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ABSTRACT

INVESTIGATION OF ORTHOTROPIC STEEL DECK DESIGN
USING FEM

Abdullah FETTAHOGLU

Department of Civil Engineering
PhD. Thesis

Adviser: Assist. Prof. Dr. Serkan BEKIROGLU

There are many orthotropic steel highway bridges in the world including damages,
which are induced by either qualitative or quantitative reasons. Qualitative reasons of
damages can be inadequate design, workmanship or material, whereas quantitative
reasons are in general increased traffic loads and dimensions of load bearing structures.
Most of these bridges especially built in Germany in 1960s show damages as a result of
constantly increasing traffic density in heavy traffic lanes. In this thesis the quantitative
reasons of damages in steel highway bridges will be assessed under conservative static
wheel loads by changing one chosen unique dimension, while keeping other costants.
So as to make this investigation possible, all dimensions and spans of orthotropic steel
bridge are defined as variables in well known commercial FE- method programme
ANSYS by means of APDL (Ansys Parametric Design Language).

In the first introductory chapter the history of orthotropic steel deck is summarized and
famous bridges possessing orthotropic steel deck are given. Afterwards, the general
design of orthotropic steel deck together with its load carrying components are
introduced. Finally the methods used to analyse deck structure to obtain the internal
forces and stresses are briefly explained.

In the second chapter, the ductility of steel ever known as non- linear material property,
which causes stress relief with plastic hinge formation and increases the load carrying
capacity of structures made of steel, and its contribution to stress calculations are
investigated by means of Finite Element Method (FE- method). The ductility of steel is
considered in stress calculations either as a simplification in calculations or directly
incorporated into calculations as non- linear material property. For instance the stress
calculation of truss structures is reduced in calculation of only normal forces aligned
with members’ direction, due to plastic hinge formations, which indeed is consequence
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of steel ductility. In case the form of structure composed of steel load- bearing
components is complex because of geometry, not like truss members, the ductility of
steel shall be taken into account by incorporating material non- linearity into stress
calculations. The phenomenon, incorporating the complex geometry of steel
components and material non- linearity in stress calculations can be achieved by means
of FE- method. Steel orthotropic highway bridges, which are composed of deck- plate,
longitudinal stiffeners going through cross — beams, cross- beams with cut- outs, main
girders, bridge extensions for pedestrians, are extremely complex in geometry and are
made of steel, which is ductile in nature. As a result, stress calculation of orthotropic
steel bridge using FE- method is a perfect example for the investigation of ductility
induced stress relief. The traditional constructional details and their dimensions of steel
orthotropic highway bridges are given in Eurocode 3 Part 2. In the scope of this thesis,
based on dimensions recommended in Eurocode 3 Part 2 and kinematic hardening
material property of steel material, a FE- model of steel highway bridge is prepared.
Results of calculations with and without material non- linearity are presented and
compared with each other in order to demonstrate the decrease in stress because of steel
ductility.

In the scope of the third chapter wearing coarse on deck plate is considered as uniformly
distributed dead load. The dimensions of steel orthotropic bridge are chosen depending
on Eurocode 3 Part 2 and a FE- model of orthotropic steel highway bridge will be
prepared to analyze the effect of deck plate thicknesses of 12, 14 and 16 mm. Results of
calculations will be presented and compared with each other in order to demonstrate the
effect of deck plate on strain amplitudes, which are indicators of damages developed in
structural parts of orthotropic steel deck.

In the fourth chapter, effects of cross beam web thickness and cross beam spacing on
orthotropic steel bridge are assessed by means of a parameter study. Consequently,
dimensional and constructional recommendations in association with cross beam
thickness and spacing are presented.

In the fifth chapter, fatigue lives of four fatigue sensitive structural parts of orthotropic
steel bridge are calculated. These are critical section in web of cross girder due to cut-
outs, weld connecting deck plate to trapezoidal rib, continuous longitudinal stringer and
deck plate. Finally, required thicknesses and spacings of these structural parts
depending on their fatigue lives and design categories are given.

In the sixth chapter, moment of inertia of longitudinal stiffeners depending on cross-
beam spacing is chosen as recommended in Eurocode 3 Part 2. The results of FE-
analyses performed in this thesis state a numerical proof and validity for
recommendations of Eurocode 3 Part 2 regarding longitudinal stiffener and cross beam
spacing.

In the seventh chapter, it is focused on trapezoidal ribs, since they are dominantly used
in industry. Three different slopes of trapezoidal rib web are assessed using FE- method,
while rib width, height, spacing, span and thickness are kept constant. Results show that
stresses especially in cross- beam and deflections of deck plate change depending on
slope of trapezoidal stiffener webs.

In the eight chapter, effect of Elastic moduli, Poisson ratio and thickness of wearing
surface on the stresses emerged in steel deck and wearing surface itself is
investigated,while wearing surface is modeled by 3D finite elements, instead of
considering as dead load.
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In the ninth chapter, rib width to height and rib spacing to deck plate thickness ratios are
assessed by means of the stresses developed under different ratios of these parameters.
Afterwards necessary FE-analyses are performed to reveal the stresses developed under
different rib width to height and rib spacing to deck plate thickness ratios. Based on the
results obtained in this thesis, recommendations regarding these ratios are provided for
orthotropic steel deck occupying trapezoidal ribs.

In the last section results and discussions obtained so far are restated and a summary of
all chapters is given.

Key words: FEM, orthotropic steel deck, highway bridges, kinematic hardening,
ductility, cross- beam, deck plate, fatigue, logitudinal stiffener,stress analysis, wearing
surface, bonding layer, Eurocode 3.
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OZET

ORTOTROPIK CELIiK TABLIYE TASARIMININ SEM
KULLANILARAK INCELENMESI

Abdullah FETTAHOGLU

Insaat Miithendisligi Anabilim Dali
Doktora Tezi

Tez Danismant: Yrd. Dog. Dr. Serkan BEKIROGLU

Diinyada nicel veya nitel nedenlerden dolayr hasarli bir ¢ok ortotropik celik karayolu
kopriisii mevcuttur. Nicel nedenler arasinda uygunsuz veya yanlis dizayn, iscilik veya
malzeme kullanimi sayilirken, nitel nedenler olarak genelde trafik yiikiinde meydana
gelen artis ve kopriiniin tagiyict sisteminin boyutlandirilmasi sayilir. Cogunlugu 1960' I
yillarda Almanya' da yapilmis olan bu kopriilerde artan trafik/ tagit yogunlugu nedeniyle
ozellikle agir tasit seritinde hasarlar goriilmektedir. Bu calismada c¢elik karayolu
kopriilerinde hasar olusumuna sebeb olan nitel nedenler konservatif statik tekerlek
yiikleri kullanilarak arastirilmaktadir. Arastirma esnasinda koprii tastyict sisteminin bir
boyutu siirekli degistirilirken diger tiim boyutlar sabit tutulmaktadir. Bu aragtirmay1
yapabilmek icin ortotropik ¢elik kopriiyli olusturan tasiyicit elemanlarin her birinin
boyut ve agikliklart ANSYS- SEM (Sonlu Eleman Metodu) programinda degisken
olarak tanimlanmaktadir. Bunun i¢in APDL (ANSYS Parametrik dizayn kodu)
kullanilarak bir algoritma yazilmistir.

Giris boliimiinde ortotropik celik tabliyelerin tarihsel gelisimi 6zetlenerek taninmis
ortotropik ¢elik kopriilerden Ornekler verilmistir. Daha sonra, ortotropik c¢elik
tabliyelerin genel dizaymi tastyici sistem elemanlariyla birlikte tanitilmaktadir. En
sonunda ise ortotropik celik tabliyedeki i¢ kuvvet ve gerilmeleri elde etmek icin
kullanilan analiz metodlar1 verilmektedir.

Ikinci boliimde ¢eligin siinekligi, yani dogrusal olmayan malzeme davranisi (biinye
deklemi) SEM ile incelenmektedir. Celigin slinek savranisi plastik mafsal olusumuna
sebeb olarak gerilme degerlerinin azalmasina ve yap1 elemanlarimin tasima
giiciiniinartmasina neden olmaktadir. Gerilme hesaplarinda ¢eligin siinekligi ya
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hesaplarda basitlestirmeler yapilarak ya da dogrusal olmayan biinye denklemleri
vasitasiyla goz oniine alinmaktadir. Ornegin celik kafeslerin gerilme hesabinda ¢eligin
siinek davranis1 ¢ubuklarin birlesim noktalarinda mafsalli olduklar1 varsayimiyla
islemlerin basitlestirilmesi olmaktadir. Celik tasiyici sistemin bu basitlestirmeye olanak
vermeyecek derecede karmasik bir geometriye sahip olmasi durumunda, celigin
stinekligini hesaplarda goz Oniine alabilmek i¢in dogrusal olmayan biinye denklemleri
dogrudan hesaplarda gbz oniine alinmaktadirlar. Celik tasiyici sistem elemanlarinin
karmagik geometrilerini ve dogrusal olmayan malzeme davranisini gerilme hesaplarinda
bir arada g6z Oniine almak ancak SEM ile miimkiin olmaktadir. Tabliye levhasi, enleme
kirislerin i¢iden gegen boyuna nerviirler, oyuk enleme kirisler, ana tasiyici kirisler ve
yayalarin gegisine olanak saglayan koprii eklentilerinin olusturdugu ortotropik ¢elik
kopriiller hem siinek davranig gosteren c¢elik malzemeden yapilmiglardir hem de
karmasik bir geometriye sahiptirler. Sonug¢ olarak, ortotropik celik kopriilerin gerilme
hesab1 ¢eligin siinek davranigi nedeniyle gerilme azalmasi konusunu incelemek ig¢in
miikemmel bir 6rnek teskil etmektedir. Ortotropik celik karayolu kopriilerinin geleeksel
detay ve boyutlar1 Eurocode 3 Kisim 2 de verilmektedir. Bu ¢alismanin kapsaminda
Eurocode 3 Kisim 2' de onerilen boyutlara ve ¢eligin dogrusal olmayan malzeme
davranigin1 temsil eden bilinye denklemlerine dayanilarak kopriiniin bir SE- modeli
hazirlanmaktadir. Siineklik nedeniyle gerilmelerde olusan azalmanin gosterilmesi igin
hesaplar dogrusal ve dogrusal olmayan malzeme davranislar1 gozetilip tekrarlanmakta
ve bulunan sonuglar birbirleriyle karsilastirilmaktadirlar.

Bolim 3 kapsaminda ortotropik celik tabliye kaplamasi tiniform yayili yiik olarak
idealize edilmektedir. Ortotropik celik kopriiniin boyutlar1 Eurocode 3 Kisim 2' ye gore
secilerek koprii analizi i¢in tasarlanmig bir SE- modeli ile incelenmistir. Bu incelemede
ortotropik c¢elik tabliye levhasi kalinliginin 12, 14 ve 16 mm olmasi durumlarinin
sonuglara etkileri arastirilmaktadir. Tabliye levhasinin genleme degerleri ilizerindeki
etkisini ortaya koymak amaciyla hesap sonuglar1 birbirleriyle karsilastirilarak
sunulmaktadirlar. Bu genleme degerleri ¢elik kopriiniin tasiyici elamanlarinda ortaya
cikan hasar biiytikliigliniin gostergesi niteligindedirler.

Boliim 4' de enleme kirigin govde et kalinlig1 ve agikliginin gerilme sonuglarina etkisi
arastirilmaktadir. Sonug olarak enleme kirisin et kalinli§i ve acgikligina bagli olarak
boyutsal ve konstriiktif kurallar verilmektedir.

Bolim 5' de kopriiniin yorulma mukavemeti agisindan hasar olusumuna hassas dort
bolgesi i¢in yorulma 6mrii hesaplanmaktadir. Bu bolgeler enleme kirisin oyulmus kesiti,
tabliye lavhasini boyuna nerviire baglayan kaynaklar, boyuna nerviirlerin kendileri ve
tabliye levhasinin kendisidir. En sonunda bu dort bolgenin yorulma omiirleri ve dizayn
kategorilerine bagli olarak sahip olmalar1 gereken boyut ve agikliklar verilmektedir.

Boliim 6' da enleme kiris agikligina bagl olarak boylama nerviirlerin atalet momentleri
Eurocode 3 Kisim 2' de onerildigi gibi seg¢ilmektedir. Bu ¢alismada yapilan Sonlu
Eleman Analizleri (SEA) sonuglar1 Eurocode 3 Kisim 2' de verilen oOnerileri
dogrulamaktadirlar.

Bolim 7' de trapez boyuna nerviirlere yogunlasilmaktadir, ¢linkii trapez boyuna
nerviirler endiistride sik¢ca kullanilmaktadirlar. Trapez boyuna nerviirlerin govde
egiminin sonuglara etkisi diger boyutlar sabit tutularak SEM ile incelenmektedir.
Sonuglar gostermektedir ki, ozellikle enleme kirislerde ortaya c¢ikan gerilmeler ve
tabliye levhasinda gerceklesen deplasmanlar trapez nerviirlerin gévde egimlerine bagh
olarak degismektedirler.
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Bolim 8' de tabliye levhast ve iistiindeki kaplama igindeki gerilmelerdeki degisim
kaplamanin elastik modulii, Poison orani ve kalinligina bagh olarak incelenmektedir.

Boliim 9' da boylama nerviiriin genisliginin yiiksekligine ve nerviirler aras1 mesafenin
tabliye levhasi kalinligina oranlari, bu parametrelerin farkli degerleri icin ortaya ¢ikan
gerilmeler araciligiyla incelemektedir. Bu calismada elde edilen sonuglara dayanilarak
trapez nerviirlere sahip ortotropik celik tabliyeler i¢in 6nerilerde bulunulmaktadir.

Son boliimde bulunan tiim sonucglar belirtilerek {izerlerinde tartisiimakta ve tim
boliimlerin 6zeti verilmektedir.

Anahtar Kelimeler:SEM, ortotropik c¢elik tabliye, karayolu kopriileri, kinematik
peklesme, siineklik, enleme kiris, tabliye levhasi, yorulma mukavemeti, boyuna nerviir,
gerilme analizi, tabliye {ist kaplamasi, bag katmani, Eurocode 3.
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

Construction of orthotropic decks with deck plate, cross-beams and trapezoidal ribs
going through the cut-outs in cross beam webs started approximately in 1965 and is still
widely used in industry [1]. Orthotropic deck structure is a common design, which is
used worldwide in fixed, movable, suspension, cable-stayed, girder, etc. bridge types. In
Japan, Akashi Kaikyo suspension bridge, Tatara cable-stayed bridge [2], Trans-Tokyo
Bay Crossing steel box-girder bridge [3], which are among the longest bridges in the
world, have orthotropic deck structure. In France Millau viaduct has a box girder with
an orthotropic deck with trapezoidal stiffeners [4]. In England, Germany and
Netherlands there are a lot of steel highway bridges having orthotropic decks [1]. In
USA San Francisco Oakland Bay Bridge, Self Anchored Suspension Span in California
and in Italy Strait of Messina Bridge are examples of orthotropic steel bridges. In
Turkey, the Golden Horn Bridge, First Bosphorus Bridge and Fatih Sultan Mehmet
Bridge are also examples of orthotropic steel bridges [5]. In Troitsky [6], Huang et al.
[7], Hoorpah [9], Korniyiv [9], and Choi et al. [10], Design Manual of Orthotropic
Bridge- 2[11] examples of bridges, in which orthotropic deck is used, are given in
detail. Moreover, a lot of researchs are completed with respect to this subject since
1950s [12- 21]. The spacings of longitudinal stringer and cross beam are in general 300
mm and 3 m to 5 m respectively. In addition to orthotropic deck structure, wearing
surface lying on deck plate and main girders transmitting load to supports are two
important components of orthotropic bridges. While wearing surface might be of
asphalt or concrete, main girder might be of a girder, a truss, a cable-stayed or a tied
arch system.Orthotropic decks resist against corrosion by means of traditional anti-
corrosive paintings used in industry.

The top of the orthotropic deck is covered by wearing course and individual ribs are
sealed with end plates to prevent moisture from entering the interior of the rib [11].Deck
plate forms the flanges of ribs, cross-beams and main girders, hence leads an integral
behavior of whole orthotropic deck and results in fewer material use. The closed ribs
became dominant on open ribs in industry, because they have much more torsional,
buckling rigidities, distribute wheel loads much better on deck plate, require half
amount of welding than open ribs, provide less steel material needed in bridge
orthotropic deck and so lighter dead load, which makes them also cost effective against
orthotropic decks of open ribs. As a result they have become inevitable part of
orthotropic decks to span long distances. In Figure 1.1 types of closed ribs are given as



trapezoidal, U-shaped and V-shaped forms, in which trapezoidal ribs became paramount
in time.

Weanng Surface

Floorbeam
7 Floorbeam - W
o
Grrder Types of Ribs \ Girder Types of Ribs
(a) Deck with Open Ribs (b) Deck with Closed Ribs

Figure 1.1 Orthotropic deck with open and closed ribs [11, 22].

Experienced cracks in orthotropic bridges revealed that the design of orthotropic decks
should be performed with respect to fatigue analysis because of repetitive wheel loads
varying in type and magnitude. Therefore the fatigue strengths of orthotropic deck
details are provided by engineering standard, Eurocode 3 Part 1-9 [23]. To calculate
stresses developed under wheel loads the solution method chosen shall enclose the
entire bridge geometry, which can be achieved today using FE- method instead of
conventional analytical and numerical methods used in the history in the absence of FE-
method. In addition to the correct analysis and correct design of orthotropic decks, their
fabrication, shipping to construction area and workmanship should be done flawlessly
with care to obtain the desired service life. For that reason all steps until and during the
construction of orthotropic decks require necessary quality control measures so as to
provide the required service life. Because of their higher initial costs, if orthotropic steel
decks are produced under permanent surveillance of quality control measures, they can
supply a 100 year service life, which is demonstrated by laboratory studies [11].

After this introductory first chapter, considering kinematic hardening in stress
calculation of orthotropic steel decks is handled in chapter 2. Afterwards, effect of deck
plate thickness on structural behavior of steel orthotropic deck is investigated in chapter
3. Then, in chapter 4effect of cross- beam on stresses revealed in orthotropic steel deck
is evaluated. Next, arranging thickesses and spacings of orthotropic deck for desired
fatigue life and design category is researced in chapter 5. In chaper 6, a FE- analysis
study conforming recommendations of Eurocode 3 Part 2 regarding rib dimensions and
cross- beam spacing is performed. In chapter 7, an assessment on web slope of
trapezoidal rib in orthotropic decks using FE- method [24- 44] is done. Subsequently,
recommended properties of elastic wearing surfaces on orthotropic steel decks are
investigated in chapter 8. In chapter 9, optimizing rib width to height and rib spacing to
deck plate thickess ratios in orthotropic decks is investigated. Consequently, results and
discussions are provided in the last chapter 10.



1.2 Objective of the Thesis

There are many orthotropic steel highway bridges in the world including damages,
which are induced by either qualitative or quantitative reasons. Qualitative reasons of
damages can be inadequate design, workmanship or material, whereas quantitative
reasons are in general increased traffic loads and dimensions of load bearing structures.
Most of these bridges especially built in Germany in 1960s show damages as a result of
constantly increasing traffic density in heavy traffic lanes. The aim of this thesis is to
investigate the quantitative reasons of damages in steel highway bridges under
conservative static wheel loads using FE- method by changing one chosen unique
dimension, while keeping others costant. So as to make this investigation possible, all
dimensions and spans of orthotropic steel bridge are defined as variables in well known
commercial FE- method programme ANSYS by means of APDL (Ansys Parametric
Design Language).

1.3 Hypothesis

A lot of research and study are done worldwide so far related to steel orthotropic
bridges. However still analysis and design methods of steel orthotropic deck are not
completely clear and effect of all dimensions of steel orthotropic deck on the stresses
developed in itself is not completely and in detail known. Hence, this thesis searches
and provides magnitude of the dimensional effects on the stresses of steel orthotropic
bridge and makes analysis and design method of it as celar as possible. For that reason,
several FE- analyses are performed in this thesis and the design method of a steel
orthotropic bridge to supply 100 years servive life is summarized in the last chapter.

1.4 Conventional Calculation Methods

Bridges possessing orthotropic steel decks are subjected to fluctuating wheel loads of
different magnitudes. Wheel loads are first dispersed by wearing course and introduced
in deck plate. Subsequently, longitudinal stringers transmit wheel loads to cross beams.
Finally wheel loads are transferred from cross beams over main girders to the supports.
Although an orthotropic deck forms an integrated structure to resist against wheel loads,
the assumed load transmitting scheme is generally accepted as given in Figurel.2.
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Figure 1.2 (cont’d)
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Figure 1.2 Decomposing of orthotropic bridge deck into subsystems [11].

1.5 Analysis of Orthotropic Deck using FE- Method

So as to compare stresses developed under different structural thicknesses, spacings and
spans, all dimensions of the bridge shall be defined as variables in ANSYS [45].
Therefore an algorithm to provide this condition is written by means of APDL (Ansys
Parametric Design Language). Afterwards thicknesses, spacings and spans of structural
parts, which are of interest, are entered in ANSYS using this algorithm. Stresses
developed under different parameter values are given in the subsequent sections. The
FE-model of the bridge is generated using SHELL 181, which is illustrated in
Figurel.3. In Chapter 8, in addition to SHELL 181, which is used to model steel load
carrying members of the bridge, SOLID 185, which is given in Figurel.4, is also used to
model wearing course on steel deck.
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Figure 1.3 SHELL 181 finite element, which is used in this thesis to model
steel load carrying members [45].
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Figure 1.4 SOLID 185 finite element, which is used in this thesis to model
linear elastic wearing course on steel deck [45].

The FE-model of Huurman et al. [46] inspired the researcher to create FE-model of the
bridge used in this research [47- 51]. However, in the FE-model, which is generated
using ANSYS [45] and used in this thesis, stiffened main girder and pedestrian road are
also generated, which are not included in the FE-model of Huurman et al. [46] (See
Figurel.5 and 1.6). Because of mesh refinement process the number of nodal unknowns
increase excessively and as a result spans of the bridge used in this research are chosen
as short as possible. Figurel.7 depicts the perspective front view of the whole
orthotropic steel bridge, whereas Figurel.8 presents the conservative static wheel
loading employed in chapter 3 through chapter chapter 9. To decrease further the
number of nodal unknowns solely the quarter of the bridge shown in Figurel.9 is
modeled by applying the necessary boundary conditions and used in chapter 3 through
chapter 9. As necessary conditions, it is meant first the symmetry resraints applied on
the mid lines passing through the bridge’ longitudinal and transversal directions. On the
bridge’ s mid line aligned on global Y- axis all rotations as to Y and Z- axes and
displacements along X- axis are set to zero. Similarly, on the bridge’s mid- line aligned
on global X- axis all rotations as to X and Z- axes and displacements along Y axis are
set to zero. Second, the restraints applied on the physical point of the bridge, which is in
contact with the real support in practice are set to zero. These are displacements in
global Z- axis and and all rotations at the bridge support point, which is depicted in



Figure 1.9. In chapter 2, a different traffic loading is used and is presented relevantly in
this chapter. Width of pedestrian road and deck plate in transverse direction are 1.1 m
and 6.3 m respectively, while width of deck plate changes, when rip width and/ or
spacing changes.

Figure 1.5 a) Connection of cross-beam to main girder. b) Connection of deck
plate to pedestrian road.

Figure 1.6 Huurman's FE- model for orthotropic steel bridge [46].

The bridge analyzed in this thesis spans 6 m in longitudinal direction and has two
stiffened main girders at supports, one normal main girder at field (outside support
areas), 2 exterior ribs at each side, 5 interior ribs in the middle, 1 rib in each main girder
and 1 rib in each pedestrian road. The initial height, width and spacing of the ribs used
in orthotropic deck are 275 mm, 300 mm and 300 mm respectively. However, one of
these parameters is changed in FE-analyses to evaluate its effect on results, while
number of ribs and other dimensions are kept constant.

linear- elastic wearing surface | rib

b pacing

width = o height

deck plate interior ribs (ribs

between main girders)

exterior ribs

rib in

) cross beam i oird
pedestrian support | main girder
road area rib in main

girder

Figure 1.7 Traditional orthotropic steel bridge as to Eurocode 3 Part 2 [52].
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According to Capital 3.2 of Eurocode 3 Part 1.1 [53] material properties of the selected
steel material (S 355H) are given in Table 1.1. The characteristic yield strength given in
Table 1.1 is used only in some cases in the FE- analyses to identify the stressed points
of the structure, which are beyond the yield point. In general, since all stress, strain and
displacement results are compared with each other to identify the effect of one unique
dimension on the stresses, strains and displacements of the structure, the characteristic
yield strength is not used for assessment of results. Some of the FE-analyses are based
on geometric and material non-linear theories, details of which can be found in
Fettahoglu and Bekiroglu [47] and in chapter 2.

Table 1.1 Material properties

Yield strength of steel (f;) 355 N/mm’ Shear module (G) 81 000 N/mm”
Ultimate strength (f;) 510 N/mm”* Poisson ratio (v) 0.3
Elasticity module (E) 210 000 N/mm?®  Density (pyreer) 78.5 kN/m’

k———j‘ ; N
- 00 T \1300 mm N
- - \

3000 mm /

P &
207 mm ..’T—I‘ -
~Y W WY 5T

55 kN

Figure 1.8 Wheel loads used in the FE-analyses

According to Capital 3 of Eurocode 3 Part 1.1 [53] a distributed load of 0.24 kN/ m? per
cm of wearing surface having 75 mm thickness, which lies on deck plate, is assumed in
the analyses done in all chapters except chapter 8. Because wearing surface is directly
incorporated in FE- model and therefore its density is entered in ANSYS as a material
property in chapter 8.
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Figure 1.9 FE-model and boundary conditions of bridge quarter.

In this thesis first the solid model of FE- model is established based on the
recommendations of Huurman et al. [46] and experience of the researcher. Second, the
line element sizes, according to which number of elements and nodes in FE- model
changes, are determined in chapter 2. As apparent from the Table 2.1, line element sizes
determined relying on Mesh 4 results are edequate to be used throughout this thesis. The
line element size determined in global X- axis is 6 mm. In global Y- axis the determined
line element sizes are 25 mm and 6.25 mm outside wheel areas and inside wheel areas
respectively. To explain the relationship between line element sizes and number of
elements assume a plate, whih is formed with 4- node SHELL 181 finite elements and
has sizes 4 m in global X- direction and 9 m in global Y- direction and mesh this plate
as per line elements size of 10 mm in global X- direction and line element size of 20
mm in global Y- direction. The number of elements produces after meshing is
calculated as (4000 / 10) x (9000 / 20) = 180 000. The number of nodes in this instance
is calculated as ((4000 / 10)+1) x ((9000 / 20)+1) = 180 851. As a result if the loading is
not changed, number of elements and nodes used with the same line element sizes are
always same. The number of elements and nodes of the FE- model (See Figure 1.9)
employed in all chapters except chapter 2 and chapter 9 are 284 010 and 293 491
respectively. In chapter 2 a mesh optimization is performed under different loading to
specify the line sizes of solid model of FE- model. All meshes used in following
subsequent chapters are based on this aforementioned line sizes. In chapter 9, the
number of elements and nodes are 1 469 148 and 1 535 833 respectively, since the
modeling of wearing surface with SOLID 185 brick elements causes huge increase of
finite element and node numbers.

1.6 Determination of Most Unsuitable Wheel Load and Area for FE- analyses

The simulations done in all chapters except chapter 2 are performed using the most
unsuitable wheel load and area for dimensioning of orthotropic decks. In this
subchapter, the determination stages of this loading is explained. Table 1.2 indicates the
footprints for the tyre named as 315/ 80 R22.5, which is used in front axle or used in
rear axles instead of tandem wheels in heavy truck vehicles. The footprints of this wheel
load is obtained considering different wheel load and tyre pressure [54].



Table 1.2 Comparison of footprints for tyre 315/80 R22.5 considering different tyre
pressures.

e

The different gray levels indicate the amount of contact pressure, left uniform
distributed pressure, right concentration of pressure in the middle.

Tyre pressure

5.0 bar 8.3 bar
Footprints area
37 627 mm’ 26 107 mm”
Wheel load

25286 N 27 883 N
Averaged contact pressure

0.67 N/mm” 1.07 N/mm”
Maximum contact pressure

2.78 N/mm’ 3.05 N/mm’




Table 1.3 provides a comparison of wheel load areas with wheel load areas as per
Eurocode 1 Part 3 [55], Table 4.8 for fatigue load model 2 and 4[56]. The comparison
of wheel areas, which are of interest, is provided in Table 1.3.

Table 1.3 Comparison of tyre contact areas.

Tyre 315/80 R22.5
Eurocode 1, Part 3 Tyre inflation 5.0 bar Tyre inflation 8.3 bar
Table 4.8 Wheel load 2.53 t Wheel load 2.78 t
Tyre art A
mm———— 474

190 mm

A

_74

w}'

Usage of tyre types in heavy truck vehicles is provided by Table 1.4 with respect to
Eurocode 1 Part 3 [55].

Table 1.4 Usage of Tyre types in heavy truck vehicles.

Usage amount (%)

Tyre type
425/65 R22.5 1%
385/65 R22.5 34%
365/80 R20 12%
315/80 R22.5 8%
295/80 R22.5 8%
275/70 R22.5 2%

Usage of so called wide base tyres 425 or 385 is limited to be placed only in the
nonmotorized rear axles so far. The permissible axle weight for rear axle is determined
as 9 ton. The future vehicles are however is produced using single tyre called as 495/ 45
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R22.5 (super single) for the motorized axle. The tyre 495/ 45 R.22.5 possesses a smaller
wheel contact area than the tandem tyres called as 2x315/80 R22.5. Hence the wheel
contact breadth reduces from 540 mm in 400 mm[57]. The tyre contact pressure
depends generally on wheel load, tyre inflation, evironmental temperature and vehicle
speed. [58] supplies wheel contact pressure depending on temperature and vehicle
speed.In the scope of this thesis, effects of temperature and vehicle speed on tyre
contact pressure and tyre contact area are ignored. Figure 1.10 proves that the static
wheel loads are more conservative than dynamic transient wheel loads. Therefore,
stresses and strains calculated in this thesis stay on the safe side, which is demonstrated
in Figure 1.10, that vehiches rolling with slower speed lead to higher strains and
stresses.

1 2 3 4
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Transversal strain [lim/m]

=i T=30 C and V= 80 kv

== T=20C and V= 80kmfh

== T=20C and V= 2 kmh

Stoal /

Figure 1.10 a) Wheel footprints. b) Stress state and damage at 20°C and
different vehicle speeds (Dual- wheel load in the mid point of crossbeam).

L '*.'H"".- |

Figure 1.11 Replacing of dual tyres with a super single tyre.
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As mentioned before the aim of this subchapter is to determine the most unsuitable
wheel loading according to Eurocode [55]. As a result Fatigue Load Model 2, which is a
combination of idealized group of frequently employed heavy truck vehicles. These so
called frequently used heavy truck vehicles are defined by,

e Axle number and distance between axles (Table 1.6, column 1 and 2),
e Frequently applied axle load(Table 1.6, column 3),

e Wheel load area and transversal distance between wheel loads (Column 4 of

Table 1.6 and Table 1.5).

The maximum and minimum stresses shall be determined from the worst conditions of
different heavy truck vehicles. Different heavy truck vehicles shall be considered
seperately, that is every heavy truck vehicle rolls alone on its traffic lane. If one of
heavy truck vehicle among all of them forms the worst (most suitable for FE- analyses)
conditions, other vehicles are allowed not to be taken into account.

Table 1.5 Wheel contact areas.

Type of wheel area and

axle Geometry
= 4 ut
: I% 200m I Y
A S R A
S —. § N
220 mm 220 mm
540 mm
=
B = 4
& 220 mm 220 mm 220 mm’ 230 mm
" 2.00 m "
= v ¢
E¥ g 200m o
S| B4 £ | B
C o AT~ E [
270 mm “ 270 mm
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Table 1.6 Group of frequently used heavy truck vehicles.

1 2 3 4
View of heavy truck  Axle distance (m) Frequently used Tyre type
vehicle axle load (kN)
@Q 4.50 90 A
190 B

@Q 4.20 80 A
1.30 140 B

140 B

3.20 90 A

5.20 180 B

@Q 1.30 120 C
1.30 120 C

120 C

3.40 90 A

6.00 190 B

140 B

4.80 90 A

3.60 180 B

EL_ULE'TJ 4.40 120 C
1.30 110 C

110 C

By means of symmetries in x and y axes solely the quarter of bridge geometry is
modeled using finite elements. Conveniently, wheel loads and the arrangement of wheel
areas must be chosen symmetrical according to X- and Y- axis. Nevertheless,
arrangement of wheel loads given in Table 1.6 does not fulfil this symmetry condition.
As a solution to this symmetry issue, only the wheels of nonmotorized rear axles are
considered to build the wheel load arrangement of quarter FE- model, which means that
the wheel loading used to reflect the effect of heavy truck vehicle is composed of
expansion of wheel loads on quarter FE- model. The first three rows of Table 1.6
provide the arrangement of aferomentioned wheel loads on quarter FE- model. In this
thesis only the arrangement (distances between wheel areas and axles) given in tables
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here is used in the FE- analyses of this thesis. Complying with this arragement the
wheel contact areas and pressures are obtained by comparing the contact pressure

values given in Table 1.7 with tyre types supplied by Eurocode [55, 56].

Table 1.7 Comparison of wheel areas with areas given in Eurocode.

ENV 1991 T3
Tyre type B

540 mm

3
[of

FLM 2 190 kN = 0.675 N/mm?

320 mm

ENV 1991 T3
Tyre type B

540 mm

=
a0

e

220 220

mm  mm

320 mm

FLM 2 190 kN = 0.675 N/mm”

ENV 1991 T3
Tyre type B

540 mm

i
i

220 220

320 mm

mm mm

FLM 2 190 kN = 0.675 N/mm?

495/45 R 22.5

424 mm
(Super Single
D:| tyre- NEW)

=
E
~
o
o~

Motorized axle 110 kN 0.627
N/mm?

2*315/80R 22.5

570 mm

s ' (Dual  tyres-
] OLD)

230 mm

250 250
mm mm

Motorized axle 110 kN 0.478
N/mm?>

2*295/60 R 22.5

575 mm

I

£ 1M
255 255
Motorized axle 110 kN 0.539
N/mm?
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Table 1.7 (cont’d)

ENV 1991 T3 385/65 R 22.5
Tyre type C
10 10
E
™ o~
270 mm 282 mm
FLM 2 120 kN = 0.694 N/mm? Motorized axle 90 kN 0.709

N/mm?

As mentioned before, edges of wheel areas of FE- model in transverse direction must
be dividable by 75 mm, because of the element mesh sizes contemplated at the initial
phase of FE- modeling. Therefore the wheel areas given in Table 1.7 shall be replaced
by adaptating wheel areas and using tyre type 3 as given in Table 1.8.

Table 1.8 Wheel loads and areas employed in FE- analyses.

Selected wheel load area for FE-

385/65 R 22.5 model as tyre type C

10
" e

225 mm
282 mm 4_*
300 mm
Motorized axle 90 kN 0.709 5
N/mm? Motorized axle 90 kN =~ 0.667 N/mm

Based o the wheel loading given in Table 1.7 it is decided that Super Single tyresare the
most suitable tyres for FE- analyses. The super single tyres are started to be employed
in traffic recently, but its usage is increasing. Nevertheless, it is seen from Table 1.4 that
the percentage of using by dual tyres in traffic is 8%. As a result, these two types of
tyres are selected for the most suitable wheel load area of tyre type B.Possible wheel
loads for FE- model as tyre type B are gathered in Table 1.9 below.
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Table 1.9 Possible wheel loads for FE- model as tyre type B.

2*315/80 R 225 Dual tyres- 1
570 mm
e (ual  tyres- 230 mm
260 250 300 mm 75 300 mm

Motorized axle 110 kN = 0.478 N/mm? Motorized axle 110 kN = 0.399 N/mm?

2*315/80 R 22.5 Dual tyres- ’
570 mm
230 mm
O
9 (Dual  tyres- A
250, 250 OLD)) 225mm  75mm 225 mm

Motorized axle 110 kN ~ 0.478 N/mm> Motorized axle 110 kN = 0.531 N/mm?>

495/45 R 22.5 Super Single tyres- 1

424 mm
1 I

S Sinel 207 mm —
D: (Super Single

tyres- NEW)
375 mm

1

=
E
~
o
o~

Motorized axle 110 kN = 0.627 N/mm? Motorized axle 110 kN = 0.709 N/mm?

495/45 R 22.5 Super Single tyres- 2

424 mm
Jt':| (Super Single 207 mm — :
tyres- NEW) S R—
450 mm

1

207 mm

Motorized axle 110 kN =~ 0.627 N/mm®>  Motorized axle 110 kN = 0.590 N/mm?>
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In the FE- analyses done to determine the most unsuitable wheel load, weight induced
by wearing surface on steel deck is ignored, since it is uniformly distributed over deck
plate and very small in comparison to weight of steel structural parts.

AE00C00NNNONRONANE

Figure 1.12 Distribution of v.- Mises- Stresses under dual tyre- 1.
Maximum Stress is 98.467 MPa, while max. resultant displacement is
1.212 mm.

(SR MmN [ (AIRIANA [ ] ]

Figure 1.13 Distribution of v.- Mises- Stresses under dual tyre- 2. Maximum
Stresses is 130.969MPa, while max. resultant displacement is 1.454 mm.
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Figure 1.14 Distribution of v.- Mises- stresses under Super Single tyre- 1.
Maximum Stress is 150.669 MPa, while max. resultant displacement is 1.450
mm.
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Figure 1.15 Distribution of v.- Mises- stresses under Super Single tyre- 2.
Maximum Stress is 125.645 MPa, while max. resultant displacement is 1.216

It is apparent from evaluating of Figures 1.12- 1.15 that the most suitable wheel loading
is Super Single tyre- 1 complying with tyre type B. Consequently, Super Single tyre is
used with wheel (or tyre) areas of tyre type B in the FE- analyses. After determination
of wheel areas, FE- analyses are performed as per Table 1.10.

Tablel.10 FE- Model- loadings to obtain the most suitable loading for dimensioning of
orthotropic steel deck.

View of heavy truck vehicle FE- model- loading using nonmotorized axles

Q . 375 mm

A B 207 mm

Simulation name = Super Single tyre- 1

] 1300 mm ]
/-/\ 375 mm
A \BB ﬁ T_T

207 mm 207 mm

Simulation name = BB




Table 1.10 (cont’d)

|

15 kN
15 kN| +
15 kN[

1300
mm

Simulation name = CCC. Here due to numerical
obstacles (and due to small cross- beam spacing, 3m)
axle spacing is reduced from 1.3 m in 1.2 m.

A B \CCC 225 mm 25mm  225mm

After simulations (FE- analyses) named as BB and CCC are performed, the loading of
simulation BB is selected as the most suitable wheel loading to be used in the rest of
this thesis, since the maximum deformation and v.- Mises- stress developed in
simulation BB are higher than the values obtained from simulation CCC. Maximum
deformation and stress obtained from BB are 1.729 and 255.279 MPa respectively,
while the maximums obtained from CCC are 1.564 mm and 248.340 MPa respectively.
To illustrate stress and deformation distribution obtained from the mentioned
simulations Figure 1.16 and 1.17 are given below. Finally, the second row of Table 1.10
(BB) indicates the most suitable wheel loading, which is used in the rest of FE- analyses

for investigation of dimensions of steel deck regarding stresses and strains developed in
deck.

a)

b)

BEC0RE0NN

[ (NNIBIIET TN HI

Figure 1.16 a) FE- model of simulation BB. b) Distribution of resultant
displacement. ¢) Distribution of v.- Mises- stress.
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Figure 1.17 a) FE- model of simulation CCC. b) Distribution of resultant
displacement. c¢) Distribution of v.- Mises- stress.
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CHAPTER 2

EFFECT OF CONSIDERING KINEMATIC HARDENING IN
STRESS CALCULATIONS

Effect of kinematic hardening in stress calculations is evaluated using the structural
geometry of steel highway orthotropic bridge. Steel highway bridges are really adequate
examples for kinematic hardening, since most of these bridges are today overloaded
according to their initial design loads. Most of these bridges were designed especially in
Germany in years 1960s. From that time to so far the number and weight of vehicles
passing over these bridges increased heavily, so that the load bearing parts of the
bridges are subject to more loads and more frequently than they are designed for. To
indicate the effect of kinematic hardening, which is a property of structures made of
steel, the bridge FE- model is loaded beyond its material yield point.

2.1 Geometric Nonlinearity

Since the finite element SHELL 181 embedded in ANSYS enables considering both
geometric and material nonlinearities, it is used to model steel parts of bridge in this
thesis. In this research the geometric nonlinearity is taken into account by means of
Newton Raphson Method [45]. A brief explanation of method is explained hereafter,
The general equation of nodal unknowns is given as,

[K]-{u}={F} @.1)

whereas,

[K] = Stiffness matrix,

{u} = Displacements (nodal unknowns) vector,
{F’} = Load vector.

If [K] is a function of {u}, (2.1) becomes a nonlinear equation. The Newton- Raphson-
Method makest the iterative solution of nonlinear equation system possible and given
as, [59]

K o b= {F = {F ) 2.2)
e f = f+ {0, | (2.3)

whereas,

[Kl-T] = Tangential stiffness matrix,
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i = Number of current iteration,
[F{""] = Vector of internal element forces derived from stresses.

[K/'] and [F;"] are functions of {u;}. The right side of (2.2) is residual- load vector. This
vector is the measure of loads, which remains out of equilibrium.

2.2 Material Nonlinearity

The material nonlinearity of steel is incorporated into FE- model simulations using
"Bilinear- Kinematic- Hardening" law, which conforms to Eurocode 3 Part 1-5, Figure
C2.c: Modelling of Material Behavior, as illustrated in Figure 2.1. This theory
comprises yield function, hardening and flow rules. Here just a summary of method is
given. For details please see Mendelson, Cook et al., Simo and Taylor [60- 62]. The
yield criterion proposes a stress state, after which material starts to yield. This criterion
is a yield function of stress tensor and equals to equivalent (v.- Mises) stress with
Kinematic Hardening,

o tan'(E, ) = tan”'(E / 100)

Y

Figure 2.1 Stress strain relationship of steel.

o= 2} o))

whereas,

(2.4)

{s}= deviatoric stress vector

{a}= backstress or displacement vector of yield surface.
={o}-o,l 1 1 0 0 O =[fs,} {1 (2.5)
fal=cfal)=lle,} fe ) e

The unknowns in (2.5) and (2.6) mean,
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{o}= Stress vector =[o, o, o, 1, T, . [ (2.7)

o, =Hydrostatic stress =§(ax +to,+0 Z) 28)
c_2EE
3E-E, (2.9)

As per v.- Mises- yield criterion yielding does not depend on hydrostatic stress. When
the equivalent stress becomes equal to the uniaxial yield stress (oyia) , the material
starts to yield. As a result the yield surface is as in Figure 2.2 and yield criterion is as
given,

_ES_aT s—al/2—0~=
P=| Sl )b} a)] -0 =0 210

Initial wield surface

— = Subsequent

Figure 2.2 Yield surface according to "Kinematic Hardening".

The direction and amplitude of plastic strain are using flow rule given as,

ldem}= z{a—Q}
do 2.11)

Whereas,
A = Plastic constants, which sets the value of plastic strain.
Q = Plastic potential function, which sets the direction of plastic strain.

Here,Q is equal to yield function given in (2.10) and plastic strain develops
perpendicular to yield surface. Therefore this flow rule is called as "Associative Flow
Rule".

Now to be able to calculate plastic strain,A hast to be calculated. The transform of (2.10)
results in,

F({o}{a})=0 (2.12)
The first derivation of yield function results in,

oF - {2”} [M]{da}+{g—F}T[M]{da}:O

o @ (2.13)
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If (2.6) is differentiated for once, it results in,

[

{do}=Clae" | (2.15)

The increment of stresses can be calculated using the relationship between elastic
stresses and strains.

{do}=[D}ae" | (2.16)
e }={de} - de" | 2.17)
whereas,

[D] = Stresss- Strain Matrix
£°! = Elastic Strains

£"" = Plastic Strains

When (2.15) and (2.16) are together with (2.17) replaced in (2.13), the following
equation is obtained,

{j—’;}T[Ml[D]{dg}:{_ c{g_’;}T[M]+{§—§}T[M][D]]{de”} .

In (2.18) {dé‘” l} is replaced with (2.11) under consideration of equation, Q = F.

_ (21 W oae)

] )

As a result, increment in plastic strains depends on the total strain increment, the current
stress state and the form of yield function. Subsequently, 4 can be calculated and the
plastic strain increment results using (2.11) in,

R = I

The algorithm is as follows:

(2.20)

The stresses are calculated based on a test strain {&” }, which is the total strain minus
the plastic strain from the previous time point.
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erf=te, -t} (2.21)
n stands for the current time point. Then the test stress yields in,
lorj=[pller} (2.22)

Using (2.4) the equivalent stress is calculated. If o.is smaller than oy, then material
behaves elastic and no calculation of plastic strain increment is required.

As long as the equivalent stress excesses yield point, 4 is calculated using Local-
Newton- Raphson- Iteration- Process [62].

{Ag Pl } is calculated using (2.11).

The current plastic strain is calculated.

)=t f+ o} (2.23)
Subsequently the elastic strain is calculated.
=" - lae” ) (2.24)

Consequently the stress vector is again calculated using elastic strains and then the
iterations are repeated until the convergency is satisfied.

lo}=[D]le" (2.25)

The difference in position of yield surface is calculated using (2.15), whereas n-1
depends on the value of previous time point.

o, 1={a,, }+{ra] (2.26)

2.3 Bridge Loads as per Eurocode 1 Part 2
The traffic load group 1 is applied on the bridge according to Eurocode 1 Part 2 [63].

The traffic road, on which vehicles pass, are divided into numerical traffic lanes.
Road width = w = 6.3 m,

Width of numerical traffic lanes = w; = 3.0 m

Number of numerical traffic lanes = n; = Int(w /3) = 2,

Width of remaining surface within of road =wg=w —w;-n; =6.3-2-3=0.3 m

Finally, traffic road is consist of two numerical traffic lanes of 3 m,each of which will
be under load values given in the next pharagraph.

According to Eurocode 1 Part 2 [63] traffic load group 1 comprises characteristic load
values of dominant load model 1 and reduced values of pedestrian loads. Because,
loading is chosen to be applied as to symmetry planes, considerig pedestrian loads is
inconvenient. As a result no pedestrian load is taken into account in the FE- model of
the bridge. The load values are as follows,

Wheel load on main traffic lane = 180 kN
Equally distributed load on main traffic lane = 13.5 kN/ m?
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Equally distributed load on remaining road surface = 3.75 kN/ m?2
Weight of wearing surface = 0.324 kN/m? per cm thickness
Psteet = 10.5975 t /m3

2.4 Optimization of Mesh and Substeps

The optimization of mesh refinement and substeps are done under traffic load group 1
according to Eurocode 1 Part 2 [63] for limit state of load carrying capacity. In addition
asphalt course thickness is assumed as 7.5 cm so as to consider its dead load. Therefore
the wheel load area is expanded from 0.4x0.4m” to 0.562x0.562m?. (Here 0.562 m = 0.4
m (width of wheel area) + 2*0.075m (thickness of asphalt) + 2*0.006m (half of deck
plate thickness)). However because of the limitation caused by finite elements’ side
sizes in model, the width of wheel area has to be any times of 75 mm, which is
determined as per mesh refinement study given in Table 2.1. Subsequently, the width of
wheel load area is set as 0.525 m. The traffic loading is as illustrated in Figure 2.3.

It is searched the optimal mesh refinement for FE- model of bridge under consideration.
Two criteria are important for this issue. First, the correctness of results, second number
of elements/ nodal unknowns and iterations (time required for FE- analyses). At the
beginning of optimization process mesh refinement is chosen with experience of
researcher. Since the number of substeps and mesh refinement are separately analyzed,
geometric and material non- linearities are ignored in mesh refinement analyses. Under
these assumptions five simulations are performed and their results are tabulated in Table
2.1. As per assessment of results, Mesh 4 is chosen as adequate mesh for FE- model of
bridge.

Exceptmin. oy, , min. &, developed in the rib of main girder, and min.o;; , min. &,
developed in the bottom flange of main girder web, all deviations between Mesh 4 and
Mesh 5 are smaller than 6 %. Since not main girder, but deck plate, cross- beam and
longitudinal stiffener are investigated in this thesis and main girder is solely modeled to
include its boundary effect on orthotropic steel deck, the aferomentined max. stress and
strain values are not taken into account for mesh refinement purposes. Moreover all
stress vales are much smaller than yield stress. As a result Mesh 4 provides stresses and
strains within enough tolerance for this research.
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Remaining surface loading +
asphalt weight = 0.00375+0.324E-

3*7.5

Main lane load + Asphalt weight
=0.0135+0.324E-3*7.5

Figure 2.3 Traffic loading used in this chapter.
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Wheel load+Main lane load +
Asphalt weight =
180000/(525%525)+0.0135+0.3
24E-3*7.5

Table 2.1. Number of elements, stresses and strains as per mesh refinement*

Mesh1  Mesh2 ~ Mesh3  Mesh4 Dez;g;ion Mesh 5

Number of elements 29194 123288 197300 300282 49.27 448217
UMAX 3.276 3313 3.318 3.324 0.06 3.326

o 340811  447.555 474723 493.657 3.49 510.907

comp.  -149.676  -191.998 202247  -217.881 3.32 225115

> ten. 211383 283732 300268  311.536 2.56 319.505

comp.  -175329 200493 204560  -221.599 1.22 -224.298

” ten. 104559 154831  159.656  188.834 138 191.435

comp. 372416 474806  -501.148  -517.904 2.09 -528.745

* ten. 225191  296.616 314405 347377 3.19 358.470
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Table 2.1 (cont’d)

comp.  -29.838 38785 44041  -55.47 7.54 -59.655
> fen. 34205 39335 40003  41.638 3.77 43.206
comp. 44871  -49.162  -5044  -66.276 9.00 72,243
% ten.  69.991 82527 84422  91.290 0.60 91.838
comp.  -116337  -158462  -173.985  -184.413 4.80 -193.263
7 en.  90.568 107776 116876  123.881 5.88 131.165
a 0001623  0.002131  0.002261  0.002351 3.49 0.002433
comp.  -0.000665 -0.000850 -0.000897  -0.000961 3.33 10.000993
K fen. 0000798  0.001131 0001222  0.001289 3.57 0.001335
comp.  -0.000812 -0.000860 -0.000863  -0.000902 0.33 -0.000905
° ten.  0.000671  0.000808  0.000856  0.000881 1.36 0.000893
comp. -0.001641 -0.002137 -0.002271  -0.002359 2.50 L0.002418
" fen. 0001091 0.001409 0001482  0.001613 285 0.001659
comp.  -0.000369 -0.000480 -0.000545  -0.000687 7.57 20.000739
o fen.  0.000423  0.000487  0.000495  0.000516 3.68 0.000535
comp.  -0.000556 -0.000609 -0.000625  -0.000821 8.89 20.000894
o ten.  0.000867 0001022 0001045  0.001130 0.62 0.001137
comp.  -0.00144 -0.001962 -0.002154 -0.002283 4.82 10.002393
o ten. 0001121 0001334 0001447  0.001534 5.87 0.001624

* The symbols used in table are element normal and shear stress/ strains. ANSYS uses following
abbreviations instead of symbols used in Table 2.1. Here, UMAX is max. displacement vector sum.
SEQV =o0,,8X=0,,SY=0,,5SZ=o0,,SXY = o,,, SYZ = 0,,, SXZ = 0, EPTOEQV = ¢, ,

EPTOX = ¢, EPTOY = ¢, , EPTOZ = ¢, , EPTOXY = ¢, , EPTOYZ = ¢, EPTOEXZ = ¢,

Using Mesh 4 refinement, three simulations are performed, when substep number is 5, 8
and 10 respectively. Assessment of these results emerges that even 5 substepsare
enough to obtain results in convergence tolerance. Anyway in this research substep
number of 8 is used to display the results.
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Table 2.2. Stresses and strains as per number of substeps

Simulation 1~ Deviation(%)  Simulation 2 Dezti;j;io“ Simulation 3
Number of Substeps 5 60 8 25.00 10
Number of Iterations 16 19 19 26.32 24
UMAX 3.344 0.00 3.344 0.00 3.344
o, 404.026 0.00 404.010 0.00 404.005
comp. -219.675 0.00 -219.676 0.00 -219.676
> ten. 311.243 0.00 311.230 0.00 311.226
comp. -220.591 0.00 -220.591 0.00 -220.592
” ten. 189.223 0.00 189.225 0.00 189.226
comp. -401.416 0.01 -401.441 0.00 -401.451
* ten. 343.998 0.00 343.994 0.00 343.994
comp. -55.020 0.00 -55.020 0.00 -55.020
> ten. 41.899 0.00 41.899 0.00 41.899
comp. -66.229 0.00 -66.228 0.00 -66.228
> ten. 90.386 0.00 90.386 0.00 90.386
comp. -184.727 0.00 -184.720 0.00 -184.717
7 ten. 122.590 0.00 122.589 0.00 122.588
& 0.002572 0.12 0.002569 0.16 0.002565
comp. -0.000969 0.00 -0.000969 0.00 -0.000969
" ten. 0.001289 0.00 0.001289 0.00 0.001289
comp. -0.000899 0.00 -0.000899 0.00 -0.000899
° ten. 0.001241 0.89 0.001230 0.00 0.001230
comp. -0.002554 0.20 -0.002549 0.00 -0.002549
" ten. 0.001597 0.00 0.001597 0.00 0.001597
comp. -0.000681 0.00 -0.000681 0.00 -0.000681
o ten. 0.000519 0.00 0.000519 0.00 0.000519



comp.
&2
ten.
comp.
Exz
ten.

-0.000820
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Table 2.2 (cont’d)

0.00

0.00

0.00

0.00

-0.000820

0.001119

-0.002287

0.001518

0.00

0.00

0.00

0.00

-0.000820

0.001119

-0.002287

0.001518

2.5 Results& Discussion

Results obtained neglecting nonlinearities shows that the nonlinearity has to be
considered in the simulation, since some stress values excess the yield point (355 MPa).
Figure 2.4 displays the effect of considering kinematic hardening in stress calculations.
According to solution neglecting kinematic hardening the structure fails at some points.
However considering kinematic hardening in stress calculations proves that the
structure does not fail and continues to carry load thanks ductile material property of
steel, while plastic strains develop. This result coincides with the experiences of
structural steel, that keeps on carrying loads beyond its yield point. While local vertical
displacement under wheel load and v.- Mises strain increase 0.60 % and 9.27 %
respectively, v.- Mises stress decreases 18.16 %. The plastic strain develops just in the
cross- beam to longitudinal rib connection as shown in Figure 2.5.

UMAX (mm)
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Figure 2.4 Effect of considering kinematic hardening in stress calculations.
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Crack growth is 12
mm in 2 moths.

Figure 2.5 a) Distribution of o (here vertical bending stress) on cross- beam with
neglecting nonlinearity. b) Distribution of o on cross- beam with considering
nonlinearity. ¢) Yield line (or crack growth) on the material emerged in a real

orthotropic steel bridge, that exists in industry [17].
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CHAPTER 3

EFFECT OF DECK PLATE THICKNESS ON THE STRUCTURAL
BEHAVIOR OF STEEL ORTHOTROPIC HIGHWAY BRIDGES

Deck plate thicknesses of 12, 14 and 16 mm are chosen and three FE- analyses are done
in this chapter. Results of calculations will be presented and compared with each other
in order to demonstrate the effect of deck plate on strain amplitudes, which are

indicators of damages developed in structural parts of steel bridge.

3.1 Parameter Study of Deck Plate Thickness

This section presents the results of the parameter study of deck plate thickness, which
emerges the effect of this thickness on the stress and displacements developed in steel
structural parts. All dimensions of the bridge defined in FE- model are kept constant,
while deck plate thickness increases. Deck plate thicknesses of simulations, which are
DBDI12, DBD14 and DBDI16, are 12, 14 and 16 mm respectively. The results of
simulations are given with figures, in which max. v.- Mises stress and displacement
values on load bearing steel parts are presented. In the following figures deformed
shape is given at left side, whereas v.- Mises stress values are given at right side. In the
left figure vertical deformations are given based on nodal (averaged) values. Here MX
means max. vertical displacement, whereas MN means min. vertical displacement. The
symbol UZ is the vertical displacement value of point where max. v.- Mises stress
occurs. For instance in Figure 3.1, UZ = -1.413 mm is the vertical displacement of the
point, at which max. v.- Mises stress occurs. In this figure start point of arrow shows the
place of max. v.- Mises stress, whereas end point of arrow shows the value and
distribution of v. —Mises stress on deck plate. At the right side of Figure 3.1 max. v.-
Mises stress value (126.652 MPa) is given based on element results (non averaged
value). Briefly, the place and elevation of max. v.- Mises stress are given at the left side
and value of this v.- Mises stress is given at the right side of Figure 3.1. The global load
bearing structure withstands under applied wheel loads well. Distinctive are the local (or
discretized) behavior of deck plate, ribs and cross- beam web. Wheel loads are
transferred respectively by deck plate, ribs, cross- beams and main girder to supports,
while these mentioned load bearing structures deform and subject to stress (See Figure
3.4). The main girder prevents the deformations passes to the other as acting like a
support. That means the exterior ribs deforms less than the interior ribs located direct
under wheel loads. As a result of this support like behavior of main girder the load is
not carried by the whole structural frame (See Figure 3.4). In comparison transverse
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stresses are much higher than longitudinal stresses in deck plate analysis. As a result the
transverse stresses play the distinctive role in the analysis of deck plate thickness
regarding stress values developed under wheel loads. The max. values of v.- Mises
stresses are the indicators of potential damages, so that these values are used in the
assessment of results. The wheel loads are located direct on one web of interior rib,
which exists next to main girder. On the other web of interior rib there is no load. That
leads bending and twisting of this rib, which is welded to cross- beam at lateral sides, to
deck plate at top and goes through cut- out of cross- beam at the bottom. The max. v.-
Mises stress rises at this cut- out of cross- beam. Results of FE- analyses are depicted in
Figure 3.1 to Figure 3.10.
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Figure 3.1 a) Distribution of vertical displacement on deck plate and main girder,
when deck plate thickness is 12 mm. b) Distribution of v.- Mises- stress on deck
plate, when deck plate thickness is 12 mm.
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Figure 3.2 a) Distribution of vertical displacement on ribs, when deck plate
thickness is 12 mm. b) Distribution of v.- Mises- stress on ribs, when deck
plate thickness is 12 mm.
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Figure 3.3 a) Distribution of vertical displacement on cross- beam, when deck
plate thickness is 12 mm. b) Distribution of v.- Mises- stress on cross- beam,
when deck plate thickness is 12 mm.

Figure 3.4 The picture of load transferring from wheels, over deck
plate, ribs, cross- beams and main girder to supports.
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Figure 3.5 a) Distribution of vertical displacement on deck plate and main
girder, when deck plate thickness is 14 mm. b) Distribution of v.- Mises-
stress on deck plate, when deck plate thickness is 14 mm.
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Figure 3.6 a) Distribution of vertical displacement on ribs, when deck plate
thickness is 14 mm. b) Distribution of v.- Mises- stress on ribs, when deck
plate thickness is 14 mm.
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Figure 3.7 a) Distribution of vertical displacement on cross- beam, when
deck plate thickness is 14 mm. b) Distribution of v.- Mises- stress on cross-
beam, when deck plate thickness is 14 mm.
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Figure 3.8 a) Distribution of vertical displacement on deck plate and main
girder, when deck plate thickness is 16 mm. b) Distribution of v.- Mises-
stress on deck plate, when deck plate thickness is 16 mm.
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Figure 3.9 a) Distribution of vertical displacement on ribs, when deck plate
thickness is 16 mm. b) Distribution of v.- Mises- stress on ribs, when deck
plate thickness is 16 mm.
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Figure 3.10 a) Distribution of vertical displacement on cross- beam,
when deck plate thickness is 16 mm. b) Distribution of v.- Mises- stress
on cross- beam, when deck plate thickness is 16 mm.

3.2 Results &Discussion

Former studies revealed that the complex geometry of orthotropic bridges has better to
be taken into account for the correct stress analysis of deck plate, longitudinal stiffeners,
cross- beams, main girder... etc, briefly all structural parts of orthotropic bridge [1 and
46]. It is understood that the classical solution methods derived so far can not reflect the
real stresses, which assume simplifications in the geometry of orthotropic bridge
structure, since the damages appeared in deck plate, ribs, cross- beam, etc... should not
have been developed in years after bridge is constructed as per these classical
calculation methods. The aim of this thesis is not developing a simple calculation
method for orthotropic steel bridges. However this thesis aims to find out dimensional
constructional conservative facts and rules like minimum thickness of deck plate. By
means of this thesis a FE- model is generated to comprise the complex geometry of
orthotropic bridge. Differing from Huurman’s et. al. [46] FE- model pedestrian road,
main girder, exterior ribs and connections of these structural parts, which are complex
in geometry, are also modeled in the FE- model used in this thesis. It is seen from the
results of this thesis that, instead of FE- modeling of main girder, it can be included as a
support in the FE- model for the stress analysis of deck plate, longitudinal stiffeners and
cross- beams. From the results it is seen that main girder act as a support in vertical
direction, whereas rib- webs behave as vertical springs in transverse direction (See
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Figures 3.2, 3.6 and 3.9). Because the ribs between main girder are stressed, but the
exteriors ribs are almost not affected from wheel loads,the main girder prevents the
deformations and loads passes to the other side as acting like a support in transverse
direction. According to Eurocode 3 Part 2 [52] the recommended deck plate thickness (¢
) is 12 mm, neverthelesst must be higher than 14 mmfor asphalt wearing course
thickness higher than 40 mm. The recommendations of the standard bases on practical
results and requires a numerical foundation. This thesis provides a numerical foundation
to Eurocode 3 Part 2 [52] (recommendations for orthotropic steel bridges). It is seen
from Figure 3.11 that, increasing deck plate thickness from 12 mm to 14 mm results in
31.5 % decrease in v.- Mises stress, whereas increasing deck plate thickness from 14
mm to 16 mm results in 10.6 % additional decrease in v.- Mises stress. So, the
conventional 12 mm deck plate thickness can be 2 mm increased, where it is necessary,
but it should be kept in mind that the additional 2 mm increases after 14 mm will always
be less effective.
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Figure 3.12 Variation of max. v.-Mises-stress and max. vertical
displacement in ribs as per deck plate thickness.
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Figure 3.13 Variation of max. v.-Mises-stress and max. vertical
displacement in cross- beam as per deck plate thickness.
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For v.- Mises stress rises in deck plate, the critical component is o;. This transverse
stress takes its maximum at the tension zone of deck plate, when deck plate thicknesses
are 12 and 14 mm ( see Figures 3.1 and 3.5). These extreme values develop direct under
local wheel loads and over rib- webs, which act like a vertical spring. This phenomenon
is depicted in Figure 3.14 below.

Oy = 134.45MPa , when deck plate thickness is 12 mm.
O, = 89.528MPa, when deck plate thickness is 14 mm.

Oy = 60.454MPa, when deck plate thickness is 16 mm.

Figure 3.14 Distribution of o, under wheel load and over rib- web as per deck
plate thickness.

The tension stress rises at top of deck plate in bridge transversal (see Figure 3.15) or
longitudinal (see Figure 3.17) direction cause tension strains on top of the deck plate.
These tension stresses are thought to be the one of major causes of cracks developed in
bridges’ deck plates. Cracks developed in deck plate asphalt conform to layout of
longitudinal stiffeners and cross- beams as per practical findings shown in Figure 3.16.
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Figure 3.15 Max. transverse stresses at the top of extended deck plate.
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deck plate fatigue crack

deck plate fatigue crack
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Figure 3.16 a) Visual observation of deck plate cracks in movable bridge. b)
Potential deck plate cracks. c) Beginning phase of this phenomenon [1].

Figure 3.15 is the top view of extended FE- model, the quarter of which is used for
stress analysis in this thesis. Here max. transverse tension stresses occurs under wheel
load and over longitudinal stiffener web (trough in Figure 3.16). In this thesis static
loads are used as wheel loads induced from vehicles. However, these wheel loads are
continuous and repeating over longitudinal stiffener web and causes the longitudinal
cracks in deck plates of steel highway orthotropic bridges (see Figure 3.16). As a result,
the FE- model used in this thesis could successfully reflect the place and formation of
this phenomenon in deck plates. Jong [1] explains this phenomenon of crack formation
in deck plate as follows: The crack initiation is at the root of the longitudinal fillet weld
between the trough web and the deck plate at the intersection of the cross-beam and the
continuous closed trapezoidal stiffeners (troughs). After the initiation phase the crack
growth is in the vertical direction from the underside to the top of the deck plate. After
the crack has grown through the deck plate its growth is in the horizontal/longitudinal
direction. When the crack lengthens it threatens the safety of the structure. Figure 3.16
left is a photograph of the visually observed cracks in the Van Brienenoord Bridge in
summer 1997. Damage to the epoxy surfacing in the wheel tracks of the heavy vehicle
lane is the first indication of deck plate cracks. The locations of the trough webs under
the deck plate at a centre-to-centre distance of 300 mm are clearly visible. Also visible
is the crack in the steel deck plate. Deformation of the steel deck plate at the crack
location is the reason for this visibility. The length of the crack shown is approximately
50 cm [1].
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Figure 3.17 Max. longitudinal stresses at the top of extended full bridge.

In addition to rib web to deck plate connection, cross- beam web to deck plate
connection is the second potantial crack formation place because of longitudinal tension
stresses in deck plate. Figure 3.17 illustrates the distrubition of longitudinal stresses at
the top of deckplate of extended full bridge geometry used in this thesis. It is apparent
from the results of this thesis and the results in the literature that, in general transverse
cracks on deck plate occur after longitudinal cracks and over cross-beam webs. The
places of cracks in bridge asphalts comply with constructive pattern, which is
determined by webs of ribs (longitudinal stiffeners), cross beams and main girders.
There are sufficient practical results, which indicates that the high tension strains
develop at top of deck plate yield to longitudinal and transversal cracks in deck plate
and its overlying asphalt [64].In conclusion of analyses, increasing deck plate thickness
from 12 mm to 14 mm reduces v.-Mises stress 31.5 %. However, increasing deck plate
thickness from 14 mm to 16 mm reduces v.-Mises stress only 10.6 %. Therefore,
increase in deck plate thickness does not linearly reduce v.-Mises stress. The extreme
tension stress pattern revealed on deck plate surface in the FE-model comply with the
real crack formation as per findings in practice.
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CHAPTER 4

EFFECT OF CROSS- BEAM ON STRESSES REVEALED IN
ORTHOTROPIC STEEL BRIDGES

In the scope of this thesis first, spacing of cross- beam varies, while other dimensions
remain constant. Second, cross- beam web thickness varies, as other dimensions remain
constant. By this way, the quantitative causes of damages; thin cross- beam web and
cross beam of long spacing, are analyzed. It is important to mention that geometric and
material nonlinearities are both considered in this chapter.

4.1 Effect of Cross- Beam Spacing on Stresses

This chapter presents the results of the parameter study of cross- beam spacing, which
emerges the effect of this spacing on the stress and displacements developed in steel
structural parts. All dimensions of the bridge (except cross- beam spacing) defined in
FE- model are kept constant, while cross- beam spacing increases. Cross- beam
spacings of simulations QABST2000, BB, QABST4000 and QABST5000 are 2, 3, 4
and 5 m respectively. The results of simulations are given in figures, in which max. v.-
Mises stress and displacement values on load bearing steel parts are presented. In
figures deformed shape is given at the left side, whereas v.- Mises stress values are
given at the right side. In the left figure vertical deformations are given based on nodal
(averaged) values. Here MX means max. vertical displacement, whereas MN means
min. vertical displacement. The symbol UZ designates the point where max. v.- Mises
stress occurs. Briefly, the place and elevation of max. v.- Mises stress is pictured in the
left figure and the value of this v.- Mises stress is given in the right figure. Max. values
of v.- Mises stresses are the indicators of potential damages, so that these values are
used in the assessment of results. The wheel loads are located direct on one web of
interior rib adjacent to main girder. On the other web of interior rib there is no load.
This loading condition leads bending and twisting of this rib, which is welded to cross-
beam at lateral sides, to deck plate at top and goes through cut- out of cross- beam at the
bottom. From the whole assessment of results obtained in this chapter, max. v.- Mises
stress rises at this cut- out of cross- beam. Results of these FE- analysis are given below
in Figure4.1 to Figure4.12.
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Figure 4.1 a) Distribution of vertical displacement on deck plate and
main girder. when cross- beam spacing is 2 m. b) Distribution of max. v.-
Mises on deck plate.
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Figure 4.2 a) Distribution of vertical displacement in ribs, when cross-
beam spacing is 2 m. b) Close- up view of rib, in which max. vertical
displacement develops, when cross- beam spacing is 2 m. c¢) Distribution
of max. v. Mises stress in rib, when cross- beam spacing is 2 m.
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Figure 4.3 a) Distribution of vertical displacement in cross- beam,
when cross- beam spacing is 2 m. b) Distribution of v. Mises stress,
when cross- beam spacing is 2 m.
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Figure 4.4 a) Distribution of vertical displacement in deck plate and main
girder, when cross- beam spacing is 3 m. b) Distribution of v.- Mises-
stress in deck plate, when cross- beam spacing is 3 m.
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Figure 4.5 a) Distribution of vertical displacement in ribs, when cross- beam
spacing is 3 m. b) Distribution of v.- Mises- stress in ribs, when cross- beam
spacing is 3 m.
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Figure 4.6 a) Distribution of vertical displacement in cross- beam,
when cross- beam spacing is 3 m. b) Distribution of v.- Mises-
stress in cross- beam, when cross- beam spacing is 3 m.
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Figure 4.7 a) Distribution of vertical displacement in deck plate and main
girder, when cross- beam spacing is 4 m. b) Distribution of v.- Mises-
stress in deck plate, when cross- beam spacing is 4 m.
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Figure 4.8 a) Distribution of vertical displacement in ribs, when cross- beam
spacing is 4 m. b) Distribution of v.- Mises- stress in ribs, when cross- beam
spacing is 4 m.
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Figure 4.9 a) Distribution of vertical displacement in cross- beam, when
cross- beam spacing is 4 m. b) Distribution of v.- Mises- stress in cross-
beam, when cross- beam spacing is 4 m.
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Figure 4.10 a) Distribution of vertical displacement in deck plate and
main girder, when cross- beam spacing is 5 m. b) Distribution of v.-
Mises- stress in deck plate, when cross- beam spacing is 5 m.
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Figure 4.11 a) Distribution of vertical displacement in ribs, when cross- beam
spacing is 5 m. b) Distribution of v.- Mises- stress in ribs, when cross- beam
spacing is 5 m. c) Distribution of plastic strain in ribs.
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Figure 4.12 a) Distribution of vertical displacement in cross- beam,
when cross- beam spacing is 5 m. b) Distribution of v.- Mises- stress in
cross- beam, when cross- beam spacing is 5 m.

4.2 Effect of Cross- Beam Web Thickness on Stresses

This chapter investigates the change in stresses of steel structural parts, if cross- beam
web thickness changes. For that reason, all other dimensions of the bridge defined in
FE- model are kept constant, while cross- beam web thickness increases from 14 mm to
16, 18 and 20 mm respectively. Here the cross- beam spacing is always taken as 3 m in
all simulations. Results show that any change in cross- beam web thickness has almost
no effect on deck plate and rib stresses. The change of stresses in cross- beam itself are
given in Figure 4.13 to Figure 4.16.
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Figure 4.13 a) Distribution of vertical displacement in cross- beam,
when cross- beam web thickness is 14mm. b) Distribution of v.- Mises-
stress in cross- beam, when cross- beam web thickness is 14 mm.
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Figure 4.14 a) Distribution of vertical displacement in cross- beam,
when cross- beam web thickness is 16 mm. b) Distribution of v.- Mises-
stress in cross- beam, when cross- beam web thickness is 16 mm.
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Figure 4.15 a) Distribution of vertical displacement in cross- beam, when
cross- beam web thickness is 18 mm. b) Distribution of v.- Mises- stress
in cross- beam, when cross- beam web thickness is 18 mm.
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Figure 4.16 a) Distribution of vertical displacement in cross- beam,
when cross- beam web thickness is 20 mm. b) Distribution of v.- Mises-
stress in cross- beam, when cross- beam web thickness is 20 mm.

4.3 Results &Discussion

While cross- beam spacing increases, the deflections of deck plate, especially direct
under wheel loads, increases heavily, nevertheless they still remain in elastic range.
Max. v.- Mises- Stress emerges at the top face of deck plate, when cross- beam spacing
is 2, 3 and 4 m. At cross- beam spacing of 5 m, max. v.- Mises- Stress emerges at the
bottom face of deck plate direct under wheel loads. Stresses in deck plate decrease
inverse proportional to cross- beam spacing, until it takes the value of 5 m. Apparently,
the stresses in deck plate will increase proportional to cross- beam spacing after 5 m
spacing value, since the sign of bending moment under wheel loading changes at 5 m
spacing of cross- beam. As a result local effects (stresses & deflections) will be higher
at cross- beam spacing of 6 m than cross- beam spacing of 5 m. With respect to stresses
and deflections emerge in ribs, cross- beam spacing is of great importance, since the
max. value of v.- Mises- Stress (indicator of damage) takes values from 150.785 MPa to
355.099 MPa, while cross- beam spacing rises from 2 to 5 m. As cross- beam spacing
increases, twisting of the rib, which is under wheel load, becomes larger and results in
higher stresses at rib to cross- beam connection. For instance at the cross- beam spacing
of 2 m, twisting of the rib is very small, so that the bending is dominant on the
deformed shape of the rib. This result can be obviously seen from the comparison of
Figure4.2 and Figure4.11. Regarding cross- beam itself, increasing its spacing yields in
increase of dead load on cross- beam and the moment arm of wheel loads. These effects
cause slight increases of stresses and deflections in cross- beam itself.
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Figure 4.17 Variation of max. v.- Mises-Stress & vertical displacement in
deck plate depending on cross- beam spacing.
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Figure 4.18 Variation of max. v.- Mises-Stress & vertical displacement
in ribs depending on cross- beam spacing.
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Figure 4.19 Variation of max. v.- Mises-Stress & vertical
displacement in cross- beam depending on cross- beam spacing.

Because of increase in cross- beam web thickness, there exist almost no change in
stresses and deflections developed in deck plate and ribs. The increase and so
strengthening cross- beam web causes decreasing of shear force and so decreasing of
tooth stresses in cross- beam web. The amount of this decrease in stress and deflection
values is illustrated in Figure4.20 below.
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Figure 4.20 Variation of max. v.- Mises-Stress & vertical displacement
in cross- beam depending on cross- beam web thickness.

It is seen from the results that the increase of cross- beam spacing from 2 m to 5 m
causes very slight decrease of deck plate stresses, but heavily increase of deck plate
deflections. With regard to steel load bearing parts of bridge all these stresses and
deflections stay in elastic limits and have no hazard on the bridge. Nevertheless, the
excessive deflections of deck plate can result in irreversible vertical displacements in
wearing surfaces lying on deck plate and as a result rut formations can occur in wearing
surface. In terms of longitudinal ribs, stresses and deflections are highly affected by
cross- beam spacing. At 5 m of cross- beam spacing rib material starts to yield. A cross-
beam spacing between 3 and 4 m is recommended for the bridge analyzed in this thesis.
Too small cross- beam spacings like between 2 and 3 m are found to be very
conservative under wheel loads. Regarding cross- beam itself, the increase of its spacing
leads to slight increase of stresses and deflections in cross- beam. Therefore it is
concluded that the stresses in cross- beam are allowed not to be considered, when
determining cross- beam spacing of the bridge. As for cross- beam web thickness, it has
no effect on the stresses developed in deck plate and ribs, but has effect on the stresses
developed in cross- beam itself, as expected.
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CHAPTER 5

ARRANGING THICKNESSES AND SPACINGS OF
ORTHOTROPIC DECK FOR DESIRED FATIGUE LIFE AND
DESIGN CATEGORY

When the orthotropic deck structure design was developed in 1960s, fatigue
calculations were not considered in design principles [65]. In addition, fatigue strengths
of structural parts forming orthotropic deck were also not known at that time. In time
cracks have appeared and developed continuously in orthotropic decks, which shall not
have been emerged in orthotropic deck according to design principles foreseen at that
time. These cracks and improved fatigue theory of fluctuating variable loads reminded
to calculate orthotropic decks as per fatigue strengths [6]. Afterwards, several research
facilities have been started to obtain fatigue strengths of structural details of orthotropic
decks [66-70]. Finally, Eurocode 3 Part 1-9[23] collects fatigue strengths of orthotropic
deck details and is used throughout this thesis for the fatigue calculations. To simulate
vehicle loads in traffic, static wheel loads and wheel load area, which comply with the
wheels of vehicles used today in traffic, are selected. Since the number and weight of
vehicles in traffic are increased in time since 1960's up to now, the frequency of wheel
loads on the bridges, hence the design traffic category of many existing bridges
changed. As a solution to this problem, thicknesses, spacings and spans of fatigue
sensitive structural parts of bridge are determined under today' s valid wheel loads and
design traffic category for desired fatigue life in the next section. These fatigue sensitive
structural parts are the critical section in web of cross girder due to cut outs, weld
connecting deck plate to trapezoidal rib, continuous longitudinal stringer and deck plate.
Subsequently, results are assessed and conclusions of this thesis together with future
work are given. Cross- beam spacing is always taken as 3 m in all FE- analyses except
the FE- analysis named as Redesign- 2. Width of pedestrian road and deck plate in
transverse direction are 1.1 m and 6.3 m respectively, while width of deck plate
changes, when rip spacing changes. Nevertheless, length of deck plate is always equal
to 6 m (bridge span distance), when cross- beam spacing changes. That is, number of
cross beams differs for cross beam spacing of 3 m (3 cross- beams) and 2 m (4 cross-
beams).

5.1 Critical Section in web of cross- girder due to cut- outs

In this structural part Vierendeel stresses play the distinctive role, when designing for
desired fatigue life. Vierendeel stresses are basically described as linearly distributed
bending stresses as given in Figure 5.2. Stress range at this part is calculated by means
of the stress results of FE- analysis. Fatigue strength of this part is given in detail
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category 71 as per Eurocode 3 Part 1-9 (D) Table 8.8 [23]. Stress distribution in this
critical part is depicted in Figure 5.1, in which web tickness of cross girder is
determined by stresses due to Vierendeel effect. Because entire bridge geometry is
incorporated in the FE- model, stress concenrations develop at the edge of cut outs,
even though the material does not yield. If the concentration of stresses at cut out edge
is ignored and the distribution of stresses are assumed linear, the traditional stresses due
to Vierendeel effect result in the values given in Figure 5.2. Since stress ranges given in
S- N curves are based on stresses calculated according to linear elasticity theory, the
linear distributed stresses in Figure 5.2 shall be taken into account for fatigue
calculations. Using stresses calculated based on elasticity theory, when using S- N curve
is stipulated by Eurocode 3 Part 1- 9 [23].

22.494 MPa
24.165 f— — —:. 10.717
MPa ~260.61 mm —p<115.39—+MPa

mm

3766 m —m7F —»

209.374
Figure 5.1 Stress distribution in Figure 5.2 Stresses due to Vierendeel
cross girder in vicinity of cut outs. effect with and without concentration at
(Simulation "BB"). edges. (Simulation "BB").
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First, the stress range of this structural part for its fatigue calculation is simply the
double of max. absolute stress at the edge of cut out. Second, the endurance of this
structural part is calculated using fatigue strength (S- N curve), which is fatigue detail
category 71 given in Figure 5.3. Third, the fatigue life of structural part is calculated
using Table 4.5 in Eurocode 1 Part 2 as per different web thicknesses of cross girder.
Table 5.1 shows Table 4.5 in Eurocode 1 Part 2 [63], which shows the occurance of
stress range in a year according to bridge design traffic category.

Table 5.1 Number of vehicle passing per year for one traffic lane.

Occurance of stress range per

Design Traffic Category year for one traffic lane

1: Motorways and streets with 2 or more traffic lanes in every traffic 2%10°
direction and with high passing of trucks

2: Motorways and streets with average passing of trucks 0.5x10°

3: Main streets with low passing of trucks 0.125x10°

4: Local streets with low passing of trucks 0.05x10°
1,000.000

e Detail Category 71
100.000 \

)
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Figure 5.3 Fatigue strength curve 71.

A 02 = 2x24.165 = 48.33 MPa
Yip=1.00

s = 1.15 (According to Eurocode 3 Part 1-9: 2003 (D) Table 3.1: Damage tolerant
assessment method with high consequence of failure [23]).

VirX Aok, =4833<61.74=71/1.15=61.74 = Acc/ yuy

The fatigue calculation done above is repeated for increased web thicknesses of cross
girder. There are totally 4 conditions; web thickness of 14 mm (simulation BB), 16 mm
(simulation QSD16), 18 mm (simulation QSD18) and 20 mm (simulation QSD20).
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Table 5.2 summarizes the results of fatigue calculation, namely fatigue lives as per
chosen cross- beam web thickness and design traffic category.

Table 5.2 Fatigue life calculation of web of cross girder as per its thickness

Fatigue life (year) as per Design Traffic

Simulation’s 4 og, N Category
name (MPa) l

1 2 3 4
BB 48.330 4094 832 2.05 8.19 32.76 81.90
QSD16 42.808 6574653 3.29 13.15 52.60 131.49
QSD18 38.390 11334620 5.67 22.67 90.68 226.69
QSD20 34.770 18 598 335 9.30 37.20 148.79 371.97

According to Capital 4.6.1 General Issues 2(c) of Eurocode 1 Part 2 [63] service life of
bridges shall be 100 years for all design traffic categories. Fatigue lives depending on
design traffic categories are calculated for cross- beam web thicknesses of 14 mm, 16
mm, 18 mm and 20 mm respectively. Figure 5.4 shows that increasing cross- beam web
thickness leads increasing of its fatigue life. As design category number of bridge
increases, slope of the curve given in Figure 5.4 increases also. However, required
service life of bridge (100 years) is obtained only for design traffic categories of 3 and
4. As a result, recommended cross- beam web thicknesses for bridges of design traffic
category 3 and 4 are 20 mm and 16 mm respectively.

/|
352.00 / —+—Design traffic
— 302.00 / category 1
<
L 252.00 v —#-Design traffic
o 202.00 7 category?2
54: . / -
':) 152.00 // Design traffic
=) category 3
o 102.00 :
. p— /
E 52.00 | ——Design traffic
o | — category 4
2.00 B——— %f %—’ =

14 15 16 17 18 19 20

Cross- beam web thickness (mm)

Figure 5.4 Fatigue lives of cross- beam web as to thickness and design traffic
category.
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5.2 Continuous Longitudinal Stringer, with Additional Cut-out in Cross Girder

The fatigue assessment of this structural part is based on the direct stress in the
longitudinal stringer (see Figure 5.5). The fatigue strength of this structural part is
determined by Fatigue Strength Curve 71 according to Eurocode 3 Part 1-9: 2003 (D)
Table 8.8 [23]. Here Fatigue Strength Curve 71 is selected instead of Curve 80, since
the thickness of cross beam web is 14 mm (higher than 12 mm).

T

\ / |

YR

Figure 5.5 Fatigue sensitive structural part.

A op, =2x82.162 = 164.324 MPa (See Figure 5.6)
YEF = 1.00

yur = 1.00 (According to Eurocode 3 Part 1-9: 2003 (D) Table 3.1: Damage tolerant
assessment method with low consequence of failure [23]).

YirX Moo= 164324571 = Aoc/ yy

The fatigue life of this structural part is very short even for design traffic category 4.
Now 4 scenarios will be assessed, in which rib thicknesses are increased. These are the
results of simulations having names of RD8NRVI1, RDSNRV2, RDIONRVI1 and
RDIONRV2. In RD8NRVI1, the thickness of one rib at both sides of main girder is
increased from 6 mm to 8 mm. In RD8NRV?2, the thickness of two ribs at both sides of
main girder is increased from 6 mm to 8 mm. In RD10NRV 1, the thickness of one rib at
both sides of main girder is increased from 6 mm to 10 mm. In RDIONRV2, the
thickness of two ribs at both sides of main girder is increased from 6 mm to 10 mm.
Increasing rib thickness leads lengthening of structure' s fatigue life as seen in Table
5.3, nevertheless none of the fatigue lives provides a meaningful lifespan for structure.

Stress
concentration
at contact
point to cross
girder.

Figure 5.6 Extreme values of direct stresses in ribs. (Simulation "BB").
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Table 5.3 Fatigue life calculation of rib as per its thickness.

Fatigue life (year) as perDesign Traffic Category

Simulation A 0x2 N,

name (Mpa) 1 2 3 4
BB 164.324 158 444 0.08 0.32 1.27 3.17
RDSNRV1 122.860 379 095 0.19 0.76 3.03 7.58
RD8NRV2 120.638 400 431 0.20 0.80 3.20 8.01
RDI1ONRV1 97.620 755725 0.38 1.51 6.05 15.11
RDI10ONRV2 94.682 828 281 0.41 1.66 6.63 16.57

Figure 5.7 illustrates the variation of fatigue life of continuous longitudinal stringer.
Neither traditional rib web thickness of 6 mm nor increased rib web thickness values of
8 mm and 10 mm provides required bridge' s service life, 100 years. Max. fatigue life of
this structural part even for design traffic category 4 and using 10 mm rib web thickness
is very low, 16.57 years. So, not increasing rib web thickness, but may be decreasing rib
spacing and / or cross- beam spacing can supply required fatigue stiffness to this
structural detail.

18.00 -

16.00 H Design traffic
g 1400 category 1
o
> 12.00 H Design traffic
° 10.00 category 2
= 8.00 . "
©  6.00 Design traffic
?1) category 3
3 4.00
£ 2.00 I = Design traffic

0.00 category 4

6 8(2ribs) 8 (4 ribs) 10(2 ribs) 10 (4 ribs)
Rib web thickness (mm)

Figure 5.7 Fatigue lives of rib web as to thickness and design traffic category.

5.3 Weld connecting deck plate to rib

Weld connecting deck plate to rib is of importance as per fatigue strength on the basis
of practical findings. Calculation of stress range depends on the moment in rib web (see
Figure 5.8).
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Figure 5.8 Weld connecting deck plate to rib.

According to Eurocode 3 Part 1-9: 2003 (E) Table 8.8 [23] assessment of fatigue life is
based on direct stresses from bending of rib web. This direct stress is taken from the
results of FE- analysis given in Table 5.4 (See also Figure 5.9).

A 02 = 2x67.469 = 134.938 MPa
Yip=1.00

yr = 1.15 (According to Eurocode 3 Part 1-9: 2003 (D) Table 3.1: Damage tolerant
assessment method with high consequence of failure [23]).

YirX Moo= 134.938 >71/1.15=61.74= Acc/ yy

L — F——— 4 L I
—67.468 =40.863 =14.256 o LI 38,557 .
=54, 166 2758 =-SEDIRE, 25,653 BE.26

Figure 5.9 Direct stress values for fatigue assessment of weld. (Simulation
HBBH)‘

If it is assumed that the contact area between deck plate and rib carries the traffic load in
case of pressure stresses, the max. tension stress is equal to the stress range for the
fatigue calculation of weld.

YirX Aoga= 5226 <71/1.15=61.74= Acc ! py

The fatigue lives of weld are given in Table 5.4. Unfortunately, according to the results
given in Table 5.4 any increase of rib web has almost no effect on the fatigue life of
weld.
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Table 5.4 Fatigue life calculation of weld between rib and deck plate as per rib
thickness.

Fatigue life (year) as per Design Traffic

Simulation's 4 o> N Category
name (MPa) l
1 2 3 4

BB 52.260 3238757 1.62 6.48 2591 64.78
RDSNRV1 52.732 3152563 1.58 6.31 25.22 63.05
RD8NRV2 52597 3176900 1.59 6.35 25.42 63.54
RDIONRVI 51.444 3395333 1.70 6.79 27.16 67.91
RDIONRV2 51.605 3363653 1.68 6.73 26.91 67.27

As given in Table 5.4 weld connecting deck plate to rib has not a fatigue life equals or
higher than 100 years, when the thickness of rib 6 mm, 8 mm or 10 mm is. In addition,
changing rib web thickness has almost no influence on fatigue life of weld connecting
deck plate to rib.

5.4 Deck plate

The fatigue calculation of deck plate is done as per Fatigue Strength Curve 160, which
is given in Figure 5.10. Therefore sharp edges, surface and rolling flaws on deck plate
shall be improved by grinding, until smooth transition is achieved.

5.4.1 Deck plate part, which is on the rib web
A op,=2x134.291 = 268.582 MPa (See Figure 5.11)
yrr=1.00

yur = 1.00 (According to Eurocode 3 Part 1-9: 2003 (D) Table 3.1: Damage tolerant
assessment method with low consequence of failure [23]).

X Aogo = 268.582 > 160 = Aoc / yuy
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Figure 5.11 Direct stresses in deck plate
Figure 5.10 Fatigue for fatigue calculation. (Simulation
Strength Curve 160. "BB").

Results tabulated in Table 5.5 indicate that increasing deck plate thickness has a
positive effect on increasing fatigue life, however this does not provide satisfied values.
In Table 5.5 deck plate thicknesses in simulations BB, DBD14 and DBD16 are 12 mm,
14 mm and 16 mm respectively.

Table 5.5 Fatigue life calculation of deck plate on rib web as per deck plate thickness.

Fatigue life (year) as per Design

Simulation’s 4 Ok, N, Traffic Category

name (Mpa) | ) 3 4
BB 268.582 413 330 0.21 0.83 3.31 8.27
DBD14 179.170 1392 296 0.70 2.78 11.14 27.85
DBD16 121.240 4493 552 2.25 8.99 3595 89.87

5.4.2 Deck plate part between rib webs
yrrX Aogo= 107.342 +102.377 =209.719 > 160 = Aoc / yur (See Figure 5.12)
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Figure 5.12 Stresses considered for fatigue calculation of deck plate
between rib webs.

Table 5.6 tabulates the fatigue results , when deck plate thickness 12 mm (BB), 14 mm
(DBD14) and 16 mm (DBD16) is.

Table 5.6 Fatigue lives of deck plate between rib webs as per deck plate thickness.

Fatigue life (year) as per
Simulation's Max. Min. A o2

N; Design Traffic Category
name Stress Stress  (MPa)
1 2 3 4
BB 107.342 1027'37 2099’71 868 189 Oé4 1.74 695 17.36
165.06 1780 0.8 14.2
DBD14 84.322 80.74 5 682 9 3.56 5 35.61
135.71 3203 1.6 25.6
DBD16 69.226  66.492 3 430 0 6.41 3 64.07

It is seen from Figure 5.13 and Figure 5.14 that increasing deck plate thickness results
in higher fatigue lives of this structural part, nevertheless never supplies the required
service life, 100 years. Reducing rib spacing shall be a remedy for supplying the
required service life of 100 years.
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5.5 Redesign of Bridge Providing Necessary Fatigue Life

Because all of the structural parts of bridge do not simultaneously provide 100 years
even for design traffic category 4, new designs of orthotropic bridge are required to be
evaluated. Subsequently, two redesigns are considered according to the dimensions
given in Table 5.7. Fatigue calculations of redesigned orthotropic deck structure are

given in Table 5.8.

Table 5.7 Changed dimensions in FE- analyses, Redesign- 1 and -2.

Dimension definition Redesign- 1 Redesign- 2
Cross- beam spacing (m) 3 2

Rib spacing (mm) 100 150
Deck plate thickness (mm) 18 18
Cross- beam web thickness (mm) 16 16

60



Table 5.8 Fatigue lives of redesigned bridge structures.

Fatigue Life (year) as per Desig Traffic

Simulation Structural 4 o, Category
Name Part (MPa)
1 3 4
Cross- 16774
beam
Rib 16.616
Weld 9.251
) Deck
Redesign plate
1 between 34.225
rib webs
Deck
late
P 77.04 40 383 20.19 323.11 807.78
on rib 858
webs
Cross- 6.951
beam
Rib 51.162 5423119 2.71 43.38 108.46
Weld 16.373
) Deck
Redesign plate
2 105.94 8214 847 4.11 65.72 164.30
between
rib webs
Deck
late
PES 6s400 20982 4549 72786 1819.65
on rib 538
webs

In the first redesign of the bridge stress ranges appeared in cross- beam web,
longitudinal stringer and weld connecting deck plate to rib are below cut- off limit.
However stress range developed in deck plate part resting on rib web enforced bridge to
be classified in design traffic category 3. If deck plate thickness is increased, design
traffic category of bridge can be increased to 2 and 1 without changing other
dimensions of bridge. Second redesign of bridge has a fatigue life of 108.46 years, when
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it is used as to design traffic category 4. The comparison of dimensions and fatigue lives
of separate structural parts between Redesign- 1 and -2 indicates that decreasing rib
spacing is more effective than decreasing cross- beam spacing to increase fatigue life of
structure.

5.6 Results & Discussion

It is numerically proven in this thesis that, there exists an important dimensional change,
whether a bridge is designed only as to yield stress or as to desired fatigue life under
foreseen design traffic category. It is recommended to determine first rib spacing and
then cross- beam spacing, when a bridge is designed for a desired fatigue life under
foreseen design traffic category. Subsequently, thicknesses of deck plate and cross-
beam web shall be chosen appropriately. The height of longitudinal stringer may be a
parameter to reduce the stress range in ribs and weld connecting deck plate to rib. Types
and thickness of the wearing surfaces, which disperse wheel load on deck plate, might
be a solution to reduce stress ranges developed in structural parts. These will be the
research subjects of the author in the future work.
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CHAPTER 6

A FE- ANALYSIS STUDY CONFORMING RECOMMEDATIONS
OF EUROCODE 3 PART 2 REGARDING RIB DIMENSIONS AND
CROSS- BEAM SPACING

Eurocode 3 Part2 recommends a chart in Annex C.1.2.2 for dimensioning of ribs [52].
This chart is based on several researches, calculations, laboratory tests and engineering
experience and judgments. This thesis aims to prove the correctness of this chart using
FE- analyses, which are not done so far according to the knowledge of author.

6.1 FE- Analysis

In FE- analyses, dimensions of deck plate and ribs are chosen with respect to minimum
requirements recommended by Eurocode 3 Part2 Annex C.1.2.2 [52] for cross- beam
spacings of 3.5 m, 4.0 m and 4.5 m respectively. Recommendations of Eurocode for
choosing rib dimensions as to cross- beam spacings are given in Figure 6.1.
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Figure 6.1 Recommendations of Eurocode 3 Part 2 for rib moment of inertia
depending on cross- beam spacing.
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In Figure 6.1 two curves, namely Curve A and Curve B are given. Curve B is used for
the ribs in the 1.20 m vicinity of main girder at both sides as shown in Figure 6.2. In the
FE- analyses performed in this thesis there are total four ribs, which shall be
dimensioned using Curve B (See Figure 6.3). Curve A is used for all other ribs, which
are not encompassed by Curve B. Curve A and Curve B are allowed to be used for all
forms of ribs [52].

=1,20m :;’ 1
L e
(WAL WALW AN EAW/ |V VAV AW AW %Jc;
™ \‘-- Y,
z 1 Heavy traffic lane
2 Main girder

Figure 6.2 Distinction of ribs, for which Curve B is used and are located in the 1.2
m vicinity of main girder [52].
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p,
==

stiffened ribs normal rib

main girder

Figure 6.3 Depiction of four stiffened ribs in the 1.2 m vicinity of main girder
and one normal rib at the symmetry center of FE- solid model.

Dimensions of deck plate and ribs used in FE- analyses are tabulated in Table 6.1.
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Table 6.1 Dimensions of deck plate and ribs used in FE- analyses.

Min. /g as to EC Selected I (cm4) Selected dimensions (mm)

FE. EE  3Pat2(em)

analysis j%ﬁ . < . < . 3

mme B2 E e 52 Es 52 3E Es B¢
@ 9 £ S g A s 8 g

Z 75 Z 7 Z 75

DINFB3S .o 00  gpso 45274 62731 |, - 56

00 4 8

DINFB40 8584.8  11550.

00 40 8500 11500 5 03 16 7.7 11.2

DINFB45 14082, 18506.

00 45 14000 18500 o, o 26 126  17.8

6.2 Results& Discussion

Results of FE- analyses are presented using figures and tables below. Deformations
occurred under wheel loads are presented using pictures of resultant displacements on
the bridge structure. Max. resultant displacements are 2.385 mm, 1.719 mm and 1.412
mm for simulations named as DINFB3500, DINFB4000 and DINFB4500 respectively.
Values of vectorial stresses as to load bearing steel parts are tabulated in Table 6.2 and
interpreted in the subsequent chapter. Afterwards, v.- Mises stress is used to visually
present and compare the results both at different points of structure and at same points
of different FE- analyses. Since v.- Mises stress is a scalar value and an indicator of
yield condition, it is suitable for visually illustration of stress results. In every analyses
max. v.- Mises stress rises at the interior stiffened rib next to main girder as shown in
Figure 6.4. The close- up view of v.- Mises stress distribution of every analyses are
given in Figure 6.7 to Figure 6.9 using non- averaged element results. Here max. v.-
Mises stress develops always in the close vicinity of intersection between rib and cross-
beam webs.

[uuoEN
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stress occurs
alwavs here.
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Figure 6.5 Distribution of resultant

Figure 6.4 Distribution of resultant displacement for DINFB4000.

displacement for DINFB3500.
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Figure 6.6 Distribution of resultant
displacement for DINFB4500.

LN ]

Figure 6.8 Distribution of v.- Mises
stress for DINFB4000.

Figure 6.7 Distribution of v.-
Mises stress for DINFB3500.

Figure 6.9 Distribution of v.-
Mises stress for DINFB4500.

Table 6.2 Stresses developed in structural parts

Type  DINFB3500 DINFB4000 DINFB4500
Type of  of
structure  Stresg  MaX.  max. max. max. max. max.

(MPa) tens. comp. tens. comp. tens. comp.

Ox+ 128.17 127.60  70.77 70.65 35.00 49.40
Deck

Gy+ 61.04  78.54 41.44 48.72 23.97 24.38
plate

Oz ~0

Oy 137.73  95.39 219.03 148.86 25195  184.85
Cross

Gy** ~0
beam

O 119.92 21536  115.17 187.87 10495  146.20

oxer 091 0.85 1.26 1.49 1.63 2.05
Normal

Oyesx  11.02 7.98 10.79 8.12 10.94 9.26
rib

Oy 0.88 2.86 6.81 4.23 6.85 5.60
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Table 6.2 (cont’d)

O 104.35 101.48  52.92 47.08 31.36 25.94

Stiffened

b Oy 180.71 237.14  69.50 133.40 58.56 91.04
I1

O g 312.57 210.79 17577 11325 109.62  85.94

*oy, oy and o are transverse bending stress, longitudinal bending stress and
normal stress perpendicular to deck plate plane respectively in deck plate
steel material.

**0oy, o0, and o, are transverse bending stress, vertical bending stress and

Since deck plate forms top flange of rib moment of inertia, thickness of deck plate is
increased proportional to cross- beam spacing, in order to meet the recommendation
given in Eurocode 3 Part 2[52]. It is seen from Figure 6.4 to Figure 6.6 and Table 6.2,
that increasing deck plate thickness results in lower deformation and stress values in
deck plate itself. Figure 6.7 to Figure 6.9 reveal that the steel material never yields, in
case the min. rib moment of inertia as per Eurocode 3 Part 2 [52] is chosen. It can also
be stated that the recommendations of Eurocode 3 Part 2 [52] stipulates more
conservative design for cross- beam spans of 4 m and 4.5 m. Transverse stress (oy ) rises
proportional to cross- beam spacing, whereas vertical stress (o; ) reduces in cross- beam
itself as given in Table 6.2. Since the wheel load is far enough from the normal rib,
stresses developed in normal rib remain in a very low values, which can be ignored for
the assessment. Extreme values of shear stresses developed in steel parts are also very
low, so that they are not used in the evaluation of results. Holding the recommendations
of Eurocode 3 Part 2 [52] causes always lower normal stresses in stiffened ribs for
higher cross- beam spans as indicated in Table 6.2. In DINFB3000 FE- analysis max.
v.- Mises stress develops in the rib steel part, whereas in DINFB4000 and DINFB4500
it develops in the cross- beam steel part. Because the thickness of stiffened rib increases
from 5.6 mm to 11.2 mm and 17.8 mm in the FE- analyses named as DINFB3500,
DINFB4000 and DINFB4500 respectively, while the web thickness of cross- beam
remains constant, this result is as expected.
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CHAPTER 7

ASSESSMENT ON WEB SLOPE OF TRAPEZOIDAL RIB IN
ORTHOTROPIC DECK USING FE- METHOD

Ribs can possess several different shapes like strip, bulb, angle, V- shaped, U- shaped,
sektkelch or trapezoidal. This thesis focuses on trapezoidal ribs, since they are
dominantly used in industry. Three different slopes of trapezoidal rib web are assessed
using FE- method, while rib width, height, spacing and thickness are kept constant.
Results show that stresses especially of cross- beam and deflections of deck plate
change depending on slope of trapezoidal stiffener webs. Ribs are the longitudinal
stiffeners, which are welded continuously to deck plate from bottom and to cross beams
intermittently at cross beam locations. In this manner deck plate forms flanges of ribs
and cross beams and also a supporting base to its wearing surface, while spreading the
load on all structural components. Ribs are referred to as longitudinal stiffener, stiffener
or through in some sources and mainly grouped in classes as open and closed ribs. In
the progress of orthotropic steel bridges, closed ribs have proved their superiority due to
their high torsional and buckling stiffness, less material and welding needs. Nowadays,
trapezoidal form of closed ribs is preferred broadly in industry. In the scope of this
thesis trapezoidal ribs having three different web slopes shown in Figure 7.1 are
compared with each other for the assessment of their efficiency with respect to stresses
developed in deck plate, rib and cross beam and resultant displacement developed in
deck plate.

300 300 300 300 300 300 300 300 300
12 12 12
wy
8 8 8 ]
o 6 (04 6 o
280 140 20

Figure 7.1 Dimensions (in mm) of different rib shapes used in this thesis. The slopes
of the rib shapes from left to right are 87.92°, 73.78° and 63.02° respectively.
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Design rules and recommendations are given in Eurocode 3 Part 2[52], US Department
of Transportation Federal Highway Administration Report No: IF-12-027 [11] and
studies conducted by Mangus and Sun [71], Wolchuk [72] and Wolchuk [73] for
dimensions of orthotropic steel bridges. In this research the cross section of bridge is
chosen as per Eurocode 3 Part 2[52], since it is the most updated information source in
comparison with studies done by Mangus and Sun [71], Wolchuk [72] and Wolchuk
[73] and a frequently used reference in Europe. In addition, US Department of
Transportation Federal Highway Administration Report No: IF-12-027 [11] also sets
similar rules and recommendations as Eurocode 3 Part 2 [52] does.

7.1 Comparison of Rib Web Slopes

FE- analyses of steel orthotropic bridge are performed for trapezoidal rib web slopes of
87.92°, 73.78° and 63.02° respectively. First, deformation vectors of whole structure are
given in Figure 7.2, Figure 7.3 and Figure 7.4in order to identify which rib web slope
results in the best load dispersing of wheel loads on deck plate. It is seen from Figure
7.5 that rib web slope of 73.78° leads to best load dispersing of deck plate with the
lowest deformations. According to shape of curve given in Figure 7.5 a moderate rib
web slope between two limit situations satisfies the best rib shape so as to obtain min.
deformations of wearing surface lying on deck plate. Max. deformation vector values
under wheel loads are 1.898 mm ,1.729 mm and 1.966 mm for trapezoidal rib web
slopes 0f87.92°, 73.78° and 63.02° respectively.

Figure 7.3 Distribution of
resultant displacement for rib web
slope of 73.78°. Max. value is
1.729 mm.

Figure 7.2 Distribution of resultant
displacement for rib web slope of
87.92°. Max. value is 1.898 mm.
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Figure 7.4 Distribution of resultant
displacement for rib web slope of
63.02°. Max. value is 1.966 mm.

Figure 7.5 Variation of resultant
displacement depending on rib
web slope.

Second, v.- Mises stress distributions of rib web slopes of 87.92°, 73.78° and 63.02° are
given in Figure 7.6, Figure 7.7 and Figure 7.8 respectively. In all these figures v.- Mises
stress distributions of the whole structure are given at the top and close- up view of
max. v.- Mises stress distributions as per averaged and non- averaged nodal values are
given at the bottom. If the max. values of v.- Mises stresses appear in deck plate, ribs
and cross- beams for rib web slope of 73.78° are taken as 100 percentage, Figure 7.6
indicates that using rib web slope of 87.92° leads to % 4.04 stress decrease in deck
plate, % 2.77 stress increase in ribs and % 30.79 stress increase in cross beams.
Likewise, Figure 7.8 indicates that using rib web slope of 63.02° yields to % 5.61 stress
increase in deck plate, % 1.98 stress decrease in ribs and % 8.55 stress decrease in cross
beams. As a result using rib web slope of 63.02°is the best according to yielding of steel
parts of the bridge. Variation of stresses in steel parts is shown in Figure 7.9 for
illustration. Third, the extreme values of normal and shear stresses developed in deck
plate, ribs and cross beams are examined as to Table 7.1. Max. absolute normal stress
value in bridge's transverse direction appears in cross beam as 173.086 MPa, when rib
web slope is 87.92°. Using other slopes of rib web concludes in lesser transverse normal
stress values. According to normal stresses in bridge' s longitudinal direction max.
tension and compression stresses occur always in rib steel parts, whatever rib web slope
is used. Min. tensional longitudinal normal stress and max.compressive longitudinal
normal stress develop as 89.998 MPa and 200.105 MPa respectively, when rib web
slope is 63.02°. From the close examination of longitudinal normal stresses it is
concluded that, using lower rib web slope values leads to slight increase of compressive
longitudinal normal stresses, but also ~% 50- % 90 decrease of tensional longitudinal
normal stresses in rib steel parts. Vertical normal stresses in global Z axis rise in cross
beams and ribs, when rib web slope is 87.92°, but lessen in cross beams and ribs, when
rib web slope is 63.02°. Values of shear stresses appear in steel structural parts are very
much smaller than normal stresses and are of no importance for the assessment of slope
of rib web in orthotropic steel bridges.
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a)

b)

Figure 7.6 a) Distribution of v.- Mises stress with averaged nodal values on the
whole structure. b) Close- up view of distribution of v.- Mises stress with
averaged element results. ¢) Close- up view of distribution of v.- Mises stress
with non- averaged element results. Both results are for rib web slope of 87.92°.
Max. values developed in deck plate, ribs and cross beams are 121.538 MPa,
262.34 MPa and 263.612 MPa respectively.

b)

Figure 7.7 a) Distribution of v.- Mises stress with averaged nodal values on the
whole structure. b) Close- up view of distribution of v.- Mises stress with averaged
element results. ¢) Close- up view of distribution of v.- Mises stress with non-
averaged element results. Both results are for rib web slope of 73.78°. Max. values
developed in deck plate, ribs and cross beams are 126.652 MPa, 255.259 MPa and
201.549 MPa respectively.
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b)

Figure 7.8 a) Distribution of v.- Mises stress with averaged nodal values on the
whole structure. b) Close- up view of distribution of v.- Mises stress with
averaged element results. ¢) Close- up view of distribution of v.- Mises stress
with non- averaged element results. Both results are for rib web slope of 63.02°.
Max. values developed in deck plate, ribs and cross beams are 132.997 MPa,
250.202 MPa and 184.319 MPa respectively.
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Figure 7.9 Variation of max.v.- Mises stress
depending on slope of rib web.
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Table 7.1 Comparison of stresses for different slopes of rib webs

Type of Slopes of rib webs

stress 87.92° 73.78° 63.02°

(Mpa) value & place value & place value & place

o com - deck - deck - deck
ten. 173.08 cross 143.55  cross 142.69  deck

- com - rib - rib - rib
ten. 188.97 rib 145.48 rib 89.998 rib

ol Com - Cross - Cross - Cross
ten. 289.72 rib 244.21  rib 189.82  rib

- com -23.904 rib -21.289 rib -22.569 deck
ten. 22223  deck 21.782  deck 24.892 Rib

- com -51.88 Rib -46.702 Rib -37.716 Rib
ten. 39.141 Rib 54.273 Rib 48.926 Rib

- com -94.819 cross -69.481 cross -62.108  cross
ten. 78.239  cross 71.628  rib 97.041 Rib

*Please refer to Figure 1.3 for explanation of o, oy and o; on finite elements,
with which the whole structure is modeled.

Variation of max.stressesin steel parts depending on slope of rib web is given below in

Figure 7.10.
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Figure 7.10 Variation of max. stresses in steel parts depending on slope

of rib web.
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7.2 Results & Discussion

Briefly, usinglimit situations and a moderate value of slope of trapezoidal rib web in
orthotropic deckarecompared with each other using FE- method in this thesis.A detailed
FE- model is used to assess the effect of slope of rib web on the stresses of steel parts of
orthotropic bridge and on the resultant displacement occured at the deck plate. Results
of the FE- analyses show that using the lowest slope of rib web is the best, while using
highest slope of rib webis the worst as per stresses revealed in rib and cross- beam steel
parts of the bridge. This result is especially true for cross- beam stresses. On the other
hand max. deck plate resultant displacement and hence max. resultant dislpacement in
bridge' s wearing surfaceis obtained, when the lowest slope of rib webis used.
Consequently, the lower slope of trapezoidal rib webis used, the lower stresses are
obtained in steel parts. However, this slope degree shall be determined according to the
permissible displacement value of wearing surface laid on deck plate.
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CHAPTER 8

RECOMMENDED PROPERTIES OF ELASTIC WEARING
SURFACES ON ORTHOTROPIC STEEL DECKS

Wearing surface on deck plate plays a very important role to avoid or mitigate these
damages, since it disperses the load coming on deck structure and increases the bending
stiffness of deck plate by forming a composite structure together with it. In this thesis
the effect of Elastic moduli, Poisson ratio and thickness of wearing surface on the
stresses emerged in steel deck and wearing surface itself is investigated using a FE-
model developed to analyze orthotropic steel bridges.In the scope of this thesis wearing
surfaces are introduced and the influence of elastic moduli, Poisson ratio and thickness
of elastic wearing surface as per stress distribution in orthotropic deck is subsequently
handled. Consequently, conclusions and recommendations regarding material properties
and thickness of wearing surface are given in the last section.

8.1 Wearing Surfaces

Wearing surface on deck plate plays a very important role to avoid or mitigate the
damages of orthotropic deck, since it disperses the load coming from vehicle wheel on
deck structure and increases the bending stiffness of deck plate by forming a composite
structure together with it. Pouget et al. [74] presented a crucial article about viscous
bituminous wearing surfaces on orthotropic decks. In addition several researches are
conducted with respect to bituminous wearing surfaces [75- 81]. Buitelaar, Braam and
Kaptijn [82] performed researches regarding reinforced high performance concrete
(RHPC) as elastic wearing surface on orthotropic decks (See Figure 8.1 and 8.2). They
recommend RHPC for renovation of existing damaged wearing surface and construction
of new wearing surface as well. They modeled RHPC with linear elastic material
properties using their FE- model to estimate stress reduction factors due to RHPC. The
elastic module of ultra high performance concrete (UHPC) can vary even between 60
and 100 GPa. The RHPC overlay is a combination of a HPC strength class C110 (based
on special pre-blended materials reinforced with both steel and acrylic fibers) and
welded mesh reinforcement (consisting of two specially produced mats @8 mm # 50 x
100 mm positioned on top of each other such that a total of three layers of @8 mm
rebars spaced at 50 mm is obtained) [83]. The mesh reinforcement is placed on a @8
mm rebar used as a spacer. Thus, the total amount of reinforcement is approximately 24
kg/m” traditional reinforcement plus 5 kg/m” steel fibers. The total thickness of the
RHPC overlay is in this specific case 50 mm. The concrete cover on the reinforcement
is thus only 18 mm. If the thickness of the layer should be increased, the reinforcement
can be adjusted. To replace the existing wearing surface with a RHPC overlay, the
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bonding between the steel deck plate (thickness 10 - 12 mm) and the overlay is of
crucial importance to secure total deck rigidity and a uniform "monolithic" behavior
under all circumstances. For that reason the first investigations were focused on creating
a bonding zone that met all requirements. A bonding zone can easily be created by
connecting the mesh reinforcement and the steel deck plate by welds, but this might
result in undesirable local peak stresses. Therefore research was carried out to find the
optimal bonding agent. The best method turned out to be the use of a two-component
epoxy based adhesive with sprinkled-in bauxite aggregates. After hardening of the
epoxy, the overlay is cast. The surface will be shot blasted. No additional wearing
surface will be applied [82].

a) b)

o A

S

Figure 8.1 a) Reinforcement principle of RHPC. b) RHPC overlay on deck plate
[77].

Figure 8.2 RHPC surfacing system [1].

Jong [1] also recommends the same principles and conclusions on the modeling and
application of RHPC in his dissertation. The material properties of the linear- elastic
modeled wearing surface and bonding layer beneath it are given below;

Material properties of the RHPC surfacing are: Elastic modulusE = 50 000 MPa [39,
40], Poisson ratio v = 0.3, density p = 2400 kg/m3 , thermal expansion coefficient o =
12x10°°. The concrete is modeled as a homogeneous layer. The reinforcement bars and
cracks in the tension zones of the concrete are not modeled.

Material properties of the bonding layer between steel and RHPC surfacing are from the
product data sheet of Sikadur 30 [84]: Elastic module £ = 12 800 MPa, Poisson ratio v =
0.3, density p = 1650 kg/m3 , thermal coefficient & = 90x10. Research has shown that
Sikadur 30 is a good epoxy bonding layer for RHPC on steel [85]. Therefore in the FE-
models the properties of Sikadur 30 were used [1].
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As a loading in FE- model of Jong [1] a wheel footprint is used, which is 320 mm long,
220 mm wide, and has a load of 35 kN. This is in fact wheel type A, the so-called
single, from Eurocode 1-Part 2. The standard axle load of 70 kN for the steering axle
with wheel A is divided by two.

However, in this thesis elastic module of wearing surface is chosen varying between 20
and 35 GPa, which are identical to normal concrete wearing surfaces. The range of
Poisson ratio is chosen varying between 0.15 to 0.30 [86]. Because aim of this thesis is
determination of the influence of material properties and thickness of normal concrete
wearing surfaces on steel decks, high elastic module values possessed by RHPC is not
used in this thesis. In the first stage, bonding layer is ignored and a normal concrete
wearing surface is considered, which is fully bonded to the top of deck plate. Then
stresses developed in orthotropic deck are assessed for different elastic module and
Poisson ratio pairs of normal concrete wearing surface. In the second stage, bonding
layer is modeled as described by Jong [1] and the results are evaluated depending upon
variance of bonding layer's shear module and wearing surface's thickness. It is of great
importance to note that, wearing surface term used in this thesis refers to concrete
wearing surface plus bonding layer (if considered in FE- model as in the case of second
stage). In the first stage of FE- analyses, wearing surface term refers solely to concrete
wearing surface, since concrete wearing surface is fully bonded to deck plate without a
bonding layer between them. Thus, bonding layer is only involved in the second stage
of FE- models.

8.2 FE- Analyses

The variation of elasticity module and Poisson ratio of concrete wearing surface in the
first stage of analyses is given in Table 8.1 below. In the first stage of FE- analyses, the
thickness of elastic wearing surface is always taken as 40 mm (Here 40 mm is equal to
concrete wearing surface's thickness, which rest directly on deck plate without any
bonding layer between them) in all FE- analyses. Since 40 mm is the traditional wearing
surface thickness value (8 mm rebar spacer at the bottom + 3x8 mm = 24 mm rebar
diameters + 8 mm rebar spacer at the top), where wearing surface on deck plate is of
concrete, it is chosen as wearing surface thickness value in the first stage of FE-
analyses.
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Table 8.1 Variation of elasticity module and Poisson ratio as per first stage FE-

analyses.
FE- analysis Elasticity = Poisson FE- Elasticity Poisson
name module ratio analysis module ratio
(MPa) name (MPa)
T4E20P15NL* 0.15 T4E30P15 0.15
T4E20P15 0.15 T4E30P20 0.20
30 000
T4E20P20 20 000 0.20 T4E30P25 0.25
T4E20P25 0.25 T4E30P30 0.30
T4E20P30 0.30 T4E35P15 0.15
T4E25P15 0.15 T4E35P20 0.20
35 000
T4E25P20 0.20 T4E35P25 0.25
25 000
T4E25P25 0.25 T4E35P30 0.30
T4E25P30 0.30

*This FE- analysis is same as T4E20P15, however geometrical non- liearity is
considered to assess its influence on the results. All materials used in Fe-analyses obey
Hooke's Law.

In the second stage of FE- analyses, elasticity module and Poisson ratio of concrete are
30 GPa and 0.3 respectively, which is explained in detail in Table 8.2.

Table 8.2 Variation of bonding layer's shear module and thickness of wearing surface as
per second stage FE- analysis.

FE- analysis  Shear module Thickness | FE- analysis Shear module Thickness
name of bonding of wearing | name of bonding of wearing
layer surface layer surface
(MPa) (mm) (MPa) (mm)
T25MS5 5 T25MS4923 25
T25MS500 500 25 T50MS4923 4923 50
T25MS50000 50000 T75MS4923 75

*This is the shear modulus of Sikadur 30 [84].
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Before the first and second stage of FE- analyses, the analysis named T4E20P15NL is
performed, whether geometrical non- linearity is effective on results. It is seen from
Table 8.3 below that FE- analyses done without considering any non- linearity do not
influence the results. Averaged nodal values of results are also tabulated in Table 8.3 for
comparison with non- averaged results. As a conclusion, there is almost no difference
between the results of three FE- analyses in all both cases.

Table 8.3 Displacement and stresses developed in orthotropic deck.

‘§
Type of 58 T4Eo0PISNL T4E20P15 T4E20P15"%
structure = S =
»n & E
g .2 g
R SEN=Y
Whole 1.159 1.160 1.160
structure
max. max. max. max. max. max.
Type of stress
tens. comp. tens. comp. tens. comp.
O 4.563 5962  4.561 5969 4532 50955
O 4250 4180 4247  4.185 4246  4.180
Concrete 7>
surface 2234 5879 2238 5875 2184 5805
o 9.720 9.712 8.642
O 41.023 97.482  41.117 97452 29223  64.778
O 24626 32534 24613 32502 24363 16322
Deck Y
plate o 18.057 45522  18.067 45597 15455  39.801
o 157.492 157.391 110.759
G 97.039  65.071 97.178 64999  95.106  63.985
Cross- Oy ~0.000
beam at
field O 92.630 146.686 92.632 146737 91.531  145.986
o 141.799 141.826 141.519
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Table 8.3 (cont’d)

Oy 49.702  46.931 49907  47.121 49.163  46.476

‘ Oy 91.502  89.074  91.872  89.576  52.641 68.402

e Oy 120.924  90.631 121.402 91.030  88.323 69.494
oy 122.178 122.588 87.628

*oy oy and o are transverse bending stress, longitudinal bending stress and normal
stress perpendicular to deck plate plane respectively in deck plate steel material.

**0oy, 0, and oy are transverse bending stress, vertical bending stress and normal stress
perpendicular to cross- beam plane respectively in cross- beam steel material.

*** 0oy, o0y and o are transverse bending stress, longitudinal bending stress and normal
stress perpendiculat to rib material parts respectively in rib steel material.

8.3 Influence of Elastic Moduli, Poisson Ratio and Thickness of Elastic Wearing
Surface on Orthotropic Deck

8.3.1 General Deformation Behavior of Bridge

With respect to Figure8.3 the change of wearing surface's Poisson ratio effects max.
resultant displacement of bridge very slightly, that the effect of Poisson ratio on it can
be neglected. The max. change of max. resultant displacement (Us,, ) depending on
Poisson ratio is only 1.2 %. According to Figure 8.3, Uy, is much more influenced by
the elasticity module of wearing surface, when there exists a full bond between concrete
wearing surface and deck plate. The rise of wearing surface's elasticity module from 20
GPa to 35 GPa leads to 8- 11 % decline of Uy, . If the bonding layer is modeled and
not a full bond between concrete wearing surface and deck plate is considered, we can
state that any increase of bonding layer's shear module or in wearing surface' s thickness
elicits to decrease of Uy,, (See Figure8.4 and 8.5). It is seen from Figure8.5 that
increasing wearing surface' s thickness from 25 mm to 75 mm results in 44.44 % fall of
Usum - Finally, wearing surface's thickness is recommended as a controlling parameter
on Uy, , not the material properties of normal concrete wearing surface.
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displacement as per resultant displacement
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wearing surface elastic
module (on logarithmic
scale) risen in the bridge.

surface, in case of full
bond.

in the bridge.

8.3.2 Concrete Wearing Surface

Regarding Figure8.6, 8.7, 8.9 and 8.10 increasing bonding layer's shear module or
wearing surface's thickness leads in general decreasing of stresses in concrete wearing
surface. When bonding layer is ignored and concrete wearing surface is assumed as
fully bonded to deck plate, v.- Mises stress decreases depending on material properties
of concrete wearing surface as illustrated in Figure 8.8. As a thumb rule it can easily be
stated that the parameters to decline the stresses in wearing surface from strongest to
weaks are: Thickness and elasticity module of concrete wearing surface, shear module
of bonding layer and Poisson ratio of concrete wearing surface respectively.
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Figure 8.6 Max. v.- Mises  Fjgure 8.7 Max. v.- Mises

stress as per bonding layer's
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shear module (on

concrete wearing surface. in case of full bond.
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8.3.3 Bonding Layer

As to Figure8.11, excessive value of bonding layer's shear module (50 GPa)causes a
high value of v.- Mises stress in bonding layer, that is 30.465 MPa and according to
Figure 8.12 increasing thickness of wearing surface has a top value of v.- Mises stress in
bonding layer as 6.23 MPa. As a results, it is recommended to choose bonding layer's
shear module around 5000 MPa and to increase the thickness of wearing surface to
design of elastic wearing surface on orthotropic decks. Figure 8.13 and 8.14 depict the
variation of normal stresses depending on wearing surface's thickness and bonding
layer' s shear module.
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5 50 500 5000 50000 35 35 45 5565 TS
G (MPa) Thickness (mm)
Figure 8.11 Max. v.- Mises stress in Figure 8.12 Max. v.- Mises stress in
bonding layer as per bonding layer's bonding layer as per wearing
shear module. surface's thickness.
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8.3.4 Deck Plate

Figure 8.15 shows that Poisson ratio is not effective on stresses emerged in deck plate.
Elasticity module of concrete wearing surface has an effect up to approximately 5.5 %,
which can also easily be neglected. According to Figure 8.16 the excessive shear
module value, 50 000 MPa of bonding layer leads only to 11.35 % decrease of v.- Mises
stress in deck plate. With respect to Figure 8.17 and 8.18 increasing wearing surface' s
thickness yields in a beneficial decrease of v.- Mises and compressive transverse stress
(sx com.) in deck plate. Increasing wearing surface's thickness from 25 mm to 75 mm
yields in 30.19 % decrease of v.- Mises stress in deck plate. According to Figure 8.19
increasing bonding layer's shear module effects tensile transverse stress (sx ten.),
nevertheless just slightly other normal stresses in deck plate.
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. 1
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9
bond.

bond.

83



120 120
o P TLLLT o e T T T
N '-'—-___.____ 80

50 A Deck plate 4 < Deck plate

60 § — 60

0 0 _— ® 40 — - =

20 20 T 2 =
0 Thickness (mm) 0 G (MPa)

25 35 45 55 G5 75 5 50 500 5000 50000
—40; (ten.) —m-0.(comp.) —a—0,(ten.) —+—0;(ten.)  —@—o0;(comp.) —i—o,(ten.)
—oy(comp)  Todten)  ~* 5 (comp.) T oycomp.) T oten) g (comp.)

Figure 8.18 Max. stresses in deck plate Figure 8.19 Max. stresses in deck

. S .
as per concrete wearing surface's plate as per bonding layer's shear
thickness, in case of full bond. module.

8.3.5 Cross- beam

When there exists a full bond between deck plate and concrete wearing surface, max. v.-
Mises stress in cross- beam decreases approximately 9.5 %, if concrete wearing
surface's elastic module changes from 20 GPa to 35 GPa (See Figure8.20). As per
Figure 8.21 and Figure 8.24 rise of bonding layer's shear module causes decrease of v.-
Mises stresses and normal stresses in cross- beam, whereas increasing wearing surface's
thickness greatly reduces normal and v.- Mises stresses in cross- beam, as given in
Figure 8.22 and 8.23.
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8.3.6 Ribs

Figure8.25 shows that max. v.- Mises stress developed in ribs is almost not effected by
concrete wearing surface' s Poisson ratio, when concrete wearing surface is fully bonded
to deck plate. However, increasing concrete wearing surface's elastic module results in
approximately 10.2 % decrease of v.- Mises stress in ribs. It is seen from Figure 8.26
and 8.29 that, normal and v.- Mises stresses developed in ribs reduce, when bonding
layer' s shear module rises. According to Figure 8.27 and 8.28 max. normal and v.-
Mises stresses decrease heavily with the increase of wearing surface's thickness.
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moduli, in case of full bond.
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8.4 Results & Discussion

FE- model established in this thesis is used to evaluate the stresses developing in
orthotropic decks. It is investigated the influence of material properties and thickness of
linear elastic wearing surface (in the case handled in this article, concrete wearing
surface) on the stresses revealed in orthotropic decks. Results can be summarized as
follows:

It is seen from the results that Poisson ratio of elastic wearing surface has a vey
negligible effect on displacements and stresses developed in any part of orthotropic
deck. From this point of view, it is advised utilizing one- dimensional, unconfined tests
to obtain elastic module of concrete pavement instead of more expensive confined stress
tests. For a Poisson ratio value of concrete pavement any value between 0.15 and 0.30
can be used in FE- analyses.

Thickness of wearing surface is the dominant parameter to really reduce all stresses and
displacements in any part of orthotropic decks.

Excessive shear module (50 000 MPa) of bonding layer results in very high v.- Mises
stress in bonding layer. As a result a shear module of around 5000 MPa for bonding
layer is suitable.

For concrete wearing surfaces fully bonded on deck plate, increasing elastic module of
concrete wearing surface from 20 GPa to 35 GPa leads approximately to 50 % increase
of v.- Mises stress in concrete wearing surface, 5.5 % decrease of v.- Mises stress in
deck plate, 9.5 % decrease of v.- Mises stress in cross- beam and 10.2 % decrease of v.-
Mises stress in ribs.
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CHAPTER 9

OPTIMIZING RIB WIDTH TO HEIGHT AND RIB SPACING TO
DECK PLATE THICKNESS RATIOS IN ORTHOTROPIC DECKS

Necessary FE-analyses are performed to reveal the stresses developed under different
rib width to height and rib spacing to deck plate thickness ratios. Based on the results
obtained in this thesis, recommendations regarding these ratios are provided for
orthotropic steel decks occupying trapezoidal ribs. In this section first, the influence of
width to height ratio of trapezoidal rib on stress distribution in orthotropic deck is
handled. Subsequently, rib spacing to deck plate thickness ratio is evaluated and results
are supplied in this section. Consequently, conclusions and recommendations for the
design of orthotropic decks are given.

9.1 Rib width to Height Ratio

Rib width to height ratio of trapezoidal longitudinal stiffener is assessed by means of
the stresses revealed for different height of ribs, while the width of rib is always kept as
300 mm. Results are compared with each other to interpret the deformation and stress
behavior of the bridge for small, moderate and high values of rib height. Figure 9.1
shows the parameters used in this thesis to evaluate the effect of dimensional ratios on
stresses developed in orthotropic deck. Here a, b, e and ¢ are rib with, height, spacing
and deck plate thickness respectively. Results are illustrated mainly in two different
ways, namely using contour graphics and tables. Since they both are scalar values and
represent all displacement and stress components well respectively at the point of
interest, resultant displacement and v.- Mises stress are chosen to interpret the results
using contour graphics. Second, tables are used to present the values of vectorial stress
components. Table 2 shows the stresses developed in deck plate, cross-beam and rib
separately for different rib width to height ratios. In the FE-analyses all dimensions
except rib height are always kept constant to be able to understand the effect of rib
width to height ratio on deformation and stress behavior clearly. In the scope of this
thesis five different FE-analyses are performed for rib height values of 150 mm, 200
mm, 275 mm, 300 mm and 375 mm, while other dimensions of bridge are kept constant.
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In terms of deformation behavior of the whole structure max. resultant displacement
occurs, when the shortest rib height is used as seen in Figure 9.2. Max. resultant
displacement developed in deck plate decreases, while rib height increases, that can be
seen in Figure 9.2, Figure 9.4, Figure 9.6, Figure 9.8 and Figure 9.10. So rib height is a
parameter to limit the resultant displacements rising in deck plate and also in the
wearing surface, which lies directly on deck plate and deforms simultaneously together
with deck plate. Figure 9.12 indicates that variation of deck plate displacements
depending on rib height is not linear. Slope of this variation reduces as the rib height
increases. After rib height of 300 mm, which is equal to rib width, the change in
displacement is so less, which can be neglected.

Table 9.1 Stresses developed in structural parts for different rib width to height ratios

(rib width is 300 mm).
b =150 mm b =200 mm b =275 mm b =300 mm b =375 mm
8 (a/b=2.00) (a/b=1.50) (a/b=1.09) (a/b=1.00) (a/b=0.80)
Typeof & 3
s A
° S max.
structuré @ < max. max. max. max. max. max. max. max. max.
& com
tens. comp. tens. comp. tens. comp. tens. comp. tens.
o, 129. 121. 128. 128. 135. 136. 136. 137. 139. 138
o, develops direct under wheel load, due to bending of deck plate. Max. comp. o, develops
at top, while max. tens. o, develops at bottom of deck plate.
% g o 113. 888 79.2 80.8 60.0 739 580 724 552 69.
8 % 12 0 2 R 2 4 9 2 5 21

o, develops under wheel load due to bending of deck plate. Two exceptions are when a/b =
1.5 and 0.8. At these situations max. tens. o, at top of deck plate, where deck plate is
connected to normal cross-beam.

0. ~0
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Table 9.1 (cont’d)

o, 399. 319.1 244. 178. 117. 859 130. 923 184. 131.78

o, develops at rib web to normal cross- o develops at normal cross-beam cope hole rounds.
beam connection, where cope hole
starts.

g
<
2 % o, 124 962 128 102 123 104 119 103 105 11.31
o B
§ = o, develops at the bottom flange of normal cross-beam. Max. comp. o, develops at the top of
O flange plate, while max. tens. o, develops at the bottom of flange plate.
o, 589 196.8 789 207. 113. 212. 124. 212. 162. 215.79
Max. tens. and comp. o, stresses develop at the rounds of cope hole. This cope hole is located
in the interior side next to main-girder.
o, 190 2175 127. 137. 84.14 804 813 775 81.16 769
o, develops at the rib bottom flange next o, develops at the bottom flange of rib, where rib
to main-girder. Max. and min. o, stresses Wweb connects to stiffened cross-beam.
are both located in the longitudinal mid of
bridge.
o, 193 3439 164. 265. 1454 180. 143. 156. 150.5 146.
o Max. tens. o, develops at the rib Max. tens. o, develops at the rib web Both max.
& bottom flange, longitudinally at the closer to stiffened cross-beam. Max. o, stresses

wheel load position. Max. comp. o, comp. o, develops at the rib web to develop at
develops at the rib, cross- beam and normal cross-beam connection. This rib  the rib web

cope hole connection point. This rib is is located next to main-girder. closer to

located next to main-girder. stiffened
cross-beam
longitudinal
ly.
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Table 9.1 (cont’d)

o, 294 284.8 330.

Max. tens. o
develops at the
inner side of rib
web, cross--beam

238.

Max. tens. and
comp. o stresses
develop at the
opposite webs of

2442 164. 216. 161.
Max. tens. o, develops at the rib web to
normal cross-beam connection, while
max. comp. o, develops at the rib web

to stiffened cross-beam connection.

2123

169.

Max. tens.
and comp.
o, stresses
develop at

and cope hole the rib, which is This rib is located next to main girder.  the
connection, while adjacent to main- opposite
max. comp. o, girder. webs of the
o develops at the rib, which
& outer side of rib is adjacent
web at the same to  main-
place. This rib is girder.

located next to
main girder.

*Please refer to Figure 1.3 for explanation of o, o, and o, on finite elements, with which the whole
structure is modeled.

With respect to v.- Mises stress distribution as rib height increases, the place and value
of max. v.- Mises stress changes. For rib heights of 150 mm, 200 mm and 275 mm max.
v.- Mises stress rises at the rib web, where it is welded to the web of cross-beam. At this
intersection rib is aligned in traffic direction through cut-outs in cross-beam. Therefore,
welding between webs of rib and cross-beam is not continuous at the bottom flange of
rib, which results in excessive distortion, v.- Mises stress value and so yielding of
material as given in Figure 9.3 and 9.5. At rib heights of 275 mm and 300 mm max. v.-
Mises stress takes much lesser values below yield stress and develops still at the same
point, that is the bottom of welding between rib ad cross-beam (See Figure9.7 and 9.9).
At rib height of 375 mm, which is higher than rib width, max. v.- Mises stress takes a
slight higher value than the value developed at rib height of 300 mm as given in Figure
9.11 and 9.13. However max. v.- Mises stress occurs at the cross-beam cut-out edge,
when the rib height is higher than rib width. From these results it is recommended to
select rib height equal to rib width to avoid excessive deformations in deck plate,
yielding of steel material and stress concentrations at the intersection point between rib
and cross-beam webs under wheel loads used in this thesis.
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Figure 9.12 Variation of max. resultant displacement as to rib height.
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Figure 9.13 Variation of max. v.- Mises stress as to rib height.

Table 9.1 presents normal stress values as per type of structure and rib width to height
ratio. Shear stresses developed in structural parts are so less that they are not included in
the assessment of results. Regarding normal stresses, variation of rib height effects
longitudinal max. tension stress in deck plate, in-plane stresses in cross-beam and
normal stresses in ribs according to the stress values given in Table 9.1. Dependence of
other stress components on rib height are of no importance as seen in Table 9.1.
Increasing rib height results in lesser max. longitudinal tension stress in deck plate as
given in Figure 9.14. Nevertheless, this stress decreases rapidly between rib heights of
150 mm and 275 mm and the slope of stress decrease becomes very small and can be
assumed constant between rib heights of 300 mm and 375 mm.
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Figure 9.14 Variation of max. longitudinal tension stress in deck plate as to
rib height.

Figure 9.15 illustrates the variation of in-plane stresses in cross-beam. Here max.
vertical compressive in-plane stress increases steadily proportional to rib height.
However this increase has a so small slope that the change of this stress component can
be disregarded. Max. vertical tensional in-plane stress increases also steadily
proportional to rib height with an almost constant slope and the change of this slope
cannot be disregarded. This stress component takes its min. value (58.96 MPa) at the rib
height of 150 mm and its max. value (162.08 MPa) at the rib height of 375 mm. Max.
transversal both tensional and compressive in-plane stresses first decrease between rib
heights of 150 mm and 275 mm, then increase between rib heights of 275 mm ad 350
mm.

=f—TNax. transversal ten.
in-plane stress in

350
R \ cross- beam
300 —@—Max. transversal
comp. in-plane stress
250 - in cross- beam
- Max. vertical ten. in-
200 \\ /0 plane stress in cross-
beam
150 ~ .
\\ // i Max. vertical comp.
in-plane stress in

N = /
100 \p*’ cross- beam
0= T

150 200 250 300 3s0 Ribheight (mm)

beam (MPa)

Max. in-plane stresses in cross-

Figure 9.15 Variation of max. in-plane stresses in cross-beam as to rib height.

In trapezoidal ribs variation of all normal stresses is of importance and assessed
subsequently as per Figure 9.16. Max. transversal stresses decrease rapidly between rib
heights of 150 mm and 275 mm. The decrease of this stress component between 275
mm and 375 mm is almost of no importance. Max. longitudinal tension stress decrease
until the rib height of 300 mm and increases between 300 mm and 375 mm. Max.
longitudinal compressive stress decreases rapidly between rib heights of 150 mm and
300 mm and slightly between rib heights of 300 mm ad 375 mm. Max. vertical tension
stress first increases between rib heights of 150 mm and 200 mm, then decreases rapidly
between rib heights of 200 mm and 300 mm and then a slight decrease in this stress
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component occurs between rib heights of 300 mm and 375 mm. Max. vertical
compressive stress decreases rapidly between rib heights of 150 mm and 275 mm and
slightly between 275 mm and 300 mm, but afterwards increases slightly between rib
heights of 300 mm and 375 mm.
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Figure 9.16 Variation of max. normal stresses in ribs as to rib height.

9.2 Rib spacing to deck plate thickness ratio

Table 9.2 and Table 9.3 show the stresses developed in deck plate, cross-beam and rib
separately for different rib spacing to deck plate thickness ratios. In the FE-analyses of
this parameter study rib width and height are always kept constant as 300 mm and 275
mm respectively, then variation of rib spacing to deck plate thickness ratio is evaluated
separately. Initial values of rib spacing and deck plate thickness are 300 mm and 12 mm
respectively and results of these FE-analyses for initial dimensional values are given in
Figure 9.17 and Figure 9.18. Subsequently, four different FE-analyses are performed,
when rib spacing equals 150 mm, 225 mm, 375 mm and 450 mm, while other
dimensions of bridge are kept constant. Displacements of steel highway bridge
depending on rib spacing to deck plate thickness ratio is assessed using contour
graphics, which depict the change in max. resultant displacement. Figure 9.17, Figure
9.19, Figure 9.21, Figure 9.23, Figure 9.25 and Figure 9.35 illustrate the variation of
max. resultant displacement on the whole bridge depending on rib spacing. As a result
max. resultant displacement develops always in deck plate and increases proportional to
rib spacing. In Figure 9.35 it is observed that the value at the rib spacing of 300 mm is
out of this trend. The reason of deviation from trend line at this point is the place of
wheel loads, which rest on deck plate and rib web at the rib spacing of 300 mm, while
wheel loads rest solely on deck plate at the FE-analyses of other rib spacings. While the
distance between wheel loads (axle distance of the vehicle) remains always same, the
width of bridge changes in transversal direction as rib spacing changes. If wheel loads
rested always on rib web and deck plate or only on deck plate, the slope of curve given
in Figure 9.35 would always has a positive slope.
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In the second set of FE-analyses instead of rib spacing, thickness of deck plate is
changed to investigate the variations of displacement and stresses. Initial values of a, b,
e and t (See Figure 9.1) are same as 300 mm, 275 mm, 300 mm and 12 mm
respectively. Afterwards, four different new FE-analyses are done for t = 8 mm, 10 mm,
14 mm and 16 mm, while other dimensions of bridge are kept constant. Results of these
FE-analyses are given below.From the assessment of Figure 9.17, Figure 9.27, Figure
9.29, Figure 9.31, Figure 9.32 and Figure 9.36 max. resultant displacement is inverse
proportional to the thickness of deck plate and decreases as deck plate thickness
increases. Eurocode 3 Part 2 [52] Annex C1.2.2 recommends e / t< 25 and € < 300 mm
for design of orthotropic deck. According to this recommendation € = 300 mm and t =
12 mm provide min. conditions for design of orthotropic decks. Figure 9.36 shows that
deviations from this min. condition by decreasing deck plate thickness results in
localized and rapidly increased displacements in deck plate. This result is also valid if
deviations from min. condition occur by increasing rib spacing as proven in Figure 9.35.
Finally,numerical results obtained under wheel loads used in this thesis support
recommendations of Eurocode 3 Part 2 [52] regarding rib spacing to deck plate
thickness ratio based on the displacements developed in deck plate in terms of
deformation criteria.Increasing rib spacing yields in increasing of v.- Mises stress as
seen in Figure 9.37. The slope of the curve given in Figure 9.37 states that max. v.-
Mises stress increases rapidly between rib spacing of 150 mm and 300 mm,
nevertheless it increases with a decreasing slope after rib spacing of 300 mm, which is a
point of inflection, where the sign of curve' s curvature changes. The cause of this "S"
shape of curve is the changing of stress behavior between rib spacings of 150 mm and
300 mm. At the rib spacings of 150 mm and 225 mm max. v.- Mises stress rises in deck
plate and in cross beam respectively as given in Figure 9.20 and Figure 9.22. At and
after rib span of 300 mm max. v.- Mises stress develops always in the connection of rib
and cross beam webs as given in Figure 9.18, Figure 9.24 and Figure 9.26. Accordingly,
Figure 9.37 shall be seen as two curves before and after rib spacing of 300 mm, which is
the min. recommendation of Eurocode 3 Part 2 [52] and satisfies the ratio, e / t = 25.
Figure 9.38 reveals that increasing of deck plate thickness causes decreasing of max. v.-
Mises stress. At the deck plate thickness of 8 mm, max. v.- Mises stress localized direct
under wheel loads takes a very high value close to yield stress (see Figure 9.38).
Therefore, deck plate thickness under 10 mm shall not be allowed in orthotropic decks
under wheel loads used in this thesis. For deck plates having thickness higher than 8
mm, max. v.- Mises stress develops always in the connection between cross beam and
rib webs as given in Figure 9.18, Figure 9.30, Figure 9.32 and Figure 9.34. The
magnitudes of shear stresses in comparison with normal stresses developed in
orthotropic deck are so less, that they are not involved in the assessment of results. The
stress components, which vary essentially depending on rib spacing to deck plate
thickness ratio are given in Figure 9.39 through Figure 9.44.

95



Table 9.2 Stresses developed in structural parts for different rib spacings (a = 300 mm, t

=12 mm, b =275mm)

e =150 mm e=225mm e =300 mm e =375 mm e =450 mm
S (e/t=125and (e/ t=18.75 and (e/ t =25 and (e/ t=31.25 and (e/ t=37.5 and
58 5%
a% &§ a/e=2.00) a/e=1.33) a/e=1.00) a/e=0.80) a/e=0.67)
> 2 > 2
= 32 =
7 max. max. max. max. max. max. max. max. max. max.
tens. comp. tens. comp. tens. comp. tens. comp. tens. comp.
Oy 122.88 116.39 137.44 129.40 135.11 136.05 157.61 159.15 182.05 179.53
o, develops direct under wheel load, due to bending of deck plate. Max. Max. tens. o, Max. tens. o8
comp. o; develops at top, while max. tens. oy develops at bottom of deck  develops at  develops at bottom

plate

bottom of deck
plate under wheel
load closer to

normal Cross-
beam. Max.
comp. o

develops at top of

of deck plate under
wheel load closer
to stiffened cross-
beam. Max. comp.
o, develops at top
of deck plate under
wheel load closer

Deck deck plate under to normal cross-
plate wheel load closer beam.
to stiffened cross-
beam.
oy 65.47 75.88 73.2 89.39 60.02 73.94 107.69  121.01  132.69 140.60
o, develops under wheel load due to bending of deck plate. Max. tens. o, develops at bottom of
deck plate under wheel load closer to
normal cross-beam. Max. comp. oy
develops at top of deck plate under
wheel load closer to stiffened cross-
beam.
o ~0
Ox 39.14 26.08 73.61 53.21 117.22 8591 14890 110.33  160.35 130.72
o, develops at normal cross-beam cope hole rounds. Max. tens. and comp. o arise at the rib
web, normal cross beam and cope hole
connection points at opposite sides of
Cross cope hole.
beam Gy 493 5.51 9.95 7.88 12.33 10.41 12.70 11.63 12.04 11.78
at field o, develops at the bottom flange of normal cross-beam. Max. comp. o, develops at the top of flange plate, while max.

tens. oy develops at the bottom of flange plate.

[ 26.09 81.87 56.60 151.53 11351 212.20

15295 22121 15721 187.85

Max. tens. and comp. o stresses develop at the rounds of cope hole. This cope hole is located in the interior side next

to main-girder.
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Table 9.2 (cont’d)

Rib

Gx 27.48 25.00

Both o; stresses develop at
the bottom flange of rib

32.11 32.33

84.14 80.49

o, develops at the bottom flange of rib,
where rib web connects to stiffened

108.94  110.66

Max. tens. o
arises at bottom

142.21 140.79

Both o, stresses
develop at the

adjacent to main girder. They  cross-beam flange of rib, bottom flange of
arise in the longitudinal mid located rib adjacent to
of bridge. longitudinally main girder. They
closer to stiffened  arise in the
cross-beam. Max.  longitudinal mid of
comp. o, arises at  bridge.
bottom flange of
rib, located
longitudinally
closer to normal
crossbeam.
Gy 41.98 78.19 75.57 106.43 145.48 180.98 167.70 20293 137.11 229.88
Max. comp. o, develops at Max. comp. o, Max. tens. o, Max. tens. o, Both g develop at

the bottom flange of rib
adjacent to main girder. They
arise in the longitudinal mid
of bridge. Max. tens. o
develops at the bottom flange
of rib adjacent to main
girder, closer to stiffened
crossbeam.

develops at the
bottom flange of
rib adjacent to
main girder
located
longitudinally — at
normal Cross-
beam location.
Max. tens. oy
develops at the rib
web longitudinally
closer to stiffened
crossbeam.

develops at the rib
web  closer to
stiffened Cross-
beam. Max. comp.
o, develops at the
rib web to normal
cross-beam
connection.  This
rib is located next
to main-girder.

arises at the rib
web, located
longitudinally at
stiffened  cross-
beam  position.
Max. comp. o
arises at the rib
web, located
longitudinally at
normal Cross-
beam position

the opposite rib
webs of the rib
adjacent to main
girder. Their
position is
longitudinally  at
the normal cross-
beam location.

(o8 69.27 60.63

Max. tens. o develops at the
rib web adjacent to main

girder. Max. comp. o
develops at the rib web to
deck plate connection,
longitudinally ~ closer to

stiffened cross-beam.

88.30 77.67

Max. tens. o
arises at the rib
web longitudinally
very close to
stiffened Cross-
beam. Max. comp.
o, arises at the rib

to deck plate
connection
longitudinally
almost  between
normal and
stiffened Cross-
beams.

244.22 164.45

Max. tens. o,
develops at the rib

web to normal
cross-beam
connection, while

max. comp. o
develops at the rib
web to stiffened
cross-beam

connection.  This
rib is located next

to main girder

29941  218.40

Max. comp. o
arises at the rib
web, located
longitudinally at
stiffened  cross-
beam  position.
Max. tens. o
arises at the rib
web, located
longitudinally at
normal Cross-
beam position

310.11 231.25

Both o develop at
the opposite rib
webs of the rib
adjacent to main
girder. Their
position is
longitudinally  at
the normal cross-
beam location.

*Please refer to Figure 1.3 for explanation of o;, o, and o on finite elements, with which the whole
structure is modeled.
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Table 9.3 Stresses developed in structural parts for different deck plate thickness (a =e
=300 mm, b =275mm)

t=8 mm t=10 mm t=12 mm t=14 mm t=16 mm
S % 3 g2 (e/t=315) (e/ t=30.0) (e/ t=25) (e/ t=21.43) (e/ t=18.75)
g3 8¢g§
>~ g -~ 2 § max. max. max. max. max. max. max. max. max. max.
&2 & tens. comp. tens.  comp. tens. comp. tens. comp. tens. comp.
O 34322 33691 00 20880 13511 13605 9038  9l4l 6923 80.50
Both o; arise at deck plate at deck plate under oy develops direct under Both o, arise at Max. tens. oy arises

wheel load, longitudinally closer to normal

wheel load, due to

deck plate under

at the bottom of deck

cross-beam. Max. tens. o; arises at top, while  bending of deck plate. wheel load, plate, under wheel
max. comp. o; arises at bottom of deck plate. ~ Max. comp. o develops at  longitudinally load, longitudinally
top, while max. tens. o, closer to mnormal closer to stiffened
develops at bottom of cross-beam. Max. cross-beam, Max.
deck plate tens. o, arises at comp. o, arises at
top, while max. bottom of deck plate,
comp. oy arises at where deck plate
bottom of deck connects to normal
plate. cross-beam.
Deck p 777
plate Y 120.80  138.87 9 98.02 60.02 73.94 55.97 58.97 52.30 49.01
Max. tens. o, develops at bottom of deck o develops under wheel Max. comp. o, Max. tens. o, arises
plate, closer to normal cross-beam, max. load due to bending of arises at top of deck at the bottom of deck
comp. oy develops at top of deck plate, closer ~ deck plate. plate under wheel plate, under wheel
to stiffened cross-beam. load closer to load, longitudinally
stiffened cross- closer to stiffened
beam. Max. tens. o, cross-beam,  Max.
arises at top of deck comp. o arises at
plate, and deck bottom of deck plate,
plate to normal where deck plate
cross-beam connects to normal
connection. cross-beam.
O ~0
Ox 131.58  90.12 (l)i4 87.85 117.22 85.91 116.81 84.09 11591 82.28
Max. tens. o arises at rib, normal cross-beam o, develops at normal Both o, stresses develop in the round of
and cope hole connection. Max. comp. o, cross-beam cope hole normal cross-beam's cope hole.
arises at round of normal cross-beam's cope  rounds
hole.
Sy 12.70 11.08 ;2'5 10.73 12.33 10.41 12.06 10.11 11.77 9.82
Max. tens. oy develops at top of normal cross- oy develops at the bottom Max. tens. o, develops at top of normal
beam's bottom flange, while max. comp. o, flange of normal cross- cross-beam's bottom flange, while max.
Cross develops at bottom of flange. beam. Max. comp. o; comp. o, develops at bottom of flange.
beam develops at the top of
at field flange plate, while max.

tens. o, develops at the
bottom of flange plate.

Oz 111.94 22245 }é3 :

Max. o, stresses develop at the round of
normal cross-beam cope hole.

217.83

113.51 212.20

Max. tens. and comp. o;
stresses develop at the
rounds of cope hole. This
cope hole is located in the
interior side next to main-
girder.

113.24 205.93

112.47 199.28

Max. o, stresses develop at the round of
normal cross-beam cope hole.
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Table 9.3 (cont’d)

Rib

Ox 258.

90.48 86.96 53
Both o; stresses arise at bottom flange of rib
adjacent to main girder and longitudinally at
the stiffened cross-beam location.

171.17

84.14 80.49

o, develops at the bottom
flange of rib, where rib
web connects to stiffened
cross-beam

81.11 71.53 78.25 74.75

Both o stresses arise at bottom flange of rib
adjacent to main girder and longitudinally at
the stiffened cross-beam location.

Oy 15824  201.94 ;gl'

Max. tens. o, develops at rib web adjacent to
main girder, and longitudinally at the
stiffened cross-beam location. Max. comp. o;
develops at the rib web adjacent to main
girder and longitudinally at the normal cross-
beam location.

191.58

145.48 180.98

Max. tens. o, develops at
the rib web closer to
stiffened cross-beam.
Max. comp. o, develops at
the rib web to normal
cross-beam  connection.
This rib is located next to
main-girder

139.14 170.56  133.19 160.64

Max. tens. oy develops at rib web adjacent to
main girder, and longitudinally at the
stiffened cross-beam location. Max. comp. oy
develops at the rib web adjacent to main
girder and longitudinally at the normal cross-
beam location.

o 27326 17801 g”
Max.tens. o; arises at the rib web adjacent to
main girder and longitudinally at the normal
cross-beam location. Max. comp. o; arises at
the rib web adjacent to main girder, and
longitudinally at the stiffened cross-beam
location.

83.63

244.22 164.45

Max. tens. o develops at
the rib web to normal
cross-beam  connection,
while max. comp. o;
develops at the rib web to
stiffened cross-beam
connection. This rib is
located next to main

girder

230.55 157.87  217.78 151.51

Max.tens. o arises at the rib web adjacent to
main girder and longitudinally at the normal
cross-beam location. Max. comp. o arises at
the rib web adjacent to main girder, and
longitudinally at the stiffened cross-beam
location.

*Please refer to Figure 1.3 for explanation of o, o, and o, on finite elements, with which the whole structure
is modeled.
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Figure 9.19 Distribution of resultant ~ Figure 9.20 Distribution of v.- Mises
displacement, when t =12 mm and e stress, when t =12 mm and e = 150
=150 mm. mm.

JONBCNN

Ll

Figure 9.21 Distribution of resultant Figure 9.22 Distribution of v.- Mises
displacement, when t =12 mm and e stress, when t =12 mm and e = 225
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Figure 9.23 Distribution of resultant ~ Figure 9.24 Distribution of v.- Mises
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Figure 9.25 Distribution of resultant Figure 9.26 Distribution of v.-
displacement, when t =12 mm and e Mises stress, when t =12 mm and e
=450 mm. =450 mm.
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Figure 9.27 Distribution of resultant Figure 9.28 Distribution of v.- Mises
displacement, when t =8 mm and e stress, when t =8 mm and e = 300 mm.
=300 mm.

Figure 9.29 Max. disp. vector sum Figure 9.30 Distribution of v.- Mises
=2.04 mm, when t =10 mm and e = stress, when t =10 mm and e = 300
300 mm. mm.
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Figure 9.31 Max. disp. vector sum = Figure 9.32 Distribution of v.- Mises,
1.591 mm, when t =14 mm and e = when t =14 mm and e = 300 mm.
300 mm.
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Figure 9.33 Max. disp. vector sum Figure 9.34 Distribution of v.- Mises,
=1.511 mm, when t =16 mm and e when t =16 mm and e = 300 mm.
=300 mm.
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As seen in Figure 9.39 and in Figure 9.40 max. transversal and longitudinal stresses in
deck plate increases with the increase of rib spacing and decrease of deck plate
thickness. Variation of deck plate thickness results in slight changes in max. transversal
in-plane stresses developed in cross beam and is inverse proportional with transversal
in-plane stresses as given in Figure 9.42. However, increase of rib spacing causes
rapidly higher transversal and vertical in-plane stresses in cross beam (See Figure 9.41).
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““max. oy (ten.) in deck plate -+max. o, (comp.) in deck
*max. o, (comp.) in deck ~max. oy (ten.) in deck plate
““max. oy (ten.) in deck plate ““max. oy (comp.) in deck plate

max. oy (comp.) in deck plate . ..
Figure 9.40 Variation of max. stress

Figure 9.39 Variation of max. stress  values in deck plate as to thickness of
values in deck plate as to rib spacing. deck plate.
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All stress components developed in ribs are inverse linear proportional to deck plate
thickness as given in Figure 9.44. According to Figure 9.43 transversal stresses in ribs
almost do not change between rib spacings of 150 mm and 225 mm, however they
increase rapidly proportional to rib spacing between rib spacings of 225 mm and 450
mm. Max. vertical stresses in ribs increase very slightly from rib spacings of 150 mm to
225 mm and from rib spacings of 375 mm to 450 mm. However, vertical stresses in ribs
increase enormously from rib spacings of 225 mm to rib spacings of 375 mm.
Longitudinal stresses developed in ribs increase also proportional to rib spacing as seen
in Figure 9.43.
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There is an exception, that max. longitudinal (o;) tension stress decreases from rib
spacings of 375 mm to rib spacing of 450 mm as seen in Figure 9.43, since the point
and phenomenon of stress behaviors are different at rib spacing of 375 mm and 450
mm. The cause of this exception is explained in Figure 9.45. While max. tension and
compression longitudinal stresses rise in the rib next to main girder at rib spacing of 375
mm, they develop at the second rib away from the main girder at rib spacing of 450
mm. The main reason of this issue is actually increasing the width of deck plate in
transversal direction proportional to rib spacing, as the axle distance between wheel
loads as to bridge' s midpoint (symmetry center) remains same (See Figure 9.46).

/P L

Figure 9.45 a) Max. longitudinal stress develops at rib spacing of 375 mm. b) Max.
longitudinal stress develops at rib spacing of 450 mm.
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rib spacing = 150 mm  rib spacing = 225 mm  rib spacing = 300 mm  rib spacing = 375 mm rib spacing = 450 mm

Figure 9.46 Wheel load positions depending on rib spacing.

9.3 Results & Discussion

It is investigated the influence of dimensional parametric ratios on the deformations and
stresses developed in orthotropic deck. These dimensional parametric ratios are the rib
width to height ratio and the rib spacing to deck plate thickness ratio under wheel loads
employed in this thesis. It is concluded from the overall assessment of results that height
of trapezoidal rib should be equal to its width with respect to used wheel loads, deck
dimensions used in this thesis, deformations and stresses developed in orthotropic
decks. Numerical results obtained in this thesis support recommendations of Eurocode 3
Part 2 [52] regarding rib spacing to deck plate thickness ratio as e / ¢ < 25 and e < 300
mm under wheel loads used in this thesis. Deck plate thickness less than 10 mm leads to
localized high stress concentrations direct under wheel loads and should not be allowed
to be used for designing orthotropic decks. To avoid high to moderate stresses or stress
concentrations in cross beam or in ribs, dimensional parametric ratios should be as e / ¢
<225/ 12=18.75 and a / e > 300/ 225 = 1.33 under wheel loads used in this thesis. To
allow moderate stress values in orthotropic deck structure dimensional parametric ratios
should be as 25 >e /t>18.75and 1.33 >a /e > 1. If e / £>> 25 and a / e<< 1, stress
concentrations at the intersection between rib and cross-beam webs together with
yielding of material can occur under wheel loads used in this thesis. Of course,
dimensions of orthotropic deck should be determined as per fatigue strength, however
instead of repeating fatigue calculations after every FE-analysis, it is preferred in this
thesis using v.- Mises stress, which is a function of stress phenomena at every structural
point and a scalar value. As a result, v.- Mises stress is used for comparison of results of
FE-analyses with each other. Consequently, dimensional parametric ratios investigated
in this research are of great importance to define the places and values of max. stresses
and so control the stresses developing in orthotropic deck.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the quantitative reasons of damages in steel highway bridges under
conservative static wheel loads were investigated using FE- method by changing one
chosen unique dimension, while keeping others costant. So as to make this investigation
possible, all dimensions and spans of orthotropic steel bridge were defined as variables
in well known commercial FE- method programme ANSYS by means of APDL (Ansys
Parametric Design Language). Conclusions and recommendations of the thesis are
given below.

Several researches from industry and academic world mention that orthotropic deck has
a huge load carrying capacity beyond its yield point because of its integrated structure,
in which deck plate forms top flanges of ribs, cross- beams and main girders, since it is
welded to those structural parts. In this thesis this fact is numerically proven in chapter
2, because considering kinematic hardening in stress calculations proves that the
structure does not fail and continues to carry load thanks ductile material property of
steel, while plastic strains develop. However, if the overall results obtained from this
thesis is evaluated, it is recommended that orthotropic deck shall be dimensioned as per
its fatigue strength and load carrying capacity due to plasticity shall not be considered,
if an orthotropic deck is requested to exhibit 100 years service life under foreseen
design traffic category.

It is well known and expected that increasing deck plate thickness yields in less stress
values in deck plate. Nevertheless, the degree of this effect and the influence of
increasing deck plate thickness on the ribs and cross- beams were not numerically
obtained so far to the knowledge of author, when the full geometry of the bridge is
included in the FE- model. The numerical degree of v.-Mises stress relief for the
investigated bridge geometry in deck plate is 31.5 %, when the deck plate thickness is
increased from 12 mm to 14 mm. However, increasing deck plate thickness from 14
mm to 16 mm reduces v.-Mises stress only 10.6 % in deck plate. Therefore, increase in
deck plate thickness does not linearly reduce v.-Mises stress in deck plate. Other
numerical results obtained in chapter 3 proves that the increasing deck plate thickness
has very little effects on ribs and cross- beams. Therefore it is recommended using deck
plate thickness only to reduce the stresses in itself without considering stresses in other
structural parts.

It is evaluated the effect of cross- beam spacing and web thickness on the deck plate,
ribs and cross- beams in chapter 4. Numerical results indicated that decreasing cross-
beam spacing mainly reduces rib stresses and deck plate deflections, on which wearing
surface lies. Therefore it is recommended adjustment of cross- beam spacing is done as
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per rib stresses and max. deflection values stipulated by the manufacturer of wearing
surface, which will be used in the construction of orthotropic deck. A max. permissible
deflection value of wearing surface cannot be given here, because it depends on the
wearing surface material type, and hence shall be taken from its manufacturer. Another
recommendation extracted rom the numerical results of chapter 3 is determining web
thickness of cross- beam for reducing stresses in cross- beam itself without any concern
regarding dimensions of other load carrying steel member, since any change in cross-
beam web thickness effects only stresses in cross- beam not other load- carrying
members.

It is numerically proven in chapter 5, that there is a huge variation, when an orthotropic
deck is designed as per material limit states and its fatigue strength. Steel ortotropic
deck should be designed using fatigue calculation methods and fatigue strengths to
obtained 100 years service life fot the foreseen design traffic category.

There was a lack of numerical foundation for the chart, which is given in Eurode 3 Part
2 and used for determination of deck plate thickness and rib dimensions without any
need of making calculations. The numerical results of this thesis presented in chapter 6
comply with the correctness of this chart, if the limit stress analysis is used.
Nevertheless, this thesis also indicates that design of ortotropic decks should be done
using FE- models and fatigue calculation methods. As a result it is highly recommended
building FE- model of the orthotropic deck, which is intended to be constructed, and
evaluating its stress results as per fatigue strength to supply 100 years fatigue life
instead of using the chart given in Eurocode 3 Part 2.

According to the results obtained in chapter 7, it is recommended using lowest web
slope for ribs to the extent that the deflections in wearing surface are in permissible
values as per its manufacturer’ s information.

Based on the numerical results obtained in chapter 8, it is recommended using Sikadur
30 as a bonding agent with bauxite aggregates in 10 mm thickness between steel deck
plate and reinforced concrete wearing surface of 40 or 50 mm. After using the proposed
wearing surface type it is recommended to increase the thickness of reinforced concrete
wearing surface to decrease the stresses in deck plate, cross- beams and ribs, if the
stresses shall be reduced. Apparently, the final value of wearing surface’s thickness
shall be determined as per FE- analyses.

Based on the numerical results provided in chapter 9, it is recommended to set rib
height to rib width in design phase of an orthotropic deck. Second, rib spacing should
not be higher than rib width and should be used as a design parameter to determine the
values of cross- beam stresses. It is recommended to use the design ratios given in this
thesis for the initial design of orthotropic deck and check the final stress values using a
FE- model used to analyze the orthotropic bridge, which is planned to be constructed.

Consequently, as overall recommendations for design of an orthotropic deck, it is
recommended the steps given here are followed. First, the unsuitable wheel load and
load cycle per year shall be determined. Second, the design category of bridge for 100
years service life shall be selected. Third, the initial dimensions of orthotropic deck
shall be chosen as described here. That is a rib width equal to its height and not less than
300 mm, and a rib spacing not higher than 300 mm, preferable 200 mm. Cross- beam
spacing shall be 3 m or less, whereas deck plate thickness shall not be less than 14 mm.
Wearing surface shall be of reinforced concrete having thickness of at least 50 mm with
10 mm bonding agent of Sikadur 30. Other dimensions may be chosen from
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conventional design values. Fourth, the full geometry of the bridge shall be modeled
coarsely using 1-D finite elements. The orthotropic steel deck under wheel loads shall
be modeled using 2-D or 3-D finite elements. Between 1-D finite elements and 2- D or
3- D finite elements contact elements may be used, if it is necessary. After the FE-
analysis is performed, stresses developed in the FE- model shall be used with S- N
curves to calculate the fatigue life of bridge’ s structural life. If the deflection in wearing
surface is high, the thickness of wearing surface may be increased or the cross- beam
spacing may be reduced. If the deck plate stresses are high, mostly the increasing of
deck plate thickness would be beneficial, additionally; wearing surface’s thickness may
be increased. If the rib stresses are high, cross- beam spacing shall be decreased. If the
cross- beam stresses are high, rib spacing shall be reduced and web slope of rib shall be
reduced additionally. Fifth, the dimensions, spacings and spans of the orthotropic steel
deck shall be revised and FE- analysis and subsequent fatigue life calculations shall be
done. Finally, this last step shall be repeated, until the bridge provides 100 years service
life as per fatigue calculations.
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