 7300 10950 14600 18250 21900 25550 29200 32850 36500

Creep

Creep development coefficient βc(t, t0) 0.4396 0.9850 0.9924 0.9949 0.9962 0.9969 0.9974 0.9978 0.9981 0.9983 0.9985

Creep coefficient at t φ(t, t0) 0.5583 1.2458 1.2551 1.2583 1.2599 1.2608 1.2615 1.2619 1.2623 1.2626 1.2628

Creep strain εcc(t) 2.26E-04 5.05E-04 5.09E-04 5.10E-04 5.10E-04 5.11E-04 5.11E-04 5.11E-04 5.11E-04 5.12E-04 5.12E-04

Shinkage

Autogenous shrinkage

Autogenous shrinkage coefficient βas(t) 0.6530 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Autogenous shrinkage strain εca(t) 7.35E-05 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.12E-04 1.13E-04 1.13E-04 1.13E-04

Drying shrinkage strain

Drying shrinkage coefficient βds(t, ts) 0.1922 0.9675 0.9835 0.9889 0.9917 0.9933 0.9944 0.9952 0.9958 0.9963 0.9967

Drying shrinkage εds(t) 4.66E-05 2.35E-04 2.39E-04 2.40E-04 2.40E-04 2.41E-04 2.41E-04 2.41E-04 2.41E-04 2.42E-04 2.42E-04

Total shrinkage εcs(t) 1.20E-04 3.47E-04 3.51E-04 3.52E-04 3.53E-04 3.53E-04 3.54E-04 3.54E-04 3.54E-04 3.54E-04 3.54E-04

Total strain εtot(t) 3.46E-04 8.52E-04 8.60E-04 8.62E-04 8.63E-04 8.64E-04 8.65E-04 8.65E-04 8.65E-04 8.66E-04 8.66E-04

Relaxation

Relaxation losses N/mm2 ∆σpr 9.90 26.86 30.60 33.03 34.87 36.36 37.63 38.73 39.72 40.61 41.42

Total prestress losses ∆σc+s+r 75.37 187.63 192.11 194.55 196.27 197.62 198.73 199.69 200.53 201.29 201.97

F.2 Prestress losses accounting for axial loads and bending moments

In the above section, the calculation of the prestress losses was conducted considering only the

axial loads applied on the beams. This simplification affects the development of the creep strain,

the considered loads determine the stress value at the prestressing stands level. For this section,

the bending moments caused by permanent loads are also accounted for in the calculation of

prestress losses.

In composite bridges, the structure is erected in multiple stages, and different loads are applied
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to the structural components. This results in a different stress distribution over the beams, which

also affects the stress value used for the calculation of the creep strain. Figure F.1 illustrates the

various stress distributions and stress values at the prestressing level for the different construction

stages. These stresses were utilized to calculate the creep strains that are presented in Table F.2,

along with the equivalent total prestress losses. It is important to note that the contribution of

shrinkage and relaxation is not affected by the bending moments, and thus their values remain

the same as those calculated in the previous section.

Figure F.1: Stress distributions for the different constraction stages.

Table F.2: Time-dependent parameters for prestress losses accounting for axial loads and bend-
ing moments

10 years 20 years 30 years 40 years 50 years 60 years 70 years 80 years 90 years 100 years

Age of concrete (days) t 28 56 3650 7300 10950 14600 18250 21900 25550 29200 32850 36500

Creep

Creep strain εcc(t) 2.73E-04 3.46E-04 4.98E-04 5.01E-04 5.02E-04 5.02E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04 5.03E-04

Total prestress losses ∆σc+s+r 84.49 109.01 186.33 190.63 193.02 194.71 196.04 197.14 198.09 198.93 199.68 200.36
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F.3 Slab shrinkage

Upon completion of the casting process and the subsequent 7-day curing period (ts = 7), the

cast in-situ slab undergoes shrinkage. Following the same methodology used in the previous

sections, the resulting shrinkage strains have been calculated and are presented in Table F.3.

Table F.3: Development of slab shrinkage strains

56 days 10 years 20 years 30 years 40 years 50 years 60 years 70 years 80 years 90 years 100 years

Age of concrete slab (days) t 28 3622 7272 10922 14572 18222 21872 25522 29172 32822 36472

Autogenous shrinkage

Autogenous shrinkage coefficient βas(t) 0.6530 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Autogenous shrinkage strain εca(t) 3.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05 5.75E-05

Drying shrinkage

Drying shrinkage coefficient βds(t, ts) 0.2101 0.9786 0.9892 0.9928 0.9946 0.9957 0.9964 0.9969 0.9973 0.9976 0.9978

Drying shrinkage εds(t) 7.56E-05 3.52E-04 3.56E-04 3.57E-04 3.58E-04 3.58E-04 3.58E-04 3.59E-04 3.59E-04 3.59E-04 3.59E-04

Total shrinkage εcs(t) 1.13E-04 4.09E-04 4.13E-04 4.15E-04 4.15E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04 4.16E-04
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