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THESIS STATEMENT

The skewness angle of span affects on the responses of I-girder prestressed concrete
bridges due to the magnitude of this of skewness degree, in this thesis these responses we will
be studied very well generally for five different angles. The importance of this studying came
from knowing the different between more than one design with different skewness angles
when is wanted to take a decision which design for a bridge will be more appropriate between
others, but before studying these responses we have to know generally information about
bridges like the concept of prestressed concrete bridges and it was written it in the theoretical
part of this thesis and i hereby declare that this part was written from bridge engineering
references and the names of these references was written under the title "REFERENCES" at
the end of this thesis. I hereby declare that all information in this thesis titled as “Span-Skewed
Effect on the Response of the I-Girder Prestressed Concrete Bridges” has been completed
under the responsibility of my supervisor Assoc.Prof. Siileyman ADANUR and presented in

accordance with academic rules and ethical conduct. 21/06/2016

Osama GHZAYEL

v



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS . ...ttt sttt ettt sbe e e nnea 11
THESIS STATEMENT ...ttt ettt ettt ettt s eae et et eneennens v
TABLE OF CONTENTS ...ttt ettt \Y
SUMMARY ..ttt bt et et b st b e et eebe s bt e st e bt e bt et e eneenee e VIII
OZET .ttt ettt et bbbt h e she et b sttt eae e IX
LIST OF FIGURES ...ttt ettt et ettt h ettt et be bttt ene e X
LIST OF TABLES. ...ttt ettt sttt sttt sieennen XTI
INOTATIONS. ..ttt et ettt ab e bt s bt et e s bt ehe et et e esb e be bt eneesbeeneenee XV
1. GENERAL INFORMATION ABOUT BRIDGES.........cccccoeiiiiinininineee. 1
1.1. INErOAUCTION ...ttt st 1
1.2. LAterature REVIEW .......cccoiiiiiiiiiiiiiieccece et 2
1.3. Definition of Bridg@e......c.ccooiiiiiieieeeie st 11
1.4. Bridge Construction Materials............cocervieriiniiniiienieieceee e 11
1.4.1 STOMIC. ...ttt ettt ettt ettt e eeb e st e s eaee 11

1.4.2. TEOM. ettt et s 12
1.4.3. Reinforced and Pre-stressed COoncrete. ........oueeveevieriieiniieneeneenienieeeceeee 12
1.4.4. SEEL. .ttt ettt n e 13
1.5. Main Types of Bridges in the World............coooveiiiiniiinee e, 15

1.5.1 GIrder Brid@ESs.....c.vveeeiieiieeiieeie ettt e e 15
1.5.2. ATCH BIIAZES. ...ttt ettt ettt s 16
1.5.3. Cable Stayed Bridges.......ccceeeieiiiiiiiieeieeciie ettt 17
1.5.4. Rigid Frame Brid@es..........cocueeiiiiiiiiieiieiiesieeee et 18
1.5.5. TTUSS BIIA@ES. .. cuvieeiieeiieeie ettt ettt e s naee e 18
1.5.6. Reinforced Concrete Brid@es.........oooveviieiiiiriiriieiieciceieee e 20
1.5.7. Prestressed Concrete Brid@es........oovevveeiiiiieiiieiieeie e 20
1.5.8. Steel - Concrete Composite Box Girder Bridges...........coccvvveeviieniienienvencennen. 20
1.5.9. Horizontally Curved Bridges........ccccovieiieiieniinie et 21



1.5.10.
1.5.11.

2.1.
2.1.1.
2.1.1.1
2.1.1.2

2.1.1.3.
2.1.1.4.

2.1.2.
2.2.

2.2.1.
2.2.2.
2.2.3.
2.3.

2.3.1.

2.3.1.1.
2.3.1.2.
2.3.1.3.

23.2.

2.3.2.1.
23.2.2.

24.

24.1.
242
243.
244,
245.
2.4.6.
24.7.
2438.

SUSPENSION Brid@eS......ceeeuiieiiieeiieeiieeiie et e 21

TIMDBEr BIid@ES. ... cevieiieiieeiiieiieee et s 21
PRESTRESSED CONCRETE BRIDGES.........cccocooiiiiiiiiniiiecneeneee 23
INtrOAUCTION. ¢ttt 23

IMALETIALS. ...t 23
CONCIELC. ...ttt ettt st et 23
Steel fOr PrestreSSINg.....coveiiiriiiieeiieieeie ettt 25
Advanced Composites for Prestressing.......c.oovevvveeriereenienieniesieeieeee e 27
GTOUL. .ttt ettt et e sae e 27
Prestressing SYSIEMS. .....uviiiiieeiieeiieeiie ettt te sttt se e et eeteeeaae e seneennneas 28

SECHION TYPLS...veeueieutieiieeiieeie ettt ettt ettt ettt e st e saeesaeeseeesasesneeennas 29

V0Id SIADS. ..ttt 29

TrGIEARTS. ettt st 29

BOX GITAETS. ...ttt sttt 29

LOSSES OF PIESIIESS. ..cuueeiuviiuiieiiiiieeieei ettt sttt 31

InStantaneous LOSSES......coouuiiiiiiiiiiriiieiie ettt 34

ANCHOTAZE SET LOSS..ccuvieiiieiiiieie ettt ettt et e et e e e enneenes 34
FrICtION LLOSS.cueiiuiiiiiiiieee e 35
Elastic Shortening LoSS AfPES....ccverveerierierierieriiesie et 35
Time-Dependent LOSSES........cccuiiiiiieiiieiieieiie et 37
Lump Sum EStimation..........ccc.eeiiuiiiiiiiiiiieciieeieeeee et 37
Refined EStMation.........cccceouiriiiiiininiinciecctec e 37
Design ConSiderations..........c.eerieriierieriienieeieeeeeieeieeteeiee st e seeesieesneeseseeeeene 38
BaSIC THEOTY...ccueiiieiieeiie ettt et ettt 38
SHEESS LAMIES. c..eeuiiiiiiiieiie ettt et 40
Cable LayOUL. .. .eeiuiiiieeiie et ettt ettt s 41
Secondary MOMENLS..........coecieeriieiiieniieeiie et st e e e eae e e e aeas 43
Flexural Strength..........ccooiiiiiiiiiieieee e 44
Shear Stren@th..........oooiiieiiie e e 47
Camber and Deflections........c.ccooiiriiiiiiiiriiieceeee e 50
ANCROTAZE ZIOMES. ... eeeeiiiieiieeiieeetteseeeteeette et e e e e sebeeesaeessseeeseeensseessseenseanns 51



3. NUMERICAL APPLICATION. ......ooiiiiiiiieece e 52

3.1 Assumptions of the Numerical Application...........c.cceevvevieeeiieeiiieeiiieie e 52
3.2 Model Bridge DeSCription..........ceeverierieriinieeieeieeie ettt s see e 52
3.3. Dimensions of the Bridge Components.............cceeuerveereerrieenieerieeneenieeeeeeenne 54
3.3.1. First Model (Angle 0°)......ccieiiiiiiieieeeeeieee et 54
3.3.2. Second Model (ANZIE 21°)...c..iiiiiiiiieriieiieeie e e 57
3.3.3. Third Model (angLe 37.6%).....ccuiiiieiieieieeeeeee et 59
3.3.4. Fourth Model (ang1e 57%)....ccuviiiiiiieiieeee e s 61
3.3.5. Fifth Model (angle 66.6°).......c.cooiiiiiiieeiieiieseeee e 63

3.4. Strands ProPerti€s.......ceecuuieeiieeiieeiie ettt et 65
3.5. APPHEd LOAAS.......viiiiiiiiiieieece e 66
3.6. Model Analysis Type SeleCtion..........ccccueirieeriieniieeiie e e 67
3.7. CONSLIUCTION StAZES....eeiuiiiiirieiieeiiieetieeieeeiteeste e st ee s e e steeesaeesseeenaeessseesnseens 67
3.8. ANalysis Of MOEIS......c.eieiiiiieciieee et 67
3.9. Results and DIagrams.........ccueeeiiieiieeiieeriee et 68
3.9.1. The Moment of [-ZITders.......c.oevciiiiiiieiie e 68

3.9.2. The Shear Forces of [-girders.........ccoovuiieiiiiiiieiieecie e 72
3.9.3. The Torsion Of I-@ITAETs.......c.eeeuieiiiieciieeeee e e 76
3.94. The Axial Forces of I-girders........cccueviieiiiiiiiiieiieie e 80
3.95. The Displacement of I-girders.........cc.covieriieiiiniiniieieeeeeeee e 84
3.9.6. The Losses in Strands of [-gIrders..........cocverieriiniiinieeiieeeesee e 88
3.9.7. The Axial Stresses in [-ZIrders. .........covvieiiiiiiriieriieie e 91
4. CONCLUSION AND RECOMMENDATIONS.......cceotiininieieieieeeeeeeeeen 94
5. REFERENCES ...ttt 97
6. APPENDIX ...ttt ettt 101
CURRICULUM VITAE

VII



Master Thesis
SUMMARY

SPAN-SKEWED EFFECT ON THE RESPONSE OF
I-GIRDER PRESTRESSED CONCRETE BRIDGES

Osama GHZAYEL

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Civil Engineering Department

Supervisor: Assoc.Prof. Siileyman ADANUR
2016, 100 Pages, 28 Pages Appendix

Span-skewed bridges nowadays are constructed widely in the world and also in
Turkey. This thesis is about the span-skewed effects on the responses of I-girder prestressed
concrete bridges. The thesis prepared with this scope includes the following chapters.

In the beginning, the general information about the bridges, the importance of the
matter, previous studies about the subject are given. The formulations are also presented in
this chapter. After that, simply supported I-girder pretension prestressed concrete bridge with
five different models of 0°, 21°, 37.6°, 57°, 66.6° degrees of skewness angle, respectively are
analyzed using Midas Civil computer program. This program is made especially for analyze
and design all the components and all types of bridges by using the finite element method
using the most common codes in the world. Response values like displacements and internal
forces in the internal and external I-girders of the bridges, which obtained from analysis of
different types of span-skewed bridges, are discussed. Then, the results and recommendations

obtained from the analysis are given. The references are presented in the last chapter.

Keywords: Skewed bridge, Skewness angle, I-girder, Prestress concrete, Finite element
method, Displacement, Internal forces.
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Yiksek Lisans Tezi
OZET

I KESITLI ONGERMELI BETON KiRi$ TABLIYEYE SAHIP KOPRULERIN
DAVRANISINA ACIKLIK VEREVLIGININ ETKISI

Osama GHZAYEL

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiist
Ingaat Miihendisligi Anabilim Dali

Danigsman: Dog. Siileyman ADANUR
2016,.100 Sayfa, 28 Ek Sayfa

Verev kopriiler diinyada ve Tiirkiye’de yaygin olarak insa edilmektedirler. Bu tez, I
kesitli ongermeli beton kiris tabliyeye sahip kopriilerin davranisina aciklik verevliginin etkisi
ile ilgilidir. Bu amacla hazirlanan tez asagidaki boliimlerden olugsmaktadir.

[lk olarak kdpriiler hakkinda genel bilgilerden, konunun éneminden ve bu konuda daha
once yapilmis calismalardan bahsedilmekte ve formiilasyon verilmektedir. Daha sonra sonlu
elemanlar yontemi ile her tiir kdpriiniin analiz ve tasarimini yapan ve diinyada yaygin olarak
kullanilan Midas Civil bilgisayar programi kullanilarak, bir aciklikli 6ngermeli beton kirisli bir
kopriiniin 0°; 21°; 37.6°, 57°; 66.6° gibi bes farkli verevlik acis1 dikkate alinarak analizleri
gerceklestirilmistir. Analizler sonucunda bes farkli verevlik agis1 i¢in kopriiniin tabliye
kirislerindeki yerdegistirme ile burulma momenti, egilme momenti, kesme kuvveti ve normal
kuvvet gibi i¢ kuvvetler ve tendonlardaki eksenel kuvvetler elde edilmistir. Analizlerden elde
edilen tepki degerleri birbirleriyle karsilagtirilmistir. Sonrada ¢alismadan elde edilen sonuglar

ve Oneriler sunulmustur. Referanslar ise son boliimde verilmistir.

Anahtar Kelimeler: Verev koprii, Verevlik acisi, I kesitli kiris, Ongermeli beton, Sonlu
eleman yontemi, Yerdegistirme, I¢ kuvvetler.
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1. GENERAL INFORMATION ABOUT BRIDGES

1.1. Introduction

Bridges are needed for a variety of reasons. Generally, they ‘bridge’ a gap between the
banks of a river or they span the distance between two sides of a valley. They are made from
materials including stone and steel. Bridges can carry people, cars, lorries, railways and even
rivers. The first bridges made by humans were probably spans of wooden logs or planks and
eventually stones, using a simple support and crossbeam arrangement. The first writer in
science of bridge engineering was Hubert Gautier in 1716. (URL-1)

By the time, when the new industrial technology came, a lot of new systems helped
the scientists to develop a new types from bridges like the truss systems of wrought iron which
were developed for larger bridges, but iron did not have the tensile strength to support large
loads. With the advent of steel, which has a high tensile strength, much larger bridges were
built. (URL-1)

Bridges are classified on the basis that how the four forces namely shear, compression,
tension, and moment are distributed in the bridge structure. One from the most commonly
types is the prestressed concrete bridges. This type from bridges was classified to two types.
First one is the pre-tension prestressed concrete bridges and other one is post-tension
prestressed concrete bridges. In this thesis the first one will be discussed in numerical
application.

Nowadays, skewed-span prestressed concrete bridges are used widely around the
world and are used in Turkey too. There are a lot of researchers wrote a lot of researches about
analysis and design of this type of bridges but i want to complete in same way but this time by
making a comparison between the responses of these bridges when different skewness angles
were applied to know the effect of magnitude of the skewness angle on the responses of

bridges in general.



1.2. Literature Review

Many researchers have worked to find the effect of skewness angle of span on
responses of concrete bridges. Some of these studies can be summarized as follows:

Bakiit (1988), presented analysis of some skew bridges as right bridges. Those
methods of bridge analysis that are developed basically for right bridges are also sometimes
used for analyzing skew bridges provided that the angle of skew is less than 20°. A critical
review of this practice was presented in this research. It was concluded from the results which
presented that the ratio (S tan @/L), rather than @, should be taken as an appropriate measure
of skewness. It is shown that the errors in analyzing skew slab-on-girder bridges as right are
not characterized by the angle of skew but by two dimensionless parameters, which depend
upon the angle of skew, the spacing and span of girders, and their flexural rigidities relative to
the flexural rigidity of the deck slab. Recommendations are given for the use of the simplified
methods of analysis for skew slab-on-girder bridges. It is proposed that bridges having (S tan
/L), less than 0.05 can be analyzed as equivalent right bridges, where S, L, and © are the
girder spacing, bridge span, and angle of skew, respectively.

Khaleel and Itani (1990), presented a method for determining moments in continuous
normal and skew slab-and-girder bridges due to live loads. Using the finite element method,
112 continuous bridges are analyzed, each having five pretensioned I girders. The spans vary
between 24.4 and 36.6 m (80 and 120 ft), and are spaced between 1.8 and 2.7 m (6 and 9 ft) on
center. The angle of skew, a varies between 0 and 60°. From the results, For a skew angle of
60°, maximum moment in the interior girder is approximately 71% of that in a normal bridge;
and reduction in maximum bending moment is 20% in the exterior girders, which control the
design for a bridge with long span, small girder spacing, and small relative stiffness of girders
to slab. It is concluded that the AASHTO distribution of wheel loads for exterior girders in
normal bridges underestimates the bending moments by as much as 28%.

Helba and Kennedy (1994), performed a parametric study on collapse loads of skew
composite bridges. The influence of the various parameters, such as skew angle, aspect ratio,
span, loading conditions, moments of resistance on the failure patterns and minimum collapse
loads of simply supported and continuous two-span skew composite bridges have been

examined. Both eccentric and concentric critical loadings were considered. For eccentric



loading it was shown that the critical crack length is significantly affected by the bridge aspect
ratio and to a much lesser extent, by skew, while the critical location of the load is influenced
significantly by both skew and aspect ratio. For concentric loading, the inclination of the
positive transverse failure line is shown to be a function of the number of loaded lanes as well
as of skew.

Kankam and Dagher (1995), described a nonlinear finite-element analysis of skewed
slab bridges (Kankam 1993) to obtain the effects of steel redistribution near the obtuse corners
on the serviceability and ultimate strength of these bridges. Comparison of results obtained for
the two models of skewed slab bridges confirms that a skewed slab bridge whose design is
based on linear finite-element analysis in which more reinforcement is placed near the obtuse
corner than near the acute corner has a higher crack initiation load than a corresponding bridge
designed with uniform reinforcement, even though the total amount of steel in the two bridges
may be practically the same. A skewed slab bridge with more reinforcement near the obtuse
corner than near the acute corner has a higher ultimate strength than a corresponding bridge
designed with uniform reinforcement.

Ebeido et al. (1996a), made a research about girder moments in continuous skew
composite bridges. test results from three continuous composite steel-concrete bridge models
with two unequal span are used to verify a finite-element analysis for such bridges. From the
results they conclude that in the design of continuous skew composite bridges the exterior
girder is the controlling girder in terms of both span and support moments. Both the span and
the support girder moments decrease significantly with increase in the skew angle. Skew has a
greater influence on the design of interior girders than exterior girders. The effect of skew
becomes more significant for skew greater than 30°. For bridges with skew angles greater than
30°, both span and support girder moments decrease significantly with increase in the spans
ratio, S (= long span length/short span length).

Ebeido et al. (1996b), investigated the influence of skew, as well as other design
parameters, on the shear and reaction distribution factors of continuous two-span composite
steel-concrete bridges. They found that the reactions and shear forces at the simply supported
ends of a two-span continuous skew composite bridge can be estimated accurately using the
shear distribution factors for simply supported skew bridges presented by Ebeido and Kennedy

(1995). The distribution of the reactions at the pier support of a two-equal-span continuous



composite bridge is almost uniform and is not sensibly affected by skew. However, it is
significantly affected by skew in a two-unequal-span continuous composite bridge. Increasing
the skew increases significantly the reaction of the exterior girder and decreases it for the
interior girder. The distribution of shear forces at the pier support is critical for two-equal-span
as well as for two-unequal span continuous skew bridges. The shear forces increase at the
exterior girders and decrease at the interior girders with increasing skew. Both the reaction and
the shear distribution factors at the pier support are very sensitive to changes in the girder
spacing. These factors decrease significantly with increase in the ratio, N (=number of
lanes/number of girders), which is a measure of the girder spacing. An increase in the spans
ratio (=long-span length/short span length) reduces the shear forces and reactions at the pier
support.

Khaloo and Mirzabozorg (2003), performed a research about load distribution factors
in simply supported skew bridges. Simply supported bridges consisting of five I-section
concrete girders are analyzed using the finite element method. The main parameters of this
study are: girder spacing (1.8-2.7) m, span length (25-35) m, skew angle (0-60°), and
different arrangements of internal transverse diaphragms. The results of the research showed
that the arrangement of internal transverse diaphragms has a great effect on the load
distribution pattern. This effect varies for different skew angles such that, in low skew angles,
the difference between the first and second systems is high while, in high skew angles, this
difference decreases and the difference between the second and third or (fourth) Systems
increases. The decks with internal transverse diaphragms perpendicular to the longitudinal
girders are the best arrangement for load distribution in skew bridges. It has been shown that,
even in right bridges without internal transverse diaphragms, the load distribution factors of
the AASHTO code are very conservative.

Huang et al. (2004), presented in this research, a two-span, continuous, slab-on-steel
girder highway bridge with a skew angle of 60° was field tested. A finite element model was
developed and verified by the test results. The AASHTO LRFD specifications were compared
with the field test results. Based on the test results and analyses, the following conclusions can
be drawn. The recently published AASHTO LRFD formulas for transverse load distribution
appear to be conservative for positive bending (based on detailed testing and analysis of this

one bridge), for slab-on-steel girder bridges with skews as large as 60° and can be used with



confidence. The recently published AASHTO LRFD formulas for transverse load distribution
appear to be accurate but not conservative for negative bending (based on detailed testing and
analysis of this one bridge), for slab-on-steel girder bridges with skews as large as 60° and
should be applied in design with this in mind.

Qagqish (2006), started a research about effect of skew angle on distribution of bending
moments in bridge slabs by a finite element model was carried out for prestressed precast
beams and cast in situation slab bridge. The results of his research for transverse and
longitudinal moments were compared with the results obtained from AASHTO specifications.
This comparison shows that applying AASHTO specifications for slab bridge deck is safe and
economical.

Saber et al. (2007), investigated the effect of full-depth continuity diaphragms on the
deflection of, and stress in, skewed precast, prestressed concrete girders. This study
investigated the load transfer mechanism through full-depth continuity diaphragms. The effect
of continuity diaphragms on the maximum stress in the girders and maximum deflection of the
girders was negligible. This indicated that continuity diaphragms could be eliminated from
skewed, continuous, precast prestressed concrete girder bridges. Thus, continuity diaphragms
are ineffective and full-depth diaphragms are not needed to control deflections or reduce
member stresses but may be needed for construction, lateral stability during erection, or
resisting/transferring earthquake or other transverse loads. The theoretical results of this
investigation were based on finite element analysis to determine the effects of full-depth
continuity diaphragms for skewed, continuous, precast prestressed concrete girder bridges.

Menassa et al. (2007), studied influence of skew angle on reinforced concrete slab
bridges. The longitudinal bending moment, edge beam moment, transverse moment, and live-
load deflection were compared with AASHTO Standard Specifications and LRFD procedures.
The AASHTO Standard Specifications gave similar results to the finite element analysis
maximum longitudinal bending moment when the skew angle is less than or equal to 20°. The
ratio between the finite element analysis longitudinal moments for skewed and straight bridges
was almost one for bridges with skew angle less than 20°. In general, this research supports
the AASHTO standard specifications as well as the LRFD procedure in recommending that
bridges with skew angles less than or equal to 20° be designed as straight (non skewed)

bridges.



Huo and Sharon (2008), studied effect of skewness on the distribution of live load
reaction at piers of skewed continuous bridges and it was found that the reaction distribution
factors at the piers of continuous skewed bridges increase with increased skew angles. The
distribution factors of reactions at the piers are higher than those for shear near the same piers.
The increase in reaction distribution factor at the piers in the interior beam lines is more
significant than that in shear distribution factor when the skew angle is greater than 30°.

Kalantari and Amjadian (2010), using a three degree of freedom analytical model an
approximate hand-method was presented for dynamic analysis of skewed highway bridges
with continuous rigid deck. In modeling the structure it is assumed that the deck of the bridge
is rigid in-plane. They generalized a hand-method and this was proposed for dynamic analysis
of skewed highway bridges with continuous rigid deck. A computational procedure was
presented to determine the natural frequencies, mode shapes and internal forces of this kind of
bridge. The method was comprehensively verified using a finite element model subjected to
earthquake excitation. It was shown that the results from the proposed method as an
approximate method in the preliminary analysis are in good agreement with the finite element
method as a reliable method in the final stage of analysis.

Fu et al. (2011), studied behavior of reinforced concrete bridge decks on skewed steel
superstructure under truck wheel loads and it was reached in this study that a numerical
modeling of complex structures such as skewed highway bridges requires measurement data
for verification and/or calibration. Truck wheel loads induce relatively low strains/stresses in
RC highway bridge decks on steel superstructure in Michigan as an example. These
strains/stresses are not significant enough to initiate concrete deck cracking. Thermal
strains/stresses can be much higher, and merit attention in investigating the cause of concrete
deck cracking.

Harba (2011), studied effect of skew angle on behavior of simply supported
reinforcement concrete T-beam bridge decks. It found that the max. Live load bending
moment in T-beams Bridge decks decrease for skewed bridges. The max. Live load
deflections in T-beams bridge decks decrease for skewed bridges. The max. Live load shear in
T- beams bridge decks increase for exterior beams and decreases for interior beams for
skewed bridges. The maximum Live load torsions in T-beams bridge decks increases for

skewed bridges for all considered span lengths (12, 16, 20 and 24m).



Kaliyaperumal et al. (2011), presented dynamic analysis of a case-study bridge in
Sweden and comparison with available field measurements as well as eigenvalue analyses.
The eigenvalue analyses were carried out on a number of different FE models to investigate
the effect of modeling assumptions on dynamic behavior. It was found that secondary
elements such as bracings may have a significant effect on the frequency of the bridge and it is
suggested that they are modeled during an FE analysis. It was also found that in order to
capture the out-of-plane and torsional behavior of the main girders, which led to the
development of fatigue cracks on the case-study bridge, shell elements should be used in the
finite element models, as beams are unable to capture such type of behavior. The comparison
of the results obtained from dynamic FE analyses with available field measurements showed
that implicit dynamic analysis is a reasonable and computationally efficient method of
capturing the dynamic behavior of a bridge and obtaining dynamic stress histories. The results
were found to be in good agreement in terms of strain histories, maximum strains/stresses as
well in terms of mean stress ranges, the latter for the purposes of fatigue assessment.

Vayas et al. (2011), the research was made about three dimensional modeling for steel-
concrete composite bridges using systems of bar elements-modeling of skewed bridges. The
results of their research showed that the three dimensional modeling can be as accurate as a
relatively fine mesh finite element model both for orthogonal and skewed bridges, while it has
the advantages of being quicker and easier to set up. In contrast to grillage models, the three
dimensional models are able to predict the real 3D behavior of a skewed bridge and the out of
plane rotation of the steel girders during the concreting. In addition, they can also be used for
the stability analysis during erection stages, providing the modal shapes of the structure as
together with the corresponding critical load factors.

Theoret et al. (2012), studied analysis and design of straight and skewed slab bridges
and modeled them using grillage and finite-element models to characterize their behavior
under uniform and moving loads with the objective of determining the most appropriate
modeling approach for design. Comparison of finite-element analyses with grillage models
suggested that nonorthogonal grid arrangements are preferred over orthogonal grillages. Not
only are nonorthogonal arrangements simpler to realize than orthogonal grid models for
skewed geometries, but their accuracy was found comparable to finite-element plate model

values for determining the longitudinal bending moments in skewed slab bridges. In



orthogonal-grillage and finite element analysis, concomitant flexural and torsional moments
for moving loads must be combined for determining the bending moments required for
designing reinforcements which was found unnecessary with skewed grillage models in the
longitudinal direction. Finally, all grillage and finite-element models require post processing
to correctly predict the transverse bending moments using concomitant flexural and torsional
moments. The results of a parametric study carried out on 390 slab bridges indicated that the
shear forces and the secondary bending moments increase with increasing skew angle while
longitudinal bending moments diminish. The study also showed that the moment reduction
factor in AASHTO is accurate for skew angles of up to 30°, but becomes very conservative for
larger skew angles.

Khatri et al. (2012), studied the analysis of skew bridges using computational methods
and it was found that variation of grid sizes analysis results predicts that, variation in reaction
value is same in finite element method and grillage method but variation of bending and
torsion moment in finite element method is lower than grillage results. So, finite element
method may be preferred for analysis of skew bridges efficiently with certain limitation.

Nouri and Ahmadi (2012), studied influence of skew angle on continuous composite
girder bridge. The results showed that an increase of skew angle causes a reduction in both the
exterior and interior support moment girders. The effect of the skew angle on the moment and
shear was considerable on interior girders compared with exterior girders; thus, in the design
of continuous skewed two-lane bridges, the moment and shear of exterior girders control the
design. With an increase of skew angle, the shear decreased significantly in the interior
girders. It increased in the exterior girders at the pier support of continuous composite two-
lane bridges.

Sheng et al. (2012), studied the skewed concrete box girder bridge static and dynamic
testing and analysis. It was found For box girder bridges having similar spans and bearing
conditions, a higher width to span ratio (B/L) reduces the vertical displacement and torsional
deformations but increases the torsional stresses in the structure. Vertical bending moments
are slightly affected. In addition, increasing or decreasing box girder width can result in
impractical structures even if the effects are beneficial. It appeared that the selected B/L value
for the prototype was a good compromise between practicality and structural efficiency. As

box girder bridge skew angles increase, vertical bending moments and deformations decrease.



However, torsional stresses and deformations increase as well as differential reaction levels.
Consequently, large skew angles (above 45 ) were not recommended for skewed bridges on
the high speed railway.

Ansuman kar et al. (2012), perform their study about effect of skew angle in skew
bridges. Simple supported single span bridge was considered in that study. The analysis results
shows that as skew angle increases, reaction increases, bending moment decreases but torsion
and transverse moment increases up to a certain angle, after which it decreases. The effect of
skewness on the behavior of bridge deck is studied for skew angle 00, 300, 450, and 600 and
presented graphically using finite element method and grillage analogy method. Results are
presented for both analysis method for dead load and combined dead and live load.

Sindhu et al. (2013), studied effect of skew angle on static behavior of reinforced
concrete slab bridge decks. It was found that the maximum deflection for skewed deck slabs
decreases with the increase in skew angle for all aspect ratios for dead load. Longitudinal
bending moment shows similar pattern of reduction with increase in skew angle and maximum
reduction due to dead load. For right bridge deck slab (0° skew), maximum longitudinal
sagging moments are orthogonal to abutments in central region. As the skew angle increases
maximum longitudinal moments gradually shifts towards obtuse angle. The peak value of
torsional moment is at 45° and is two times more than corresponding value for a right bridge
deck.

Dhar et al. (2013), studied effect of skew angle on longitudinal girder (support shear,
moment, torsion) and deck slab of an I section reinforcement concrete skew bridge and the
results showed that the skew angle increase results in increasing the support shear of the
obtuse longitudinal girder and decreasing that of the acute longitudinal girder. Similarly, the
mid-span longitudinal moment steadily increases with increasing skew angle for obtuse angled
girder and decreases for the acute angled one. Also, the mid-span lateral moments of the
longitudinal girders, both obtuse and acute, register a reduction with increasing skew angle.
With the increasing skew angle, torsional moments rise rapidly in obtuse angled girders.

Aravindan and ameerutheen (2014), made a research about the effect of skew angle in
composite bridge. it was found that for skew angle up to 15 values and its direction is very
small. The analysis considering the slab as if it is right deck with skew span as one side and

right width as another side is adequate for design purposes. When skew angle increases
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beyond 150, more accurate analysis is required since change in the behavior of slab is
considerable. It may be understood that behavior is not only dependent on skew angle but also
on aspect ratio, namely skew span to right width ratio.

Abozaid et al. (2014), studied nonlinear behavior of a skew slab bridge under traffic
loads. Based on the results of the finite element analysis and the comparisons of skew bridges
with straight bridges, the following points can be concluded. Skew bridges exhibit greater
displacements for the same loadings and boundary conditions compared to those of straight
bridges. As the skew angle increased, the deflection increased and the failure load decreased.
The results of this study agree well with the AASHTO standard specifications in
recommending that bridges with skew angles less than or equal to 20° should be designed as
straight bridges. With an increase in the skew angle, the stresses in the skewed bridge deck
differ significantly compared to those in a straight bridge deck.

Deepak and Sabeena (2015), studied effect of skew angle on uplift and deflection of
reinforcement concrete skew slab. It was found that the maximum deflection for skew slabs
decreases with the increase in skew angle. This indicates that the load carrying capacity of
skew slab increases with increase in skew angle. The uplift at acute corners of skew slab
increases with increase in skew angle.

Deshmukh, and Waghe (2015), the main aim in this study was to observe and conclude
bending moment, torsional moment and shear force with respect to change in skew angle by
modeling and analyzing continuous I section reinforcement concrete bridge. The increase in
shear force for low skew angle (<15°) the shear force increases linearly. There is about 20%
increase in shear force when span increases from 4m to 6m. As the skew angle is increase,
shear force is decreased about 30% when span change to 6m from 4m from thereon, hear force
for each span increase. The bending moment increases with increase of skew angle and spans
of bridges. For each span and skew angle, the change of about 20% is observed in bending
moment nature. In case of torsional moment, the pattern of increment in torsional moment is
similar to pattern of bending moment. There is about 10% of linear variation increase in

torsional moment comparing to bending moment can be noticed broadly.
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1.3. Definition of Bridge

A structure built to span and provide passage over a river, chasm, road, or any other
physical hurdle. The function required from the bridge and the area where it is constructed

decides the design of the bridge. (URL-1)

1.4. Bridge Construction Materials

The traditional building materials for bridges are stones, timber and steel, and more
recently reinforced and pre-stressed concrete. For special elements aluminum and its alloys
and some types of plastics are used. These materials have different qualities of strength,
workability, durability and resistance against corrosion. They differ also in their structure,
texture and color or in the possibilities of surface treatment with differing texture and color.
For bridges one should use that material which results in the best bridge regarding shape,

technical quality, economics and compatibility with the environment. (URL-1)

1.4.1. Stone

The great old bridges of the Etruscans, the Romans, the FratresPontifices of the middle
ages (since about 1100) and of later master builders were built with stone masonry. The arches
and piers have lasted for thousands of years when hard stone was used and the foundations
constructed on firm ground. With stone one can build bridges which are both beautiful,
durable and of large span (up to 150 m). (URL-1)

Unfortunately, stone bridges have become very expensive. Over a long period,
however, stone bridges, which are well designed and well built, might perhaps turn out be the
cheapest, because they are long-lasting and need almost no maintenance over centuries unless
attacked by extreme air pollution. (URL-1)

Stone is nowadays usually confined to the surfaces, the stones being preset or fixed as facing
for abutments, piers or arches. of course, sound weather-resisting stone must be chosen, and

fundamental rock like granite, gneiss, porphyry, diabas or crystallized limestone are especially
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suitable. Caution is necessary with sandstones, as only siliceous sandstone is durable. The
choice of colors of the stone is also relevant. Granite of a uniform grey color and sawn surface
can look as dull as simple plain concrete. A harmonious mixture of different colors and
slightly embossed surfaces can look very lively, even when the masonry areas are extensive.
Surfaces can also be enlivened by bright or dark joint-filling. The sizes of the stone blocks and
the roughness of their surfaces must be harmonized with the size of the structure, the
abutments, the piers etc. Coarse embossing does not suit a small pier only 1 m thick and 5 m
high, but large sized ashlars masonry is suitable for large arch bridges such as the Saalebrucke
Jena or the Lahntalbrucke Limburg. Granite masonry was preferred for piers of bridges across
the River Rhine, because it resists erosion by sandy water much better than the hardest

concrete. (URL-1)

1.4.2. Iron

1.4.3. Reinforced and Pre-stressed Concrete

Concrete is a construction material used in almost all construction works. Having a
dull grey color, usually concrete is not preferred in construction like bridges but some of
concrete bridges have turned out to be beauties, if someone knows the art. Good concrete
attains high compressive strength and resistance against most natural attacks though not
against de-icing saltwater, or CO, and SO2 in polluted air. However, its tensile strength is low,
so is not preferred in areas of tensile stresses. For tensile reinforcement of concrete steel bars
are embedded into it. Steel bars start functioning when concrete cracks i.e. when concrete can
no longer resist further tensile stresses. The cracks remain harmless called “hair cracks", if
bars are designed and place correctly. A second method of resisting tensile forces in concrete

structures is by pre-stressing. (URL-1)
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1.4.4. Steel

Amongst bridge materials steel has the highest and most favorable strength qualities,
and it is therefore suitable for the most daring bridges with the longest spans. Normal building
steel has compressive and tensile strengths of 370 N/mm2, about ten times the compressive
strength of a medium concrete and a hundred times its tensile strength. A special merit of steel
is its ductility due to which it deforms considerably before it breaks, because it begins to yield
above a certain stress level. This yield strength is used as the first term in standard quality
terms. (URL-1)

For bridges high strength steel is often preferred. The higher the strength, the smaller
the proportional difference between the yield strength and the tensile strength, and this means
that high strength steels are not as ductile as those with normal strength. Nor does fatigue
strength rise in proportion to the tensile strength. It is therefore necessary to have a profound
knowledge of the behavior of these special steels before using them. For building purposes,
steel is fabricated in the form of plates (6 to 80mm thick) by means of rolling when red hot.
For bearings and some other items, cast steel is used. For members under tension only, like
ropes or cables, there are special steels, processed in different ways which allow us to build
bold suspension or cable-stayed bridges. (URL-1)

The high strengths of steel allow small cross-sections of beams or girders and therefore
a low dead load of the structure. It was thus possible to develop the light-weight "orthotropic
plate" steel decks for roadways, which have now become common with an asphalt wearing
course, 60 to 80 mm thick. (URL-1)

The pioneers of this orthotropic plate construction called it by the less mysterious and
less scientific name "stiffened steel slabs". Plain steel plate, stiffened by cells or rlbs, forms
the chord of both the transverse cross girders and the longitudinal main-girders.
Simultaneously it acts as a wind girder. This bridge deck owes its successful application
mainly to mechanized welding, which is now in general use and which has greatly influenced
the design of steel bridges. (URL-1)

So plate girder construction now prevails, in which large thin steel plates must be
stiffened against buckling. Previously, vertical stiffeners were placed by preference on the

outer faces; longitudinal stiffeners were then arranged on the inside. (URL-1)
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Today all stiffeners are placed on this inside so as to achieve a smooth outer surface
allowing no accumulation of dust or dirt deposits that retain humidity and promote corrosion -
the "Achilles heel" of steel structures. Modern steel girder bridges now hardly differ from pre-
stressed concrete bridges in their external appearance - except perhaps in their color. This is
perhaps regrettable, because stiffeners on the outside enliven the plate-faces, give scale and
make the girder look less heavy. In addition to plate girders, trusses also take full advantage of
the material properties of steel. Very delicate looking bridges can be built by joining slender
steel sections together to form a truss. Again welding has improved the potential for good
form, because hollow sections can be fabricated and joined without the use of big gusset
plates. In this way smooth looking trusses arise without the "unrest" which occurs by joining
two or four profiles of rolled section with lattice or plates. Steel must be protected against
corrosion and this is usually done by applying a protective paint to the bare steel surface.
Painting of normal steels is technically necessary and can be used for color design of the
bridge. (URL-1)

The choice of colors is an important feature for achieving good appearance. There are
steels which do not corrode in a normal environment (the stainless steels V2A and V4A to
DIN 17440), but are so expensive that they are used only for components that are either
particularly susceptible to the attacks of corrosion or that are very inaccessible. (URL-1)

From the USA came Tentor steel, alloyed with copper, its 'first corrosion layer being
said to protect it against further corrosion. This protective rust has a warm sepia-toned color
which looks fine in open country. This type of protection, however, does not last in polluted
air and the corrosion continues. For steel bridges, good use should be made of the technical
necessity of protecting the steel with paint to improve appearance and to achieve harmonious
integration of the structure within the landscape. (URL-1)

Aluminum was occasionally used for bridges and the same form was used as for steel
girders. Aluminum profiles are fabricated by the extrusion process which allows many varied
hollow shapes to be formed, so that aluminum structures can be more elegant than those of
steel. Aluminum profiles are popular for bridge parapets because they need no protective

paint. (URL-1)
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1.5. Main Types of Bridges in the World

Below is the list of main types of bridges:
1- Girder bridges.
2- Arch bridges.
3- Cable-stayed bridges.
4- Rigid frame bridges.
5- Truss bridges.
6- Reinforced concrete bridges.
7- Prestressed concrete bridges.
8- Steel-concrete composite box-girder bridges.
9- Horizontally curved bridges.
10- Suspension bridges.

11- Timber bridges.

1.5.1. Girder Bridges

It is the most common and most basic bridge type. In its simplest form, a log across a
creek is an example of a girder bridge; the two most common girders are I-beam girders and
box-girders used in steel girder bridges. Examining the cross section of the [-Beam speaks for
its so name. The vertical plate in the middle is known as the web, and the top and bottom
plates are referred to as flanges. (URL-1)

A box girder takes the shape of a box. The typical box girder has two webs and two
flanges. However, in some cases there are more than two webs, creating a multiple chamber
box girder. Other examples of simple girders include pi girders, named for their likeness to the
mathematical symbol for pi, and T shaped girders. Since the majority of girder bridges these
days are built with box or I-beam girders we will skip these rarer cases. (URL-1)

An I-beam is very simple to design and build and works very well in most cases.
However, if the bridge contains any curves, the beams become subject to twisting forces, also

known as torque. The added second web in a box girder adds stability and increases resistance
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to twisting forces. This makes the box girder the ideal choice for bridges with any significant
curve in them. Box girders, being more stable are also able to span greater distances and are
often used for longer spans, where I-beams would not be sufficiently strong or stable.
However, the design and fabrication of box girders is more difficult than that of I beam. For
example, in order to weld the inside seams of a box girder, a human or welding robot must be

able to operate inside the box girder. (URL-1)

1.5.2. Arch Bridges

Arch bridges pose a classic architecture and the oldest after the girder bridges. Unlike
simple girder bridges, arches are well suited to the use of stone. Since the arch doesn’t require
piers in the center so arches are good choices for crossing valleys and rivers. Arches can be
one of the most beautiful bridge types. Arches use a curved structure which provides a high
resistance to bending forces. Arches can only be used where the ground or foundation is solid
and stable because unlike girder and truss bridges, both ends of an arch are fixed in the
horizontal direction (i.e. no horizontal movement is allowed in the bearing). Thus when a load
is placed on the bridge (e.g. a car passes over it) horizontal forces occur in the bearings of the
arch. Like the truss, the roadway may pass over or through an arch or in some cases. (URL-1)

Structurally there are four basic arch types:

1- Hinge-less
2- Two-hinged
3- Three hinged
4- Tied arches

The hinge-less arch uses no hinges and allows no rotation at the foundations. As a
result a great deal of force is generated at the foundation (horizontal, vertical, and bending
forces) and the hinge-less arch can only be built where the ground is very stable. However, the
hinge-less arch is a very stiff structure and suffers less deflection than other arches. The two
hinged arch uses hinged bearings which allow rotation. (URL-1)

The only forces generated at the bearings are horizontal and vertical forces. This is

perhaps the most commonly used variation for steel arches and is generally a very economical
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design. The three-hinged arch adds an additional hinge at the top or crown of the arch. The
three-hinged arch suffers very little if there is movement in either foundation (due to
earthquakes, sinking, etc.). (URL-1)

However, the three-hinged arch experiences much more deflection and the hinges are
complex and can be difficult to fabricate. The three-hinged arch is rarely used anymore. The
tied arch is a variation on the arch which allows construction even if the ground is not solid
enough to deal with the horizontal forces. Rather than relying on the foundation to restrain the
horizontal forces, the girder itself "ties" both ends of the arch together, thus the name "tied

arch." (URL-1)

1.5.3. Cable Stayed Bridges

A typical cable stayed bridge is a continuous girder with one or more towers erected
above piers in the middle of the span. From these towers, cables stretch down diagonally
(usually to both sides) and support the girder. Steel cables are extremely strong but very
flexible. Cables are very economical as they allow a slender and lighter structure which is still
able to span great distances. Though only a few cables are strong enough to support the entire
bridge, their flexibility makes them weak to a force we rarely consider: the wind. (URL-1)

For longer span cable-stayed bridges, careful studies must be made to guarantee the
stability of the cables and the bridge in the wind. The lighter weight of the bridge, though a
disadvantage in a heavy wind, is an advantage during an earthquake. However, should uneven
settling of the foundations occur during an earthquake or over time, the cable-stayed bridge
can suffer damage so care must be taken in planning the foundations. The modern yet simple
appearance of the cable-stayed bridge makes it an attractive and distinct landmark. (URL-1)

The unique properties of cables, and the structure as a whole, make the design of the
bridge a very complex task. For longer spans where winds and temperatures must be
considered, the calculations are extremely complex and would be virtually impossible without
the aid of computers and computer analysis. The fabrication of cable stay bridges is also
relatively difficult. The cable routing and attachments for the girders and towers are complex

structures requiring precision fabrication. There are no distinct classifications for cable-stayed
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bridges. However, they can distinguish by the number of spans, number of towers, girder type,
number of cables, etc. There are many variations in the number and type of towers, as well as
the number and arrangement of cables. Typical towers used are single, double, portal, or even
A-shaped towers. Cable arrangements also vary greatly. Some typical varieties are mono,
harp, fan, and star arrangements. In some cases, only the cables on one side of the tower are
attached to the girder, the other side being anchored to a foundation or other counterweight.

(URL-1)

1.5.4. Rigid Frame Bridges

Rigid frame bridges are sometimes also known as Rahmen bridges. In a standard girder
bridge type, the girder and the piers are separate structures. However, a rigid frame bridge is
one in which the piers and girder are one solid structure. The cross sections of the beams in a
rigid frame bridge are usually I shaped or box shaped. Design calculations for rigid frame
bridges are more difficult than those of simple girder bridges. The junction of the pier and the
girder can be difficult to fabricate and requires accuracy and attention to detail. (URL-1)

Though there are many possible shapes, the styles used almost exclusively these days
are the pi-shaped frame, the batter post frame, and the V shaped frame. The batter post rigid
frame bridge is particularly well suited for river and valley crossings because piers tilted at an
angle can straddle the crossing more effectively without requiring the construction of
foundations in the middle of the river or piers in deep parts of a valley. V shaped frames make
effective use of foundations. Each V-shaped pier provides two supports to the girder, reducing
the number of foundations and creating a less cluttered profile. Pi shaped rigid frame
structures are used frequently as the piers and supports for inner city highways. The frame

supports the raised highway and at the same time allows traffic to run directly under the

bridge. (URL-1)
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1.5.5. Truss Bridges

Thus, for the most part, all beams in a truss bridge are straight. Trusses are comprised
of many small beams that together can support a large amount of weight and span great
distances. In most cases the design, fabrication, and erection of trusses is relatively simple.
However, once assembled trusses take up a greater amount of space and, in more complex
structures, can serve as a distraction to drivers. Like the girder bridges, there are both simple
and continuous trusses. (URL-1)

The small size of individual parts of a truss make it the ideal bridge for places where
large parts or sections cannot be shipped or where large cranes and heavy equipment cannot be
used during erection. Because the truss is a hollow skeletal structure, the roadway may pass
over or even through the structure allowing for clearance below the bridge often not possible
with other bridge types. Trusses are also classified by the basic design used. The most
representative trusses are the Warren truss, the Pratt truss, and the Howe truss. The Warren
truss is perhaps the most common truss for both simple and continuous trusses. For smaller
spans, no vertical members are used lending the structure a simple look. (URL-1)

For longer spans vertical members are added providing extra strength. Warren trusses
are typically used in spans of between 50-100m. The Pratt truss is identified by its diagonal
members which, except for the very end ones, all slant down and in toward the center of the
span. Except for those diagonal members near the center, all the diagonal members are subject
to tension forces only while the shorter vertical members handle the compressive forces. This
allows for thinner diagonal members resulting in a more economic design. The Howe truss is
the opposite of the Pratt truss. The diagonal members face in the opposite direction and handle
compressive forces. This makes it very uneconomic design for steel bridges and its use is
rarely seen. (URL-1)

The designer should have first seen and studied many bridges in the course of a long
learning process. He should know what type of beam may be suitable in the available
conditions, either a beam bridge an arch bridge or a suspended one. He should also know the
influence of foundation conditions on the choice of spans and structural systems etc. hence,
the designer of the bridge should not only be a learned person but also an experienced one. At

auspicious moments an intuitive flash may provide a new solution, which fulfills the task
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better than known conventional solutions (intuition, creativity leading to innovations). (URL-

)]

1.5.6. Reinforced Concrete Bridges.

The raw materials of concrete, consisting of water, fine aggregate, coarse aggregate,
and cement, can be found in most areas of the world and can be mixed to form a variety of
structural shapes. The great availability and flexibility of concrete material and reinforcing
bars have made the reinforced concrete bridge a very competitive alternative. Reinforced
concrete bridges may consist of precast concrete elements, which are fabricated at a
production plant and then transported for erection at the job site, or cast-in-place concrete,
which is formed and cast directly in its setting location. Cast-in-place concrete structures are
often constructed monolithically and continuously. They usually provide a relatively low
maintenance cost and better earthquake-resistance performance. Cast-in-place concrete
structures, however, may not be a good choice when the project is on a fast-track construction
schedule or when the available false work opening clearance is limited. (Chen and Duan,

2000)

1.5.7. Prestressed Concrete Bridges

This type will be discussed in the next part.

1.5.8. Steel - Concrete Composite Box Girder Bridges

Box girders are used extensively in the construction of urban highway, horizontally
curved, and long-span bridges. Box girders have higher flexural capacity and torsional
rigidity, and the closed shape reduces the exposed surface, making them less susceptible to
corrosion. Box girders also provide smooth, aesthetically pleasing structures. There are two
types of steel box girders: steel-concrete composite box girders (i.e., steel box composite with

concrete deck) and steel box girders with orthotropic decks. Composite box girders are
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generally used in moderate- to medium-span (30 to 60 m) bridges, and steel box girders with

orthotropic decks are often used for longer-span bridges. (Chen and Duan, 2000)

1.5.9. Horizontally Curved Bridges

As a result of complicated geometrics, limited rights of way, and traffic mitigation,
horizontally curved bridges are becoming the norm of highway interchanges and urban
expressways. This type of superstructure has gained popularity since the early 1960s because

it addresses the needs of transportation engineering. (Chen and Duan, 2000)

1.5.10. Suspension Bridges

The origins of the suspension bridge go back a long way in history. Primitive
suspension bridges, or simple crossing devices, were the forebears to today’s modern
suspension bridge structures. Suspension bridges were constructed with iron chain cables over
2000 years ago in China and a similar record has been left in India. The iron suspension
bridge, assumed to have originated in the Orient, appeared in Europe in the 16th century and
was developed in the 18th century. Although wrought iron chain was used as the main cables
in the middle of the 18th century, a rapid expansion of the center span length took place in the
latter half of the 19th century triggered by the invention of steel. Today, the suspension bridge
is most suitable type for very long-span bridge and actually represents 20 or more of all the

longest span bridges in the world. (Chen and Duan, 2000)

1.5.11. Timber Bridges

Wood is one of the earliest building materials, and as such often its use has been based
more on tradition than on principles of engineering. However, the structural use of wood and
wood-based materials has increased steadily in recent times, including a renewed interest in
the use of timber as a bridge material. Supporting this renewed interest has been an evolution

of our understanding of wood as a structural material and our ability to analyze and design
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safe, durable, and functional timber bridge structures. An accurate and complete understanding
of any material is key to its proper use in structural applications, and structural timber and

other wood-based materials are no exception to this requirement. (Chen and Duan, 2000)



2. PRESTRESSED CONCRETE BRIDGES

2.1. Introduction

Prestressed concrete structures, using high-strength materials to improve serviceability
and durability, are an attractive alternative for long-span bridges, and have been used
worldwide since the 1950s. This part focuses only on conventional prestressed concrete
bridges. For more detailed discussion on prestressed concrete, references are made to
textbooks by Lin and Burns 1981, Nawy 1996, Collins and Mitchell 1991. (Chen and Duan,
2000)

2.1.1. Materials

2.1.1.1. Concrete

A 28-day cylinder compressive strength ( f." ) of concrete 28 to 56 MPa is used most
commonly in United States. A higher early strength is often needed, however, either for the
fast precast method used in the production plant or for the fast removal of formwork in the
cast-in-place method. The modulus of elasticity of concrete with density between 1440 and

2500 kg/m® may be taken as (Chen and Duan, 2000)

E =0.043w_ \/Z (1)

Where w, is the density of concrete (kg/m®). Poisson’s ratio ranges from 0.11 to 0.27,

but 0.2 is often assumed.

The modulus of rupture of concrete may be taken as (AASHTO LRFD, 1994)

0.63 \/76' for normal weight concrete - flexural
£ = 0.52 \/70' for sand - light weight concrete - flexural @)
' 0.44 \/70’ for all - light weight concrete - flexural
0.1f; for direct tension
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Concrete shrinkage is a time-dependent material behavior and mainly depends on the
mixture of concrete, moisture conditions, and the curing method. Total shrinkage strains range
from 0.0004 to 0.0008 over the life of concrete and about 80% of this occurs in the first year.

For moist-cured concrete devoid of shrinkage-prone aggregates, the strain due to

shrinkage &g, may be estimated by (AASHTO LRFD, 1994; Chen and Duan, 2000)

— 4 -3
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where t is drying time (days); ks is size factor and kj is humidity factors may be
approximated by K, = (140-H)/70 for H < 80%; K, = 3(100-H)/70 for H > 80%; and V/S is
volume to surface area ratio. If the moist-cured concrete is exposed to drying before 5 days of
curing, the shrinkage determined by eq. (3) should be increased by 20%.(Chen and Duan,
2000)

For stem-cured concrete devoid of shrinkage-prone aggregates:

— t -3
8Sh ——kskh(mj056>(10 (5)

Creep of concrete is a time-dependent inelastic deformation under sustained load and
depends primarily on the maturity of the concrete at the time of loading. Total creep strain
generally ranges from about 1.5 to 4 times that of the “instantaneous” deformation. The creep
coefficient may be estimated as (AASHTO LRFD, 1994; Chen and Duan, 2000)

.6
—0.118 (f—fi)o
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Figure 2.1. Typical stress—strain curves for prestressing steel
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Where H is relative humidity (%); t is maturity of concrete (days); t; is age of concrete

when load is initially applied (days); K. is the effect factor of the volume-to-surface ratio; and

K¢ is the effect factor of concrete strength.(Chen and Duan, 2000)

Creep, shrinkage, and modulus of elasticity may also be estimated in accordance with

(CEB-FIP Mode Code, 1993; Chen and Duan, 2000)

2.1.1.2. Steel for Prestressing

Uncoated, seven-wire stress-relieved strands (AASHTO M203 or ASTM A416), or
low-relaxation seven-wire strands and uncoated high-strength bars (AASHTO M275 or ASTM

A722) are commonly used in prestresssed concrete bridges. Prestressing reinforcement,

whether wires, strands, or bars, are also called tendons. The properties for prestressing steel

are shown in table 2.1. (Chen and Duan,

2000)
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Table 2.1. Properties of prestressing strand and bars

Tensile Modulus of
Diameter Strength Yield Strength £, Elasticity
Material Grade and Type (mm) fou (MPa) (MPa) Ep (MPa)
1725 MPa (Grade 250) 6.35-15.24 1725 80% of fpu except 90% of fpu 197,000
Strand 1860 MPa (Grade 270) 10.53-15.24 1860 for low relaxation strand
Type 1, Plain 19 to 25 1035 85% of fpu
bar Type 2, Deformed 15 to 36 1035 80% of fpu 207,000

Typical stress—strain curves for prestressing steel are shown in figure 2.1. These curves

can be approximated by the following equations: (Chen and Duan, 2000)

For Grade 250: (PCI,1985)

fps=

197,000z )

1710 -

0.4
006

For Grade 270: (PCI, 1985)

<0.98f py

for ¢ 53 <0.008

for & g > 0.008

for &p5 <0.008

for &, >0.008

for & 5 < 0.004

197,000 g
Tps =Yigag—— 0317 98/ pu
For Bars:

207,000z )
Tps =Y1000- 0192 0.98 f

for & ¢ > 0.004

©)

(10)

(11)
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2.1.1.3. Advanced Composites for Prestressing

Advanced composites-fiber-reinforced plastics (FPR) with their high tensile strength
and good corrosion resistance work well in prestressed concrete structures. Application of
advanced composites to prestressing have been investigated since the 1950s. (Wines et al,
1966; Eubunsky and Rubinsky, 1954)

Extensive research has also been conducted in Germany and Japan (Iyer and Anigol,
1991). The Ulenbergstrasse bridge, a two-span (21.3 and 25.6 m) solid slab using 59 fiberglass
tendons, was built in 1986 in Germany. It was the first prestressed concrete bridge to use
advanced composite tendons in the world. (Miesseler and Wolff, 1991; Chen and Duan, 2000)

FPR cables and rods made of ararmid, glass, and carbon fibers embedded in a synthetic
resin have an ultimate tensile strength of 1500 to 2000 MPa, with the modulus of elasticity
ranging from 62,055 MPa to 165,480 MPa (Iyer and Anigol, 1991). The main advantages of
FPR are (1) a high specific strength (ratio of strength to mass density) of about 10 to 15 times
greater than steel; (2) a low modulus of elasticity making the prestress loss small; (3) good
performance in fatigue; tests show (Kim and Meier, 1991) that for CFRP, at least three times
the higher stress amplitudes and higher mean stresses than steel are achieved without damage
to the cable over 2 million cycles. (Chen and Duan, 2000)

Although much effort has been given to exploring the use of advanced composites in
civil engineering structures and the cost of advanced composites has come down significantly,
the design and construction specifications have not yet been developed. Time is still needed
for engineers and bridge owners to realize the cost-effectiveness and extended life expectancy

gained by using advanced composites in civil engineering structures. (Chen and Duan, 2000)

2.1.1.4. Grout

For post-tensioning construction, when the tendons are to be bound, grout is needed to
transfer loads and to protect the tendons from corrosion. Grout is made of water, sand, and

cements or epoxy resins.(AASHTO LRFD, 1994) requires that details of the protection
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method be indicated in the contract documents. Readers are referred to the post-tensioning

manual. (PTI, 1981; Chen and Duan, 2000)

2.1.2. Prestressing Systems

There are two types of prestressing systems: pre-tensioning and post-tensioning
systems. Pre-tensioning systems are methods in which the strands are tensioned before the
concrete is placed. This method is generally used for mass production of pre-tensioned
members. Post-tensioning systems are methods in which the tendons are tensioned after
concrete has reached a specified strength. This technique is often used in projects with very
large elements figure 2.2. The main advantage of post-tensioning is its ability to post-tension
both precast and cast-in-place members. Mechanical prestressing—jacking is the most common

method used in bridge structures. (Chen and Duan, 2000)

Figure 2.2. A post-tensioned box—girder bridge under construction
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2.2. Section Types

2.2.1. Void Slabs

Figure 2.3a shows (FHWA, 1990) standard precast prestressed voided slabs. Sectional
properties are listed in table 2.2. Although the cast-in-place prestressed slab is more expensive
than a reinforced concrete slab, the precast prestressed slab is economical when many spans
are involved. Common spans range from 6 to 15 m. Ratios of structural depth to span are 0.03

for both simple and continuous spans. (Chen and Duan, 2000)

2.2.2. I-Girders

Figures 2.3b and ¢ show AASHTO standard I-beams (FHWA, 1990). The section
properties are given in table 2.3. This bridge type competes well with steel girder bridges. The
formwork is complicated, particularly for skewed structures. These sections are applicable to
spans 9 to 36 m. Structural depth-to-span ratios are 0.055 for simple spans and 0.05 for

continuous spans. (Chen and Duan, 2000)

2.2.3. Box Girders

Figure 2.3d shows (FHWA, 1990) standard precast box sections. Section properties are
given in table 2.4. These sections are used frequently for simple spans of over 30 m and are
particularly suitable for widening bridges to control deflections. (Chen and Duan, 2000)

The box-girder shape shown in figure 2.3e is often used in cast-in-place prestressed
concrete bridges. The spacing of the girders can be taken as twice the depth. . This type is used
mostly for spans of 30 to 180 m. Structural depth-to-span ratios are 0.045 for simple spans,
and 0.04 for continuous spans. The high torsional resistance of the box girder makes it
particularly suitable for curved alignment (figure 2.4) such as those needed on freeway ramps.

(Chen and Duan, 2000)
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2.3. Losses of Prestress

Loss of prestress refers to the reduced tensile stress in the tendons. Although this loss
does affect the service performance (such as camber, deflections, and cracking), it has no
effect on the ultimate strength of a flexural member unless the tendons are unbounded or the
final stress is less than 0.5f,, (PCI, 1985). It should be noted, however, that an accurate
estimate of prestress loss is more pertinent in some pre-stressed concrete members than in

others. Prestress losses can be divided into two categories: (Chen and Duan, 2000)

Table 2.2. Precast prestressed voided slabs section properties (figure. 2.3a)

S Section Dimensions Section Properties
pan Range,
ft (m) Width Bin. | DepthDin. | DIl in. | D2 in. A in’ I, in’ S, in’
(mm) (mm) (mm) (mm) | (mm2 106) | (mm4 109) (mm3 106)
25 48 12 0 0 576 6,912 1,152
(7.6) (1,219) (305) (0) (0) (0.372) (2.877) (18.878)
30~35 48 15 8 8 569 12,897 1,720
(10.1~10.70) |  (1,219) (381) (203) | (203) | (0.362) (5.368) (28.185)
40~45 48 18 10 10 628 21,855 2,428
(122~13.7) | (1,219) (457) (254) | (254) | (0.405) (10.097) (310.788)
50 48 21 12 10 703 34,517 3,287
(15.2) (1,219) (533) (305) | (254) | (0.454) (1.437) (53.864)
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Table 2.3. Precast prestressed I-beam section properties (figures. 2.3b and c)

AASHTO Section Dimensions, in. (mm)
BeamType | peih D | Bottom Width A [Web Width T|Top Width B|  C E F G
I 36 (914) 18 (457) 6 (152) 12(305) | 6(152) | 6(152) | 3(76) | 6 (152)
I [45(1143)] 22 (559) 7 (178) 16(406) | 7(178) |7.5(191)|4.5 (114)| 7 (178)
IV |54(1372)| 26 (660) 8 (203) 20(508) | 8(203) | 9(229) | 6(152) | 8 (203)
v 65(1651)| 28 (711) 8 (203) 42(1067) | 8(203) | 10(254)| 3(76) |5 (127)
VI |72(1829)|  28(711) 8(203) 42(1067) | 8(203) | 10(254)| 3(76) |5 (127)
Section Properties
A in’ Y, in I in* S, in° S, in’ Span Ranges,
(mm?2 10b) (mm) (mm4 109) | (mm4 106) | (mm4 106) ft (m)
I 369 15.83 50,980 3220 2528 40~ 45
(0.2381) (402.1) (21.22) (52.77) (41.43) | (12.2~13.7)
i 560 20.27 125,390 6186 5070 50~ 65
(0.3613) (514.9) (52.19) (101.38) | (83.08) [(15.2~110.8)
v 789 24.73 260,730 10543 8908 70~ 80
(0.5090) (628.1) (108.52) (172.77) | (145.98) | (21.4~24.4)
v 1013 31.96 521,180 16307 16791 90 ~ 100
(0.6535) (811.8) (216.93) (267.22) | (275.16) | (27.4~30.5)
VI 1085 36.38 733,340 20158 20588 110~ 120
(0.7000) (924.1) (305.24) (330.33) | (337.38) | (33.5~36.6)

Instantaneous losses including losses due to anchorage set (Afy), friction between
tendons and surrounding materials (Af,r), and elastic shortening of concrete (Afygs) during the
construction stage;

Time-dependent losses including losses due to shrinkage (Af,sr), creep (Afpcr), and
relaxation of the steel (Af,r) during the service life. (Chen and Duan,2000)

The total prestress loss (Af,r) is dependent on the prestressing methods.

For pre-tensioned members:



For post-tensioned members:

Apr = Apr + Apr + AprS + AfpSR + AprR + Apr (13)
Figure 2.4. Prestressed box—girder bridge (I-280/110 Interchange, CA)
Table 2.4. Precast prestressed box section properties (figure. 2.3d)
Section Dimensions Section Properties
Span
ft.(m) | widthBin. Depth D in Ain’ Y, in I, in* S, in’ S, in’
(mm) (mm) (mm? 10°%) (mm) (mm4 109) | (mm’® 10%) | (mm® 10°%)
50 48 27 693 13.37 65,941 4,932 4,838
(15.2) (1,219) (686) 0.4471) | (3310.6) | (27.447) | (80.821) | (710.281)
60 48 33 753 16.33 110,499 6,767 6,629
(18.3) (1,219) (838) (0.4858) (414.8) (45.993) | (110.891) | (108.630)
70 48 39 813 110.29 168,367 8,728 8,524
(21.4) (1,219) (991) (0.5245) (490.0) (70.080) | (143.026) | (1310.683)
80 48 42 843 20.78 203,088 9,773 9,571
(24.4) (1,219) (1,067) (0.5439) (527.8) (84.532) | (160.151) | (156.841)
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Joi

Ao

Figure 2.5. Anchorage set loss model

Table 2.5. Friction coefficients for post-tensioning tendons (AASHTO LRFD, 1994)

Wobble Coefficient Curvature
Type of Tendons and Sheathing K .
(1/mm).(10°°) Coefficient o (1/rad)
Tendons in rigid and semi rigid galvanized ducts, seven-wire 0.66 0.05~015
strands
Pregreased tendons, wires and seven-wire strands 0.98 ~ 6.6 0.05~0.15
Mastic-coated tendons, wires and seven-wire strands 33~6.6 0.05~0.15
.. . 4 0.25, lubrication
Rigid steel pipe deviations 66 required

2.3.1. Instantaneous Losses

2.3.1.1. Anchorage Set Loss

As shown in figure 2.5, assuming that the anchorage set loss changes linearly within
the length (L,a), the effect of anchorage set on the cable stress can be estimated by the
following formula: (Chen and Duan, 2000)

pA
E(AL)L
L, = 220 (15)
p Af
2Mf L
e (16)
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where AL is the thickness of anchorage set; E is the modulus of elasticity of anchorage
set; Afis the change in stress due to anchor set; L4 is the length influenced by anchor set; L,r
is the length to a point where loss is known; and X is the horizontal distance from the jacking

end to the point considered. (Chen and Duan, 2000)

2.3.1.2. Friction Loss

For a post-tensioned member, friction losses are caused by the tendon profile curvature
effect and the local deviation in tendon profile wobble effects. AASHTO LRFD specifies the

following formula:
h _ o (Kxtap)
& = f il ) (17)

Where K is the wobble friction coefficient and p is the curvature friction coefficient
(see table 2.5); x is the length of a prestressing tendon from the jacking end to the point
considered; and a is the sum of the absolute values of angle change in the prestressing steel

path from the jacking end. (Chen and Duan, 2000)

2.3.1.3. Elastic Shortening Loss Afygs

The loss due to elastic shortening can be calculated using the following formula

(AASHTO LRFD, 1994):

E
£ f for pretensioned members
E ) cgp
A — cl 18
f PES N _ 1 Ep ( )

——f.. for post tensioned members
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Table 2.6. Lump sum estimation of time-dependent prestress losses (AASHTO LRFD, 1994)

Type of Beam Section Level For Wires and Strands with For Bars with
P fu=1620, 1725, or 1860 MPa | f,,= 1000 or 1100 MPa

: Upper bound 200 +28 PPR 130 +41 PPR

Rectangular beams and solid slab Average 180 + 28 PPR
Box girder Upper bound 145 + 28 PPR 100

8l Average 130 + 28 PPR
fc'—41

L-girder Average | 230 [1'0 — 01577 ] +41PPR 130 + 41 PPR

fe' =
41

fc' —41

1
+ 41PPR
41

Upper bound| 230 [1.0 —0.15 ] + 41PPR | 230 (1.0 - 0.15
Single-T, double—T hollow core
and voided slab

fc' —41
41

Average 230 [1.0 -0.15 ] + 41PPR

Note:

1- PPR is partial prestress ratio = (Apsfyy)/(Apsfpy + Asfy).

2- For low-relaxation strands, the above values may be reduced by
e 28 MPa for box girders
e 41 MPa for rectangular beams, solid slab and I-girders, and

e 55 MPa for single-T, double-T, hollow—core and voided slabs.

Where E.; is modulus of elasticity of concrete at transfer (for pre-tensioned members)
or after jacking (for post-tensioned members); N is the number of identical prestressing
tendons; and fcg, i1s sum of the concrete stress at the center of gravity of the prestressing
tendons due to the prestressing force at transfer (for pre-tensioned members) or after jacking
(for post-tensioned members) and the self-weight of members at the section with the
maximum moment. For post-tensioned structures with bonded tendons, f.,, may be calculated
at the center section of the span for simply supported structures, at the section with the

maximum moment for continuous structures. (Chen and Duan, 2000)
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2.3.2. Time-Dependent Losses

2.3.2.1. Lump Sum Estimation

AASHTO LRFD provides the approximate lump sum estimation (table 2.6) of time-
dependent loses Afymv resulting from shrinkage and creep of concrete, and relaxation of the
prestressing steel. While the use of lump sum losses is acceptable for “average exposure
conditions,” for unusual conditions, more-refined estimates are required. (Chen and Duan,

2000)

2.3.2.2. Refined Estimation

A. Shrinkage Loss: Shrinkage loss can be determined by formulas (AASHTO LRFD,

1994):
93-0.85H for pre - tensioned members
A op = | (19)
P 11-1.03H for post - tensioned members
Where H is average annual ambient relative humidity (%).
B. Creep Loss: Creep loss can be predicted by: (AASHTO LRFD, 1994)
AprR = 12fcgp — 7Afcdp >0 (20)

" A l— Q

Figure 2.6. Prestressed concrete member section at service limit state
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Where f.g, 1s concrete stress at center of gravity of prestressing steel at transfer, and Afcq, 1s
concrete stress change at center of gravity of prestressing steel due to permanent loads, except
the load acting at the time the prestressing force is applied. (Chen and Duan, 2000)

C. Relaxation Loss: The total relaxation loss (Afyr) includes two parts: relaxation at

time of transfer A f,r; and after transfer A fyro. For a pre-tensioned member initially stressed

beyond 0.5f,,, AASHTO LRFD specifies

f
logl% fp L _0.55 f i for stress - relieved strand
py
Af = - . (21)
PRI .
log 241} “pi _ 0.55|f,;  forlow -relaxation strand

For stress-relieved strands

o ) 138 - 0.4AprS - 0.2(AfpSR + AprR) for pre - tensioning o
PR2 1138 0.3Apr - 0.4AprS - 0.2(AfpSR + AprR ) for post - tensioning

Where t is time estimated in days from testing to transfer. For low-relaxation strands,

Afpr2 18 30% of those values obtained from eq. (22). (Chen and Duan, 2000)

2.4. Design Considerations

2.4.1. Basic Theory

The main distinguishing characteristics of prestressed concrete are that: (Chen and
Duan, 2000)
e The stresses for concrete and prestressing steel and deformation of structures at each
stage, i.e., during prestressing, handling, transportation, erection, and the service life,
as well as stress concentrations, need to be investigated on the basis of elastic theory.

e The prestressing force is determined by concrete stress limits under service load.



e Flexure and shear capacities are determined based on the ultimate strength theory.
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For the prestressed concrete member section shown in figure 2.6, the stress at various

load stages can be expressed by the following formula:

b R My

f +

A

I I

Table 2.7. Stress limits for prestressing tendons (AASHTO LRFD, 1994)

(23)

Prestressing Tendon Type

Stress Type Prestressing Method Stress Relieved Strand and| Low Relaxation Deformed
Plain High-Strength Bars Strand High-Strength Bars|
At jacking, f); Pre-tensioning 0.72f,, 0.78f,, —
Post-tensioning 0.76f,, 0.80f,, 0.75f,,
After transfer, f Pre-tensioning 0.70f,, 0.74f,, —
Post-tensioning - at anchorages 0.70f,, 0.70f,, 0.66f,
and couplers immediately
after anchor set
Post-tensioning - general 0.70f,, 0.741f,, 0.66f,
At Service Limit After all losses 0.80f, 0.80f,, 0.80f},
State, f,c

Table 2.8. Temporary concrete stress limits at jacking state before losses due to creep
shrinkage - fully prestressed components (AASHTO LRFD, 1994)

and

Stress Type Area and Condition Stress (MPa)
Pre-tensioned. 0.60 £’

Compressive -
Post-tensioned. 0.55 £
Pre-compressed tensile zone without bonded reinforcement. N/A
Areg .other t.han the pre-compressed tensile zones and without bonded 0.25E,/ <1.38
auxiliary reinforcement.

Tensile

Area with bonded reinforcement which is sufficient to resist 120% of the

tension force in the cracked concrete computed on the basis of uncracked 0.58Vf,
section.
Handling stresses in prestressed piles. 0415Vt
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Note: Tensile stress limits are for non segmental bridges only.

Where P; is the prestress force; A is the cross-sectional area; I is the moment of inertia;
e is the distance from the center of gravity to the centroid of the prestressing cable; y is the
distance from the centroidal axis; and M is the externally applied moment. (Chen and Duan,
2000)

Section properties are dependent on the prestressing method and the load stage. In the
analysis, the following guidelines may be useful: (Chen and Duan, 2000)

e Before bounding of the tendons, for a post-tensioned member, the net section should
be used theoretically, but the gross section properties can be used with a negligible
tolerance.

e After bounding of tendons, the transformed section should be used, but gross section
properties may be used approximately.

e At the service load stage, transformed section properties should be used.

2.4.2. Stress Limits

The stress limits are the basic requirements for designing a prestressed concrete
member. The purpose for stress limits on the prestressing tendons is to mitigate tendon
fracture, to avoid inelastic tendon deformation, and to allow for prestress losses. Tables 2.7

lists the AASHTO LRFD stress limits for prestressing tendons. (Chen and Duan, 2000)

Table 2.9. Concrete stress limits at service limit state after all losses-fully prestressed
components (AASHTO LRFD, 1994)

Stress Type Area and Condition (Sl\t/f;zs)
Compressive | Nonsegmental bridge at service stage 0.45¢'
Nonsegmental bridge during shipping and handling 0.60fc’
Segmental bridge during shipping and handling 0.45fc’

Tensile | Precompressed tensile zone assuming | With bonded prestressing tendons other than piles | 0.50Vfc’

uncracked section . . ..
Subjected to severe corrosive conditions 0.25Vfe!

With unbonded prestressing tendon No tension
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Note: Tensile stress limits are for nonsegmental bridges only.

The purpose for stress limits on the concrete is to ensure no overstressing at jacking
and after transfer stages and to avoid cracking (fully prestressed) or to control cracking
(partially prestressed) at the service load stage. Tables 2.8 and 2.9 list the AASHTO LRFD
stress limits for concrete. (Chen and Duan, 2000)

A prestressed member that does not allow cracking at service loads is called a fully
prestressed member, whereas one that does is called a partially prestressed member. Compared
with full prestress, partial prestress can minimize camber, especially when the dead load is
relatively small, as well as provide savings in prestressing steel, in the work required to
tension, and in the size of end anchorages and utilizing cheaper mild steel. On the other hand,
engineers must be aware that partial prestress may cause earlier cracks and greater deflection
under overloads and higher principal tensile stresses under service loads. Nonprestressed
reinforcement is often needed to provide higher flexural strength and to control cracking in a

partially prestressed member. (Chen and Duan, 2000)

2.4.3. Cable Layout

A cable is a group of prestressing tendons and the center of gravity of all prestressing
reinforcement. It is a general design principle that the maximum eccentricity of prestressing
tendons should occur at locations of maximum moments. Although straight tendons (figure
2.7a) and harped multi-straight tendons (figure 2.7b and c¢) are common in the precast
members, curved tendons are more popular for cast-in-place post-tensioned members. Typical
cable layouts for bridge super-structures are shown in figure 2.7. (Chen and Duan,2000)

To ensure that the tensile stress in extreme concrete fibers under service does not
exceed code stress limits ACI code (AASHTO LRFD, 1994), cable layout envelopes are
delimited. Figure 2.8 shows limiting envelopes for simply supported members. From eq. (23),

the stress at extreme fiber can be obtained.

P. P.eC
fe J o iMC
A 1 1

(24)
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Where C is the distance of the top or bottom extreme fibers from the center gravity of

the section (yy or y; as shown in figure 2.6). (Chen and Duan, 2000)

When no tensile stress is allowed, the limiting eccentricity envelope can be solved

from eq. (24) with

1M
limit ~ 4~ 1p.
J

. (b
4..¢6 . | ] e = P 1
e B Ze Temd L = i e
, i 4 T % £
| a
i a | a d) ~—Farabo
< ///”/i Tl - R >

Figure 2.7. Cable layout for bridge superstructures

Upper limit line tension allowed
> ;Upper imit line — no t

ension

E Lower limit line — no tension
Lower limit line tension allowed

Figure 2.8. Cable layout envelopes

(25)
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For limited tension stress f;, additional eccentricities can be obtained:

o= il (26)

ij

2.4.4. Secondary Moments

The primary moment (M; = Pjc) is defined as the moment in the concrete section
caused by the eccentricity of the prestress for a statically determinate member. The secondary
moment Mg (figure 2.9d) is defined as moment induced by prestress and structural continuity
in an indeterminate member. Secondary moments can be obtained by various methods. The
resulting moment is simply the sum of the primary and secondary moments. (Chen and Duan,

2000)

—
4 } - { %
; %;,;H———Aﬁgﬁﬁa;} ;
D i
—

—

T

Figure 2.9. Secondary moments
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2.4.5. Flexural Strength

Flexural strength is based on the following assumptions (AASHTO LRFD, 1994):

For members with bonded tendons, strain is linearly distributed across a section; for
members with unbonded tendons, the total change in tendon length is equal to the total
change in member length over the distance between two anchorage points.

The maximum usable strain at extreme compressive fiber is 0.003.

The tensile strength of concrete is neglected.

A concrete stress of 0.85fc’ is uniformly distributed over an equivalent compression
Zone.

Nonprestressed reinforcement reaches the yield strength, and the corresponding
stresses in the prestressing tendons are compatible based on plane section assumptions.
For a member with a flanged section (figure 2.10) subjected to un axial bending, the

equations of equilibrium are used to give a nominal moment resistance of

— _3 _g g /_g "1, g_h_j
Mn—ApSfpS(dp 2j+A‘ny(dS 2} Axfy(ds 2)+O.85fc(b bw),Blhf(z zj (27)

_ b N 0351,

-—} ~— 0858, tobwits
1S,
< 0858, 20w hr

S/
b = Apsfs
-_‘4 -_--—
= Asfy

Figure 2.10. A flanged section at nominal moment capacity state
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a=pc
For bonded tendons

~ Apsfpu+Asfy—Asfy _0-85ﬂ1fc’(b_bw)hf .

: T pu J
0.858, f¢byy + kA pg dp

c

p

fps =1 1—kij
ps pu[ d,

k=2 104l
™

0.85> f =0.85~ (e

. —28)0.05) Y 0.
7

(28)

(29)

(30)

(€2))

(32)

Where A represents area; f is stress; b is the width of the compression face of member;

For unbound tendons:

. ApsSpu+4sfy = Asfy 0855 fc(b=by)h .
0.8543, féby S

by, is the web width of a section; hris the compression flange depth of the cross section; d, and
d, are distances from extreme compression fiber to the centroid of prestressing tendons and to
centroid of tension reinforcement, respectively; subscripts ¢ and y indicate specified strength
for concrete and steel, respectively; subscripts p and s mean prestressing steel and
reinforcement steel, respectively; sub-scripts ps, py, and pu correspond to states of nominal
moment capacity, yield, and specified tensile strength of prestressing steel, respectively;
superscript ' represents compression. The above equations also can be used for rectangular

section in which by, = b is taken. (Chen and Duan, 2000)

(33)
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dp Ly
Sps = Fpe+ QuEpscu| — =10 —-<094fp, (34)
2

Where L; is length of loaded span or spans affected by the same tendons; L, is total

length of tendon between anchorage; €, is the bond reduction coefficient given by (Chen and

Duan, 2000)

%L for uniform and near third point loading

d

Q=" 7 (35)
———  for near midspan loading

%
dp

In which L is span length.

Maximum reinforcement limit:

é <0.42 (36)

d, - Apsfpsdp +Asfyds 37)
Apsfps + Asfy

Minimum reinforcement limit:

PpM,; 212 M (38)

In which ¢ is flexural resistance factor 1.0 for prestressed concrete and 0.9 for

reinforced concrete; M, is the cracking moment strength given by the elastic stress

distribution and the modulus of rupture of concrete. (Chen and Duan, 2000)

Mcr=yi(fr+fpe—fd) (39)
t



Where f,c is compressive stress in concrete due to effective prestresses; and fy is stress

due to unfactored self-weight; both f,. and f; are stresses at extreme fiber where tensile

stresses are produced by externally applied loads. (Chen and Duan, 2000)

2.4.6. Shear Strength

The shear resistance is contributed by the concrete, the transverse reinforcement and

vertical component of prestressing force. The modified compression field theory-based shear

design strength (Collins and Mitchell, 1991) was adopted by the AASHTO LRFD and has the

formula: (Chen and Duan, 2000)

VC+VS+Vp

V;, = the lesser of '
Where:

V. =0.083pY £ byd,

Ay fydy(cos® +cota)sina
S =

(40)

(41)

(42)

Figure 2.11. Illustration of A, for shear strength calculation (AASHTO LRFD, 1994)
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Table 2.10. Values of 0 and S for sections with transverse reinforcement (AASHTO LRFD

, 1994)
£,x1000
VI Angle

(degree) | —0.02 -0.15 -0.1 0 0125 025 050 075 1.00 1.50 2.00
<0.05 0 270 27.0 27.0 27.0 270 285 29.0 33.0 360 41.0 43.0
B 6.78 6.17 5.63 488 399 349 251 237 223 195 1.72
0.075 0 270 27.0 27.0 27.0 270 275 300 33.5 360 400 42.0
B 6.78 6.17 5.63 4.88 365 3.01 247 233 216 190 1.65
0.100 0 235 235 235 235 240 265 305 340 360 38.0 39.0
B 6.50 587 531 326 261 254 241 228 209 172 145
0.127 0 200 21.0 220 235 260 280 315 340 360 37.0 38.0
B 271 271 271 260 257 250 237 218 201 160 1.35
0.150 0 220 225 235 250 270 29.0 32.0 340 360 365 37.0
B 266 261 261 255 250 245 228 206 193 1.50 1.24
0.175 0 235 240 250 265 280 300 325 340 350 355 36.0
B 259 258 254 250 241 239 220 195 1.74 135 1.1
0.200 0 25.0 255 265 275 290 31.0 33.0 340 345 350 36.0
B 255 249 248 245 237 233 210 1.82 158 121 1.00
0.225 0 265 27.0 275 290 305 320 33.0 340 345 365 39.0
B 245 238 243 237 233 227 192 167 143 1.18 1.14
0.250 0 28.0 285 29.0 30.0 310 320 33.0 340 355 385 415
B 236 232 236 230 228 201 1.64 1.52 140 130 1.25

Where b, is the effective web width determined by subtracting the diameters of
ungrouted ducts or one half the diameters of grouted ducts; d, is the effective depth between
the resultants of the tensile and compressive forces due to flexure, but not to be taken less than
the greater of 0.9d. or 0.72h; A, is the area of transverse reinforcement within distance s; s is
the spacing of stirrups; a is the angle of inclination of transverse reinforcement to longitudinal
axis; B is a factor indicating ability of diagonally cracked concrete to transmit tension; 6 is the
angle of inclination of diagonal compressive stresses (figure 2.11). The values of B and 0 for
sections with transverse reinforcement are given in table 2.10. (Chen and Duan, 2000)

In using this table, the shear stress v and strain g in the reinforcement on the flexural
tension side of the member are determined by

V-V

y4
yp=—x-— (43)
@b, d,
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Aj“ +0.5N, +0.5V, cot®—4, 1,

g = <0.002 (44)
EA+E A,

Where M, and N, are factored moment and axial force (taken as positive if
compressive) associated with V, and f,, is stress in prestressing steel when the stress in the
surrounding concrete is zero and can be conservatively taken as the effective stress after losses
foe. When the value of &, calculated from the above equation is negative, its absolute value

shall be reduced by multiplying by the factor F, taken as (Chen and Duan, 2000)

Fg= (45)
Ecdc + Egdg + EpApg

where Eg, E,,, and E. are modulus of elasticity for reinforcement, prestressing steel, and
concrete, respectively; A, is area of concrete on the flexural tension side of the member as
shown in figure 2.11. (Chen and Duan, 2000)

Minimum transverse reinforcement:

A .
Vv min

_0.0837 28 (46)
Ty

Maximum spacing of transverse reinforcement:

0.8d

ForV,, <0.1f.b,d,, Smax = the smaller of v (47)
600 mm
0.4d,,

ForV,, >0.1f/b,d,, Smax = the smaller of (48)
300 mm
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2.4.7. Camber and Deflections

As opposed to load deflection, camber is usually referred to as reversed deflection and
is caused by prestressing. A careful evaluation of camber and deflection for a prestressed
concrete member is necessary to meet serviceability requirements. The following formulas
developed by the moment—area method can be used to estimate mid span immediate camber
for simply supported members as shown in figure 2.7. (Chen and Duan, 2000)

For straight tendon (figure 2.7a):

(M) (49)

For one-point harping tendon (figure 2.7b):

2
A=t (Mc + %Mej (50)
8E, .1 3

For two-point harping tendon (figure 2.7¢):

2 M 2
A=t Mc+Me——€[2—"j (51)
8E I 3L
For parabola tendon ( figure 2.7d):
2
L 5
=——| M, +-M 52
8Ec[[ €6 "j (52)

where M is the primary moment at end, Pjecnq, and M, is the primary moment at mid
span Pje.. Uncracked gross section properties are often used in calculating camber. For
deflection at service loads, cracked section properties, i.e., moment of inertia I, should be

used at the post-cracking service load stage. It should be noted that long term effect of creep
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and shrinkage shall be considered in the final camber calculations. In general, final camber

may be assumed 3 times as great as immediate camber. (Chen and Duan, 2000)

2.4.8. Anchorage Zones

In a pre-tensioned member, prestressing tendons transfer the compression load to the
surrounding concrete over a length L; gradually. In a post-tensioned member, prestressing
tendons transfer the compression directly to the end of the member through bearing plates and
anchors. The anchorage zone, based on the principle of St. Venant, is geometrically defined as
the volume of concrete through which the prestressing force at the anchorage device spreads
transversely to a more linear stress distribution across the entire cross section at some distance
from the anchorage device (AASHTO LRFD, 1994). For design purposes, the anchorage zone
can be divided into general and local zones (AASHTO LRFD, 1994). The region of tensile
stresses is the general zone. The region of high compressive stresses (immediately ahead of
the anchorage device) is the local zone. For the design of the general zone, a “strut-and-tie
model,” a refined elastic stress analysis or approximate methods may be used to determine the
stresses, while the resistance to bursting forces is provided by reinforcing spirals, closed
hoops, or anchoraged transverse ties. For the design of the local zone, bearing pressure is a
major concern. For detailed requirements, see (AASHTO LRFD, 1994). (Chen and Duan,
2000)



3. NUMERICAL APPLICATION

3.1. Assumptions of the Numerical Application:

The structure was idealized using the following assumptions:
1- The skew slab-and-girder bridge consists of a reinforced concrete slab which is supported
on four prestressed concrete [-girders.
2- All materials are elastic and homogenous.
3- The slab and the I-girders have a constant thickness.
4- The supporting girders are equally spaced.
5- I-girders are simply supported at the piers.
6- Diaphragms are provided with equal spacing from the span between the I-girders.
7- The connection between the piers and foundations was fixed.
8- The method of analysis was finite elements by Midas Civil.
9- All the values in the diagrams were taken and drawn according to center of the I-girder

section.

3.2. Model Bridge Description

In this part from the research the shape of models will be described that will be
analyzed by Midas Civil. In this research five models with five different skewness angles of
span (), 21, 37.6, 57, 66.6 degrees respectively. Every model has one simply supported span,
pre-tension prestressed concrete, and I-girder section. The length of this span is 24 m. There is
a slab over these girders with 0.2 m thickness. The superstructure of the bridge was carried by
two pier caps over two piers of at the ends of the span. The height of every pier is 6 m. There
are diaphragms connecting between the I-girders with section dimension of 0.6 m for
thickness and 0.15 m for width. There is one diaphragm for every 3 m from the span of the
bridge. The total number of the diaphragms in the bridge is 7. The all height of the section of
the superstructure including deck must be not less than 0.045 L = 1.08 m, where L is the

length of the span according to AASHTO LRFD table 2.5.2.6.3-1, and because of that the I-
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girder section type III AASHTO LRFD was chosen but with a height was equal to 1 m.
Totally the height of the superstructure including deck was equal to 1.2 m.

All the models have four I-girder and their type were fully prestressed concrete
(internal pre-tension) in the longitudinal direction. The distance between the centers of girders
is 2.6 m.

In every I-girder there was a steel which consists 22 strands with a 12.7 mm diameter
and every strand consists a 7 wires with type of steel (A416-270 low) that is low relaxation
according to ASTM. Steel tensile strength was f,,=1863 Mpa,and yield strength was f,,=1676
Mpa according to AASHTO LRFD table 5.4.4.1-1. The other magnitudes that not mentioned
here were used as the program that gives them by default.

The connection points between the piers and the foundations of the bridge considerated
as a fixed supports. The connection points between the superstructure and pier caps
considerated as a hinge supports. The superstructure based on and contact with pier caps in
four points for each pier cap and in these points there are bearings between the superstructure
and pier caps at the ends of girders. The piers section is circular with a 1.2 m diameter.

The modeling was used in orthogonal grillage shape for 1 m length for every part in
the girders. The type of concrete that used was C40 (f'= 40 MPa) in all the components of the

bridge. All the other dimensions will be explained in the next part.
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f the Bridge Components

imensions o

33.D

Five models were analyzed to study the effects of skewness angle on the behavior of

the girders. Every model has a different skewness angle and all the dimensions will be
explained for all of them.

3.3.1. First Model (Angle 0°)

All dimensions of the first model are shown below.

1m

Figure 3.3.1.1. Elevation of first model (angle 0°)

24 m

Figure 3.3.1.2. Plan of first model (angle 0°)
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Figure 3.3.1.5. Dimensions of pier and pier cap for first model
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Figure 3.3.1.6. Dimensions of slab for first model (angle 0°)
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Figure 3.3.1.7. Dimensions of I-girder according to AASHTO LRFD (type III) for all models
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3.3.2. Second Model (Angle 21°)

All dimensions of the second model are shown below.

Figure 3.3.2.1. Elevation of second model (angle 21°)

I m

yA

Figure 3.3.2.2. Plan of second model (angle 21°)

2.6 m

»

L]

2.6m

2.6m

weo

-~

-,

Figure 3.3.2.3. Dimensions of slab for second model (angle 21°)
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Figure 3.3.2.4. Number of elements for second model (angle 21°)
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Figure 3.3.2.6. Dimensions of pier and pier cap for second model
(angle 21°)
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3.3.3. Third Model (Angle 37.6°)

All dimensions of the second model as shown below.

Figure 3.3.3.1. Elevation of third model (angle 37.6°)
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Figure 3.3.3.2. Plan of third model (angle 37.6°)
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Figure 3.3.3.3. Dimensions of slab for third model (angle 37.6°)
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Figure 3.3.3.5. Number of nodes for third model (angle 37.6°)
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Figure 3.3.3.6. Dimensions of pier and pier cap for third model
(angle 37.6°)
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3.3.4. Fourth Model (Angle 57°)

1m

Figure 3.3.4.1. Elevation of fourth model (angle 57°)
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Figure 3.3.4.2. Plan of fourth model (angle 57°)
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Figure 3.3.4.3. Dimensions of slab for fourth model (angle 57°)
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Figure 3.3.4.6. Dimensions of pier and pier cap for fourth model
(angle 57°)
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3.3.5. Fifth Model (Angle 66.6°)

Figure 3.3.5.1. Elevation of fifth model (angle 66.6°)

1m

66.6°

™\
3

A

Figure 3.3.5.2. Plan of fifth model (angle 66.6°)
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Figure 3.3.5.3. Dimensions of slab for fifth model (angle 66.6°)
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Figure 3.3.5.4. Number of elements for fifth model (angle 66.6°)
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Figure 3.3.5.5. Number of nodes for fifth model (angle 66.6°)

0.6 m

&
s
1.2m

A
vy
6 m

19.62 m

4
v

2222 m

y

Figure 3.3.5.6. Dimensions of pier and pier cap for fifth model
(angle 66.6°)
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3.4. Strands Properties

The strands type that was used in all the models is internal pre-tension. Every I-girder
consists twenty two strands with a 12.7 mm diameter for every one. Every strand consists 7
wires. The material of strands is steel A416-270 low relaxation. The ultimate strength of the
steel f,, was 1863 N/mm” and the yield strength of the steel f,, was 1676 N/mm?. Applied
prestressing was as a stress and it was equal to 1400 N/mm?.The strands profile was input to
program as 3-D coordinates. The coordinates of one strand in the first I-girder were given in

table 3.4 :

Table 3.4. Strand profile 3-D coordinates

X(m) Y (m) Z (m)
0.00 0.00 -0.80
12.00 0.00 -0.80

24.00 0.00 -0.80
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3.5. Applied Loads
Loads was applied under two main types :

A- Dead loads: Dead loads were self weight of bridge, wet concrete load, scaffolding
load, wearing course load, and barrier load. Wet concrete load was considerated equal to -80
kN/m, scaffolding load was considerated equal to -23 kN/m, wearing course load was
considerated equal to -30 kN/m, and barrier load was considerated equal to -30 kN/m too.

System temperature load also was applied with 30°F and the gradient temperature load

was applied with these heights from the top of I-section

For H1=0 m , H2=0.4 m,
T1=50"F, T2=30° F
and for H1=0.4 m, H2=1 m,

T1=30"F, T2=40° F

B- Live loads: The moving loads here was defined due to AASHTO LRFD code. Two
traffic lane was defined. HL-93TRK type vehicular load was used with dynamic load

allowance equal to 33%.

| 430 m. | 430 — 9.00 m. |

35kN 142kN 142kN

9.30 kN/m

IENNNNNENERENEER

Figure 3.5. Moving load HL-93 vehicle and lane loading
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3.6. Model Analysis Type Selection

Midas Civil program was used to analyze this type from bridges. This program uses
finite element analysis method to analyze and design all components of bridges. When these

five models was modulated with it, orthogonal grillage method was used to draw them.

3.7. Construction Stages

By this program also it could be input the stages of construction. This feature gives the
ability to calculate (moment, shear forces,.......etc) at any stage that is wanted. These
calculations definitely are different if is wanted to compare it with the final calculations
because some of loads which was applied in construction stages, like scaffolding loads, will
not be applied after finishing of construction, vice versa. In this research three stages was
definited but the results that were used to draw diagrams were the results from the final stage
after finishing construction and running the bridge which the program adding it by it self after

running the analysis, the name of this stage is Post CS.

3.8. Analysis of Models

After finishing all steps from drawing to applying the loads on the models, now the
analysis must be run to find the results. The analysis procedure takes about one minute or
more due to the properties of computer. After procedure analysis finished, the commands
window at down of screen must be seen and the last lines must be read to know if there are
any error messages. If there are any errors, it must be read from the file which was made by
the program after analysis processing to know what are these errors to correct it and run
analysis again. In these models the analysis process done without errors and without any
warnings too. Because of that the results was taken to draw the diagrams for every model and

to discuss the shape of them.
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3.9. Results and Diagrams

3.9.1. The Moment of I-girders

0
-200 - =&—Moment-y
(kN.m)-0

—~ 400
E 600 == Moment-y
g - (KN.m)-21
E -800 Moment-y
E -1000 (kN.m)-37.6
= -1200 Moment-y
(kN.m)-57

-1400
! =¢=Moment-y
-1600 ' (KN.m)-66.6

0 2 4 6 § 10 12 14 16 18 20 22 24

Span (m)

Figure 3.9.1.1. Moment diagram of the first I-girder

From figure 3.9.1.1 it can be noticed from figure that the moment generally decreased
by increasing the skewness angle of span from (f to 66.6 but the decreasing in the value of
moment was more and more in the first, second and third part of the span, if it was divided to
four parts equally, when the skewness angle exceeded 37.6. The changing in moment was very
slightly until the angle exceeded 37.6 and after that the changing became bigger especially in
the first half of the span. The ratio of changing in moment was nearly 15% according to the

values of moment when the skewness angle was (F if the these values was taken as a reference.
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Figure 3.9.1.2. Moment diagram of the second I-girder

In figure 3.9.1.2, it can be noticed that the changing in values of the moment was very
slightly until the skewness angle 37.6 but when the skewness angle became 57 there was a
suddenly and rapidly huge increasing in moment just in the second half of the span. That
changing was more huge and bigger when the skewness angle became 66.6. The increasing
ratio was nearly 25% if the values of moment for (f was taken as a reference. The symmetric in

shape of moment also finished when the skewness angle became more than 37.6.
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Figure 3.9.1.3. Moment diagram of the third I-girder

In figure 3.9.1.3, it was clear that the shape of moment diagram generally exactly like
the shape of moment diagram of second I-girder but inversely as the span started from the end
point of span. The changing in values of moment was also slightly as the second I-girder. The
huge rapidly changing in values of moment here happened also but in the first half part of span

with the same ratio and with the same skewness angle as second I-girder.
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Figure 3.9.1.4. Moment diagram of the fourth I-girder

In figure 3.9.1.4, it was also clear that the behavior of the moment here as the behavior
of the first I-girder in the bridge but inversely. The ratio of decreasing in the moment here
same as the ratio of decreasing in the moment in the first I-girder too. The difference here just

was that the decreasing happened in the second, third and fourth quarter parts of the span if the

span was divided to four parts equally.

All the shapes of the moment diagrams became unsymmetrical when the skewness
angle became more than 37.6. The diagrams gives the designers the main idea about the
behavior of the superstrucure of the bridge and from above diagrams it was clear that when the
superstructure of the bridge consists from four I-girders, the behavior of the first and fourth I-

girders will be the same but inversely. Also the behavior of second and third I-girders will be

the same but inversely too.
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3.9.2. The Shear Forces of I-girders
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Figure 3.9.2.1. Shear force diagram of the first I-girder

In figure 3.9.2.1, it can be noticed that the shape of shear forces diagram was nearly
symmetric just when the skewness angle was (f, 21" and 37.6 but after that the shape lost the
symmetrical. At the first half of span, the shear forces was decreasing by the increasing in
skewness angle of the span. If the curve of shear forces for skewness angle of 0 was taken as a
reference, the ratio of the difference nearly was 50% between the reference and the values of
shear forces for skewness angle of 66.6 at the first half of the span but these difference
according to reference was very slightly in the second half from span. The point of zero shear
force was nearly at the middle point of the span until the skewness angle increased and

became more than 21°.
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Figure 3.9.2.2. Shear force diagram of the second I-girder

In figure 3.9.2.2, it was seen that the shape of curve was unsymmetric. By increasing
the skewness angle starting from O, the values of shear forces in the first half of span were
changing slightly sometimes with increasing and sometimes with decreasing. But in the other
half of the span the shape of the curves was very different if it was compared with the shape of
curves in the first half of the span. Generally, in the second half of the span shear forces
increased by increasing the skewed angle and when the skewness angle increased more than
37.6, this increasing take irregular shape with a nearly ratio of 15% if the values of shear
forces for (" was taken as a reference. The point of zero shear forces also changed by changing
in skewness angle but it was very near to the middle point of the span when the skewness

angle was more than 37.6.
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Figure 3.9.2.3. Shear force diagram of the third I-girder

In figure 3.9.2.3, it was clear generally that the shape of the curves of shear forces the
same with that was in the second I-girder but inversely. All the notes which were taken about
the second I-girder can be applied here too but by considerate that the first of the span there, is
the end of the span here. Zero point of the shear forces here was very near to the middle of the

span when the skewness angle became more than 37.6.
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Figure 3.9.2.4. Shear force diagram of the fourth I-girder

In figure 3.9.2.4, the shape of shear forces curves also was like the shape of curves for
first [-girder but inversely too. Here the zero shear force point was very near to the middle
point of the span when the skewness angle was from (fto 21" Generally it can be said that the
changes in the shape of curves for shear forces reflected in the shape of curves for moment in

the same member.
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3.9.3. The Torsion of I-girders
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Figure 3.9.3.1. Torsion diagram of the first I-girder

In figure 3.9.3.1, the shape of curves can be seen clearly that were not symmetric.
When the skewness angle started by 0, the curve took a zigzag shape. Some of the values were
positive and some of them were negative signs. But when the skewness angle increased to 21’,
the torsion curve changed to be started from zero in the starting point of the span to negative
side of the horizontal axis of span and after that changed to positive side. At the end of the
span the torsion sign also changed to negative sign and finally to zero at the end of span. By
increasing the skewness angle to 37.6, the shape of curve stayed as like was in 21° but there
was a shifting happened in first of the span. When the skewness angle increased to be 57, the
shape of curve changed to be in positive side and more curvedly in the first three quarter of the
span and almost the values of the torsion increased. After that, the torsion decreased in the first
quarter from span and increased in the other parts when the skewness angle became 66.6.
From above notes it was clear that by increasing in the skewness angle, the torsion values

going to be just in positive side of the horizontal axis of the diagram.
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Figure 3.9.3.2. Torsion diagram of the second I-girder

In figure 3.9.3.2, the shape of diagram was symmetric when the span was straight with
(" skewness angle, but by increasing the skewness angle this symmetrical was lost. In the
skewness angle of 21° the most values of torsion became with positive sign and the values
increased also but just between 4m to 20m from the span. After that with complete the
increasing in the skewness angle until 37.6, all the values of the torsion became positive and
the values increased also but just nearly between 6m to 18m from the span and the shape of
the curve became nearly symmetric. Then when the skewness angle was changed to be 57, the
curve kept the symmetric in shape and increasing in value too. Finally, when the skewness
angle became 66.6, the curve lost the symmetrical in shape but almost of the values of torsion

increased too.
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Figure 3.9.3.3. Torsion diagram of the third I-girder

In figure 3.9.3.3, the shape of the curve was like the curve in second I-girder but
inversely according to span too. All the notes which were taken above could be applied here
inversely too. That means the behavior of second and third I-girders similar to each others but

inversely for torsion.
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Figure 3.9.3.4. Torsion diagram of the fourth I-girder

In figure 3.9.3.4, the shape of the curve was like the curve in first [-girder but inversely
according to span. That means external girders behaves the same behavior and it can be easy

to guess the behavior one of them from the other.
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3.9.4. The Axial Forces in I-girders
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Figure 3.9.4.1. Axial forces diagram of the first I-girder

In figure 3.9.4.1, when the skewness angle was (f, all the values of the curve were in
positive sign and the shape of the curve was symmetric too. But when the skewness angle was
increased to 21°, the shape of the curve started to change and be not symmetric but in the same
time stayed in positive sign too. After that the shape of the curve changed to be up and down
the horizontal axis of the diagram with positive and negative signs when the skewness angle
was changed to be 37.6. generally, the differences between the values were very slightly for
skewness angle of (, 21, 37.6. After that when the skewness angle became 57, the values of
the axial forces increased generally and especially in the second and third quarter of the span.
Finally, when the skewness angle became 66.6, in general the axial forces increased not less

than ratio of 15% comparing with values of axial forces for skewness angle 57.
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Figure 3.9.4.2. Axial forces diagram of the second I-girder

In figure 3.9.4.2, the behavior of the girder was as like the behavior of the first girder
just in symmetrical of the curves but not as the shape. All the values of axial forces were
positive and the shape of curves was symmetric when the skewness angle was (. But after that,
when the skewness angle was changed to be 21, the symmetrical in shape started to finish and
some values of axial forces changed to be in negative sign in some places from the span. For
skewness angle 37.6, the symmetrical in shape of the curve completely finished and there was
an increasing in the values of axial forces comparing with the values of skewness angle 21
with nearly ratio of 20%. After that when the skewness angle had been 57, the same thing
happened also and in general the shape of the curve stayed as was for 37.6 but the values
increased more and more. Finally when the skewness angle became 66.6, the axial forces
increased with ratio more than 100% in the middle part of the span if the axial forces values of

57 was taken as a reference.
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Figure 3.9.4.3. Axial forces diagram of the third I-girder

In figure 3.9.4.3, it was clear also the similarity in the shape and behavior of this I-
girder with the second i girder but inversely. All the notes which were taken about the second

I-girder can be applied here also but inversely according to the span.
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Figure 3.9.4.4. Axial forces diagram of the fourth I-girder

In figure 3.9.4.4, the behavior and shape of curves were the same as like as the first I-

girder but inversely according to the span.
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3.9.5. The Displacement of I-girders

0
-0.005
-0.01
-0.015
T 002 ——DZ
< -0-025 (m)-0
é -0.03 —=-DZ
g -0.035 (m)-21
§ -0.04 DZ
2 -0.045 (m)-37.6
a8 -0.05 DZ
-0.055 (m)-57
-0.06 —¥=DZ
-0.065 . (m)-66.6
-0.07 | . . . .

0 2 4 6 8 10 12 14 16 18 20 22 24
Span (m)

Figure 3.9.5.1. Displacement diagram of the first I-girder

In figure 3.9.5.1, when the skewness angle of the span was 0, the shape of the curve
was symmetric and the maximum value of the displacement was at the middle of the span.
After that, when the skewness angle increased more to be 21°, the displacement also increased
but slightly and the shape of the curve kept the symmetrical in shape also the same thing
happened with the skewness angle of 37.6'and also the maximum displacement point stayed at
the middle of the span too. But after the skewness angle became 57, the shape of the curve lost
the symmetrical and the maximum displacement point started to move toward and being in the
second half of the span and also the displacement increased with ratio 90% if the displacement
of 37.6 was taken as a reference. Then with skewness angle of 66.6, the displacement
increased with 80% ratio if the displacement of 57 was taken as a reference. Also the
maximum displacement point moved towards the second half from the span. Generally, it was
clear that the displacement, when the skewness angle became more than 37.6, increased with
big ratio and the maximum displacement happening in the second half of the span not in the

middle of it.
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Figure 3.9.5.2. Displacement diagram of the second I-girder

In figure 3.9.5.2, for skewness angle (, 21°, and 37.6, the displacement stayed at the
same range and in some places from the span stayed with the same values or very near to each
other. But when the skewness angle became 57, the displacement increased every where in the
span and the symmetric in shape of curve finished too. The maximum value of the
displacement, which was at the middle of the span before, moved toward the second half of
the span and moved more when the skewness angle became 66.6. The increasing ratio in

displacement was with ratio of 20% for angle 57 and 70% for angle 66.6 if the displacement
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Figure 3.9.5.3. Displacement diagram of the third I-girder

In figure 3.9.5.3, the whole diagram was like the second diagram of the second I-girder

but inversely according to span. So, the all notes which were written above can be applied here

too.



87

0
-0.005
-0.01
-0.015 -

_ i ——D7Z

7 -0.02 )

< 0-025 1

+  -0.03 —8—-DZ

5 0.035 M(\ (m)-21

g X(

g -0.04 m M bz

2 -0.045 (m)-37.6

& 005 —>=DZ
-0.055 (m)-57
-0.06 —%—-D7
-0.065 -+ (m)-66.6
'007 T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24

Span (m)

Figure 3.9.5.4. Displacement diagram of the fourth I-girder

In figure 3.9.5.4, all the diagram was like the first diagram of the first I-girder but

inversely according to span. So, the all notes which were written above right for this I-girder

and can be applied here too.
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3.9.6. The Losses in Strands of I-girders
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Figure 3.9.6.1. Diagram of final forces in strands after losses in the first I-girder
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Figure 3.9.6.2. Diagram of final forces in strands after losses in the second I-girder
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Figure 3.9.6.3. Diagram of final forces in strands after losses in the third I-girder
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Figure 3.9.6.4. Diagram of final forces in strands after losses in the fourth I-girder
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The all diagrams showed clearly that there was no effect of changing in skewness
angle of span on the losses in strands forces. The differences between the first, second, third,
and fourth I-girders in final forces were very very small and the values were very close to each
other for all skewness angles 0, 21’, 37.6, 57, and 66.6. So, it can be concluded that generally
there is no effect on the losses in pretension prestressed members by increasing the skewness

angle of span.
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3.9.7. The Axial Stresses in I-girders
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Figure 3.9.7.1. Axial stresses diagram of the first [-girder
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Figure 3.9.7.2. Axial stresses diagram of the second I-girder
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Figure 3.9.7.3. Axial stresses diagram of the third I-girder
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Figure 3.9.7.4. Axial stresses diagram of the fourth I-girder
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As it can be seen and shown above, the all diagrams of axial stresses were the same
and exactly the diagrams of axial forces in the I-girders because the all models and the all I-
girders had the same section and all of these girders section was constant along the span. So,
the diagrams were the same in shape but different in values and all the notes about the
changing in values and ratios, which was taken before in axial forces diagrams, is the same
exactly here for axial stresses too.

The results of analysis for all models in tables was given in the last part in appendix.



4. CONCLUSION AND RECOMMENDATIONS

Finally at the end of this thesis about the effects of skewness in span on the response of
simply supported prestressed concrete bridges with I-girder section, for first and second I-
girders it can be conclude that :

For bending moment, generally, the bending moment decreasing by increasing in
skewness angle for external I-girders and because of that the designers can design these
girders to resist these type from moment as they design a straight one and that will give the
bridge more safety against bending moment and it was recommended. But for internal I-
girders, the bending moment stayed in the same range with slightly changing until skewness
angle of 37.6. After increasing the skewness angle more than this angle, the bending moment
increased rapidly with big ratio in some places of the span. Because of that, for internal I-
girders, it must be designed according to the analysis results for every place or part from the
span. In general the behavior of bending moment stayed similarly until 37.6 but after that a lot
of changes happened and because of that, it was recommended to make more researches about
it for many near and close to each other skewness angles.

For shear forces as it's known that the moment is the result of shear forces and that
means the shear forces also will be effected if the skewness angle becomes more than 37.6 as
was the moment and that what happened. Generally, the shear forces stayed at the same range
and similar shape until the skewness angle of 37.6. But after that when the skewness angle
became 57 and 66.6, for external I-girders, the values of shear forces changed slightly and in
general and it was decreasing in the most places of the span but for internal I-girders the
situation was not almost constant as the external I-girders. So, it was recommended in
designing every I-girder must be studied alone and for more understanding the behavior of the
shear forces, it must be making more researches about it especially the internal ones.

For torsion it was clear from the results of external I-girders that by increasing in
skewness angle the torsion changed slowly to be in positive sign and one side of the horizontal
axis in the diagram in the most of the places of the span especially in the middle part of it. But
for internal I-girders the same thing happened for all places in the span when skewness angle
being 37.6 and more. In general it can be said that by increasing the skewness angle the values

of torsion were increasing in the middle part of the span. So, it was recommended to
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concentrate in the design and in the next researches about the outsides parts of the girders and
making more studies for many and very close and near to each other skewness angles less than
37.6 to understand the behavior of it exactly.

For axial forces and stresses it can be concluded that by increasing the skewness angle
more than 37.6, for constant I-girder section along the span, the axial forces and stresses in
general will be increased too. The values of the axial forces and stresses in external I-girders,
by this increasing in skewness angle to 37.6, 57 and 66.6, will be changed to be in positive and
negative signs (tension and compression) not like as the values of it before 21°which were just
in one sign. The same thing can be said for internal I-girders but the values started to change
to negative and positive sign with 21° 37.6, 57 ,and 66.6 and but the most of these value were
in negative especially in the middle part of the span. So, it was clear that there were a changes
happened and started with skewness angle of 21°and maybe if another angle was used less than
21° this changes will be happen also. Because of that it was recommended to make more
researches about which is the critical skewness angle that the sign of the values will be change
in it.

For displacement it can be concluded that by increasing in skewness angle of the span,
the displacement will increase also but the ratio of this increasing will be very big if the
skewness angle being more than 37.6. This increasing with big ratio in displacement will not
be symmetric and it will be in the second half of the span more than the other and according to
that, the maximum displacement point will not be in the middle of the span also and it will be
in the second half from the span. So, it's very important for designers before designing to draw
the all diagrams of all internal and external I-girders separately and it is recommended to study
the displacement for skewness angle more than 66.6 to know what will be the behavior of
girders with bigger angles.

For losses in strands it is clear that there is no any effect of the skewness in span on the
final forces in strands and that means the losses did not effected by changing in skewness
angle of the span.

Finally, from results and diagrams it was clear, when the girders numbers were from 1
to 4, that the behavior of external I-girders 1 and 4 was the same behavior but inversely
according to span and also the same thing was noticed for internal I-girders 2 and 3 too.

Because of that, it was recommended that, for the same situation of four I-girders properties,
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section and under the same loading, to study just one from external I-girders and one from
internal I-girder and it is recommended to study the middle I-girder also if the number of
girders were five to know how this I-girder will behave. Although there are a lot of researches
were written about skewed span bridges but it is recommended also to make more researches
about the same subject but by taking more near and close skewness angles to each other and
bigger than 66.6 with different number and properties of I-girders.to know how the behavior

will be for every situation.
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6. APPENDIX

Table 6.1. Bending moment in longitudinal direction of the bridge in the first [-girder for all

models
Element Moment-y Moment-y Moment-y Moment-y Moment-y Span
(kN.m)-0 (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 (m)
1 0 0 0 0 0 0
5 -224.39 -205.49 -185.68 -142.45 -110.58 1
6 -438.32 -402.49 -366.37 -283.01 -219.12 2
7 -633.44 -580.17 -516.76 -401.37 -305.76 3
8 -809.29 -755.81 -684.29 -548.52 -420.41 4
9 -961.76 -909.58 -834.15 -666.57 -535.06 5
10 -1088.91 -1032.89 -951.66 -782.11 -640.34 6
11 -1191.64 -1144.37 -1069.4 -898.03 -708.77 7
12 -1272.53 -1232.58 -1168.2 -998.83 -811.17 8
13 -1342.36 -1297.51 -1231.32 -1069.73 -900.4 9
14 -1386.89 -1353.6 -1288.66 -1135.54 -980.41 10
15 -1409.64 -1387.12 -1336.06 -1186.12 -1042.92 11
16 -1410.46 -1395.31 -1348.02 -1210.14 -1075.85 12
17 -1410.79 -1388.96 -1349.36 -1227.74 -1107.94 13
18 -1388.9 -1377.52 -1332.23 -1223.94 -1124.05 14
19 -1345.74 -1337.3 -1297.13 -1191.09 -1103.11 15
20 -1275.9 -1278.97 -1249.48 -1166 -1072.16 16
21 -1196.05 -1202.57 -1178.32 -1116.2 -1037.51 17
22 -1094.78 -1103.84 -1084.92 -1027.83 -963.82 18
23 -966.65 -983.79 -973.23 -936.65 -876.77 19
24 -814.01 -835.86 -837.95 -815.51 -771.06 20
25 -638.54 -659.75 -668.37 -645.75 -607.3 21
26 -441.41 -461.91 -471.58 -456.4 -433.55 22
27 -226.13 -239.57 -245.79 -238.62 -226.76 23
27 0 0 0 0 0 24
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Table 6.2. Torsion moment of the bridge in the first I-girder for all models

Element Torsion Torsion Torsion Torsion Torsion Span
(kN.m)-0 (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 | (m)
1 -28.27 0.88 1.47 1.55 1.14 0
5 -30.25 -26.79 1.47 1.55 1.14 1
6 -33.76 27.22 -25.8 1.55 1.14 2
7 40.38 38.24 35.95 15.56 10.51 3
8 38.78 38.36 38.44 31.33 10.51 4
9 -36.05 38.24 40.13 42.86 10.51 5
10 37.09 40.78 44.27 48.12 29.36 6
11 32.98 38.44 44.34 52.17 43.94 7
12 -31.3 35.7 43.71 53.37 52.54 8
13 30.12 37.05 44.62 54.42 55.43 9
14 -26.22 34.04 43.29 55.91 58.06 10
15 -28.87 31.61 41.34 56.67 58.78 11
16 28.87 35.93 43.59 55.16 55.66 12
17 26.22 33.99 42.34 54.75 56.86 13
18 -30.12 31.75 40.51 54.45 57.62 14
19 31.3 37.36 42.56 52.79 54.55 15
20 -32.98 36.05 40.53 51.11 54.04 16
21 -37.09 33.61 38.61 48.9 51.71 17
22 36.05 40.23 42 44.72 4471 18
23 -38.78 37.07 38.58 41.06 45.32 19
24 -40.38 -38.65 -39.41 -46.29 -50.97 20
25 33.76 35.23 33.86 32.48 -40.33 21
26 30.25 31.87 31.03 -35.42 -45.44 22
27 28.27 30.2 29.24 -26.97 -36.9 23
27 28.27 30.2 29.24 -26.97 -36.9 24




Table 6.3. Shear forces in z-direction of the bridge in the first I-girder for all models
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Element Shear-z Shear-z Shear-z Shear-z Shear-z Span
(kN)-0 (kN)-21 | (kN)-37.6 | (kN)-57 | (kN)-66.6 (m)
1 227.82 207.55 184.07 140.57 108.55 0
5 222.34 203.04 184.07 140.57 108.55 1
6 212.82 197.09 177.7 140.57 108.55 2
7 200.65 190.37 175.15 147.8 114.65 3
8 188.87 181.67 168.38 141.72 114.65 4
9 176.2 171.88 161.48 140.07 114.65 5
10 160.07 158.44 151.96 135.94 113.14 6
11 148.57 148.42 143.44 130.5 115.07 7
12 136.54 137.72 134.83 124.81 113.13 8
13 120.46 121.59 121.17 116.2 107.15 9
14 109.72 111.42 111.15 108.19 100.74 10
15 98.36 100.7 101.33 99.67 93.81 11
16 -98.36 -89.26 85.34 88.51 85.01 12
17 -109.72 -101.59 -97.36 -88.75 -88.21 13
18 -120.46 -113.59 -109.99 -100.63 -97.49 14
19 -136.54 -127.43 -121.78 -110.08 -105.99 15
20 -148.57 -140.8 -136.14 -123.38 -119.53 16
21 -160.07 -154.04 -150.49 -138.04 -134.15 17
22 -176.2 -169.82 -165.19 -151.8 -146.97 18
23 -188.87 -184.84 -182.02 -169.05 -163.45 19
24 -200.65 -199.77 -198.98 -187.81 -181 20
25 -212.82 -216.79 -216.92 -204.43 -192.5 21
26 -222.34 -230.61 -233.37 -221.18 -207.17 22
27 -227.82 -241.1 -245.34 -233.73 -214.81 23
27 -227.82 -241.1 -245.34 -233.73 -214.81 24
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Table 6.4. Axial forces of the bridge in the first I-girder for all models

Element Axial Axial Axial Axial Axial Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)

1 8.1 8.02 10.59 14.62 15.75 0

5 14.63 11 10.59 14.62 15.75 1

6 21.24 15.03 -17.25 14.62 15.75 2

7 26 24.03 22.43 26.95 -32.96 3

8 30.33 25.26 2291 -26.05 -32.96 4

9 33.8 26.66 -25.33 -27.07 -32.96 5

10 35.85 37.56 37.57 -31.59 -55.33 6
11 38.19 37.24 38.53 -29.23 -46.06 7
12 40.71 38.66 39.84 29.57 -36.03 8

13 42.04 46.43 56.43 44.08 -52.72 9
14 42.95 44.2 52.68 48.54 -39.34 10
15 43.6 45.19 50.43 53.26 27.93 11
16 43.6 48.98 62.29 81.89 -66.79 12
17 42.95 47.29 60.25 80.54 66.79 13
18 42.04 50.66 59.59 76.94 73.44 14
19 40.71 51.65 67.65 113.62 141.58 15
20 38.19 48.96 64.77 104.79 145.76 16
21 35.85 48.17 62.15 94.75 147.87 17
22 33.8 51.6 73.48 153.37 231.49 18
23 30.33 46.04 66.19 134.98 220.8 19
24 26 39.13 57.19 112.4 200.69 20
25 21.24 52.23 86.47 168.36 225.2 21
26 14.63 38.31 64.86 128.12 175.78 22
27 8.1 21.73 37.63 76.5 106.41 23
27 8.1 21.73 37.63 76.5 106.41 24
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Table 6.5. Axial stresses of the bridge in the first I-girder for all models

Elem Axial Stress | Axial Stress | Axial Stress | Axial Stress | Axial Stress | Span
(kN/m2)-0 (kN/m2)-21 | (kN/m2)-37.6 | (kN/m2)-57 | (kN/m2)-66.6 | (m)
1 9.35 9.25 12.2 16.9 18.2 0
5 16.9 12.7 12.2 16.9 18.2 1
6 24.5 17.3 -19.9 16.9 18.2 2
7 30 27.7 259 31.1 -38 3
8 35 29.1 26.4 -30.1 -38 4
9 39 30.8 -29.2 -31.2 -38 5
10 41.4 43.3 433 -36.4 -63.8 6
11 441 43 44 .4 -33.7 -53.1 7
12 47 44.6 46 34.1 -41.6 8
13 48.5 53.6 65.1 50.9 -60.8 9
14 49.6 51 60.8 56 -45.4 10
15 50.3 52.1 58.2 61.4 32.2 11
16 50.3 56.5 71.9 94.5 -77.1 12
17 49.6 54.6 69.5 92.9 77 13
18 48.5 58.4 68.7 88.8 84.7 14
19 47 59.6 78 131 163 15
20 44.1 56.5 74.7 121 168 16
21 41.4 55.6 71.7 109 171 17
22 39 59.5 84.8 177 267 18
23 35 53.1 76.4 156 255 19
24 30 45.1 66 130 232 20
25 24.5 60.3 99.8 194 260 21
26 16.9 44.2 74.8 148 203 22
27 9.35 25.1 434 88.3 123 23
27 9.35 25.1 434 88.3 123 24




Table 6.6. Displacement in z-direction of the bridge in the first I-girder for all models
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Node DZ DZ DZ DZ DZ Span
(m)-0 (m)-21 | (m)-37.6 | (m)-57 | (m)-66.6 | (m)

1 0 0 0 0 0 0

17 0.011768 | -0.012884 | -0.016384 | -0.030316 | -0.052855 1

18 -0.013693 | -0.01458 | -0.017871 | -0.031689 | -0.054248 2

19 -0.015929 | -0.016705 | -0.019629 | -0.032993 | -0.05559 3

20 -0.018153 | -0.018865 | -0.021578 | -0.034198 | -0.056858 4

21 -0.020251 | -0.020932 | -0.023508 | -0.035488 | -0.058026 5

22 -0.022172 | -0.022831 | -0.025321 | -0.036928 | -0.059068 6
23 -0.023852 | -0.024527 | -0.026957 | -0.038361 | -0.059982 7

24 -0.025287 | -0.025974 | -0.028379 | -0.039689 | -0.061 8

25 -0.026398 | -0.027129 | -0.029549 | -0.04088 | -0.062088 9
26 -0.027217 | -0.027987 | -0.030436 | -0.041868 | -0.063147 10
27 -0.02771 | -0.028527 | -0.031036 | -0.042631 | -0.064117 11
28 -0.027869 | -0.02875 | -0.031328 | -0.043172 | -0.064934 | 12
29 0.02771 | -0.02865 | -0.031314 | -0.043453 | -0.065588 13
30 -0.027217 | -0.028219 | -0.030994 | -0.043491 | -0.066088 14
31 -0.026398 | -0.027484 | -0.030374 | -0.043276 | -0.066394 | 15
32 -0.025287 | -0.02643 | -0.029461 | -0.042824 | -0.066528 16
33 -0.023852 | -0.025085 | -0.028266 | -0.04214 | -0.066506 | 17
34 -0.022172 | -0.023468 | -0.026819 | -0.041261 | -0.066368 18
35 -0.020251 | -0.021612 | -0.025143 | -0.040207 | -0.066165 19
36 -0.018153 | -0.019577 | -0.023295 | -0.039069 | -0.06586 20
37 -0.015929 | -0.017417 | -0.021346 | -0.037915 | -0.065616 | 21
38 0.013693 | -0.015242 | -0.019429 | -0.036842 | -0.065564 | 22
39 0.011768 | -0.013388 | -0.017885 | -0.036094 | -0.065462 | 23
2 0 0 0 0 0 24
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Table 6.7. Final forces in pre-tentioned steel of the bridge in the first I-girder for all models

Elem | Part Final force | Final force Final force Final force Final force | Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
1 I 2537.675 2538.193 2538.354 2539.042 2540.275 0
5 I 2634.515 2634.668 2634.532 2634.983 2637.324 1
6 I 2721.705 2720.723 2721.276 2722.166 2725.616 2
7 I 2799.532 2795.396 2791.117 2783.818 2779.179 3
8 I 2870.55 2866.525 2862.838 2860.417 2858.379 4
9 I 2932.515 2928.328 2924.758 2924.825 2928.862 5
10 I 2985.569 2980.918 2974.777 2965.333 2966.019 6
11 I 3031.275 3027.091 3021.676 3014.005 3019.258 7
12 I 3068.197 3064.343 3059.505 3052.888 3060.615 8
13 I 3096.404 3093.441 3088.313 3076.208 3076.421 9
14 I 3117.348 3114.931 3110.474 3099.708 3100.935 10
15 I 3129.619 3127.714 3123.933 3114.369 3115.722 11
16 I 3133.234 3132.973 3130.395 3120.265 3116.623 12
17 I 3129.643 3129.816 3127.638 3118.355 3114.469 13
18 I 3117.397 3118.054 3116.402 3107.977 3103.755 14
19 I 3096.463 3099.128 3099.735 3094.472 3089.403 15
20 I 3068.304 3071.073 3071.608 3066.22 3061.106 16
21 I 3031.414 3034.418 3035.103 3029.819 3024.751 17
22 I 2985.713 2990.67 2994.222 2994.811 2992.15 18
23 I 2932.73 2937.129 2939.901 2939.375 2936.583 19
24 I 2870.806 2874.858 2877.134 2875.877 2872.968 20
25 I 2799.79 2804.943 2809.923 2815.407 2815.941 21
26 I 2722.037 2725.14 2728.128 2731.202 2731.07 22
27 I 2634.873 2636.176 2637.42 2638.318 2637.458 23
27 J 2537.675 2537.373 2536.906 2535.555 2533.639 24
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Table 6.8. Bending moment in longitudinal direction of the bridge in the first I-girder
for all models

Element Moment-y | Moment-y | Moment-y | Moment-y | Moment-y | Span
(kN.m)-0 | (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 | (m)
2 0 0 0 0 0 0
28 -282.52 -273.78 -291.57 -313.02 -314.62 1
29 -516.03 -503.02 -506.8 -560.1 -576.63 2
30 -709.6 -692.73 -683.74 -751.6 -778.33 3
31 -871.65 -852.54 -840.42 -879.09 -929.57 4
32 -1007.94 -987.1 -972.64 -962.51 -1040.74 5
33 -1122.37 -1099.56 -1084.1 -1052.54 -1091.96 6
34 -1216.04 -1195.45 -1177.07 -1136.26 -1137.54 7
35 -1293.02 -1274.58 -1257.03 -1204.74 -1209.59 8
36 -1352.12 -1332.69 -1318.16 -1266.19 -1279.13 9
37 -1395.21 -1374.91 -1361.05 -1310.75 -1333.62 10
38 -1416.33 -1400.34 -1385.24 -1348.99 -1380.31 11
39 -1417.2 -1415.3 -1403.71 -1383.21 -1431.18 12
40 -1417.2 -1414.37 -1402.56 -1396.53 -1476.32 13
41 -1396 -1392.97 -1382.25 -1395.59 -1524.2 14
42 -1353.11 -1351.87 -1349.46 -1394.07 -1599.15 15
43 -1294.08 -1295.67 -1298.36 -1373.34 -1615.85 16
44 -1217.6 -1223.67 -1231.1 -1328.84 -1610.12 17
45 -1124.24 -1133.27 -1151.99 -1300.29 -1613.27 18
46 -1009.73 -1022.48 -1049.63 -1234.72 -1453.4 19
47 -873.87 -889.47 -928.28 -1137.02 -1225.44 20
48 -713.09 -734.61 -787.83 -930.56 -932.04 21
49 -520.01 -542.58 -598.03 -633.13 -649.17 22
50 -287.2 -307.3 -312.09 -316.02 -323.4 23
50 0 0 0 0 0 24
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Table 6.9. Torsion moment of the bridge in the first I-girder for all models

Element Torsion Torsion Torsion Torsion Torsion Span
(kN.m)-0 | (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 (m)
2 30.34 21.01 19.01 22.59 29.16 0
28 38.79 32.07 26.31 31.03 40.46 1
29 41.58 38.61 32.84 36.32 50.82 2
30 37.76 37.99 36.17 41.05 52.52 3
31 36.45 38.97 40.73 42.31 54.34 4
32 34.85 38.66 44.11 48.1 56.49 5
33 29.58 35.36 41.6 49.45 50.1 6
34 28.32 35.16 42.13 53.64 55.28 7
35 27.14 34.12 43.96 55.67 60.22 8
36 23.91 31.74 41.39 53.89 59.77 9
37 23.16 31.59 41.76 56.06 62.62 10
38 22.76 31.54 43.26 57.84 65.31 11
39 -22.76 29.48 40.19 54.92 60.67 12
40 -23.16 30.97 40.7 56.09 61.7 13
41 -23.91 32.25 42.15 56.21 62.45 14
42 -27.14 31.72 40.04 53.47 59.56 15
43 -28.32 33.23 40.28 52.81 57.53 16
44 -29.58 34.24 40.78 49.98 57.16 17
45 -34.85 36.82 41.2 45.49 69.89 18
46 -36.45 38.65 39.8 40.47 61.47 19
47 -37.76 383 38.8 42.52 56.01 20
48 -41.58 -37.82 30.55 33.76 51.65 21
49 -38.79 -32.63 21.98 28.17 43.42 22
50 -30.34 16.02 16.63 19.65 30.61 23
50 -30.34 16.02 16.63 19.65 30.61 24




Table 6.10. Shear forces in z-direction of the bridge in the first I-girder for all models
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Element Shear-z Shear-z Shear-z Shear-z Shear-z Span
(kN)-0 (kN)-21 | (kN)-37.6 | (kN)-57 | (kN)-66.6 (m)
2 294.27 284.53 285.91 316.32 330.96 0
28 260.95 254.64 251.22 277.55 290.13 1
29 236.3 230.5 225.36 243 254.82 2
30 216.95 214.23 208.56 209.9 218.81 3
31 199.23 197.7 192.89 185.94 192.33 4
32 183.68 181.49 178.83 172.58 169.15 5
33 175.68 174.85 172.76 166.65 160.05 6
34 160.24 160.27 159.04 158.58 153.15 7
35 146.34 145.26 145.63 151.85 149.56 8
36 141.85 141.36 140.85 148.12 150.24 9
37 127.09 127.46 127.43 139.72 146.36 10
38 -113.91 112.98 -117.61 131 144.35 11
39 113.91 109.91 -116.85 -126.68 145.13 12
40 -127.09 -121.27 -126.82 -133.67 -140.51 13
41 -141.85 -134.15 -139.77 -140.03 -140.33 14
42 -146.34 -139.92 -139.85 -140.94 -137.83 15
43 -160.24 -153.36 -151.58 -145.94 -142.32 16
44 -175.68 -167.07 -166.07 -151.75 -171.36 17
45 -183.68 -177.35 -176.81 -171.84 -241.66 18
46 -199.23 -192.88 -192.77 -205.74 -269.44 19
47 -216.95 -210.07 -215.29 -262.3 -287.65 20
48 -236.3 -235.29 -251.1 -302.67 -313.17 21
49 -260.95 -264.76 -296.12 -319.29 -329.28 22
50 -294.27 -306.35 -312.38 -323.19 -333.38 23
50 -294.27 -306.35 -312.38 -323.19 -333.38 24
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Table 6.11. Axial forces of the bridge in the first I-girder for all models

Element Axial Axial Axial Axial Axial Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 | (m)

2 -11.37 9.07 12.85 15.24 13.97 0

28 -22.62 6.48 20.7 22.38 -18.14 1

29 -31.87 -11.22 11.55 25.22 -32.28 2

30 -37.56 -50.11 -58.54 -96.28 -130.94 3

31 -40 -48.72 -56.84 -94.34 -149.98 4

32 -39.93 -44.26 -50.45 -91.32 -170.09 5

33 -38.26 -59.76 -80.01 -118.26 -227.22 6
34 -35.6 -51.86 -68.93 -109.49 -216.64 7
35 -32.77 -45.47 -57.24 -100.9 -203.65 8

36 -31.51 -55.04 -78.48 -116.91 -225.27 9
37 -28.97 -46.54 -64.62 -106.52 -214.23 10
38 -28.37 -40.52 -55.81 -98.3 -203.51 11
39 -28.37 -45.23 -64.11 -116.2 -223.84 12
40 -28.97 -36.28 -51.96 -105.52 -211.53 13
41 -31.51 -28.69 -44.32 -96.54 -199.75 14
42 -32.77 -39.02 -47.26 -103.49 -217.99 15
43 -35.6 -35.41 -37.32 -92.21 -200.95 16
44 -38.26 -31.38 -29.39 -84.1 -191.53 17
45 -39.93 -42.53 -41.23 -79.41 -182.27 18
46 -40 -36.35 -29.6 -67.14 -149.07 19
47 -37.56 -27.22 31.01 123.64 -117.62 20
48 -31.87 -47.18 -47.93 -50.15 -89.89 21
49 -22.62 -28.84 32.13 42.03 -57.21 22
50 -11.37 15.51 19.56 27.71 37.29 23
50 -11.37 15.51 19.56 27.71 37.29 24




Table 6.12. Axial stresses of the bridge in the first I-girder for all models
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Element Axial Stress | Axial Stress | Axial Stress | Axial Stress | Axial Stress | Span
(kN/m2)-0 (kN/m2)-21 | (kN/m2)-37.6 | (kN/m2)-57 | (kN/m2)-66.6 | (m)
2 -13.1 10.5 14.8 17.6 16.1 0
28 -26.1 7.47 239 25.8 -20.9 1
29 -36.8 -12.9 13.3 29.1 -37.2 2
30 -43.3 -57.8 -67.5 -111 -151 3
31 -46.1 -56.2 -65.6 -109 -173 4
32 -46.1 -51.1 -58.2 -105 -196 5
33 -44.1 -68.9 -92.3 -136 -262 6
34 -41.1 -59.8 -79.5 -126 -250 7
35 -37.8 -52.5 -66 -116 -235 8
36 -36.4 -63.5 -90.5 -135 -260 9
37 -33.4 -53.7 -74.5 -123 -247 10
38 -32.7 -46.7 -64.4 -113 -235 11
39 -32.7 -52.2 -74 -134 -258 12
40 -33.4 -41.9 -59.9 -122 -244 13
41 -36.4 -33.1 -51.1 -111 -230 14
42 -37.8 -45 -54.5 -119 -251 15
43 -41.1 -40.8 -43.1 -106 -232 16
44 -44.1 -36.2 -33.9 -97 -221 17
45 -46.1 -49.1 -47.6 -91.6 -210 18
46 -46.1 -41.9 -34.1 -717.5 -172 19
47 -43.3 -31.4 35.8 143 -136 20
48 -36.8 -54.4 -55.3 -57.9 -104 21
49 -26.1 -33.3 37.1 48.5 -66 22
50 -13.1 17.9 22.6 32 43 23
50 -13.1 17.9 22.6 32 43 24




Table 6.13. Displacement in z-direction of the bridge in the first I-girder for all models
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Node DZ DZ DZ DZ DZ Span
(m)-0 (m)-21 | (m)-37.6 | (m)-57 | (m)-66.6 | (m)
3 0 0 0 0 0 0
40 | -0.004851 | -0.0052 | -0.006268 | -0.0105 | -0.017471 1
41 | -0.006723 | -0.007107 | -0.008144 | -0.012138 | -0.01899 2
42 | -0.008595 | -0.009016 | -0.010061 | -0.014001 | -0.02078 3
43 | -0.010682 | -0.010835 | -0.011886 | -0.015831 | -0.022661 4
44 | -0.012863 | -0.012718 | -0.013566 | -0.017527 | -0.024487 5
45 | -0.014838 | -0.014704 | -0.015073 | -0.019057 | -0.026169 6
46 | -0.01657 | -0.016456 | -0.016374 | -0.020368 | -0.027668 7
47 | -0.018038 | -0.017921 | -0.01775 | -0.021451 | -0.028942 8
48 | -0.019169 | -0.019088 | -0.018942 | -0.022316 | -0.029994 9
49 | -0.020003 | -0.019935 | -0.019828 | -0.022945 | -0.030837 10
50 | -0.0205 | -0.020461 | -0.020403 | -0.02334 | -0.031454 11
51 | -0.020658 | -0.020658 | -0.020651 | -0.023504 | -0.031859 | 12
52 | -0.0205 | -0.020521 | -0.020569 | -0.02343 | -0.032054 | 13
53 | -0.020003 | -0.020061 | -0.020166 | -0.023146 | -0.032013 14
54 | -0.019169 | -0.019268 | -0.019441 | -0.022635 | -0.031705 15
55 | -0.018038 | -0.018151 | -0.018399 | -0.021927 | -0.031237 16
56 | -0.01657 | -0.016729 | -0.017045 | -0.021021 | -0.030554 17
57 | -0.014838 | -0.015027 | -0.01542 | -0.01992 | -0.029632 18
58 | -0.012863 | -0.013087 | -0.013555 | -0.018669 | -0.02844 19
59 | -0.010682 | -0.010943 | -0.011817 | -0.017273 | -0.026984 | 20
60 | -0.008595 | -0.008935 | -0.010145 | -0.015757 | -0.025299 | 21
61 | -0.006723 | -0.007122 | -0.008419 | -0.014166 | -0.023441 | 22
62 | -0.004851 | -0.005328 | -0.006738 | -0.012511 | -0.021467 | 23
4 0 0 0 0 0 24
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Table 6.14. Final forces in pre-tentioned steel of the bridge in the first I-girder for all models.

Element | Part Final force | Final force | Final force | Final force | Final force | Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
2 I 2538.352 2538.476 2538.69 2539.347 2540.438 0
28 I 2633.397 2635.023 2636.81 2640.821 2644.175 1
29 I 2721.595 2724.562 2729.152 2737.533 2743.911 2
30 I 2802.695 2804.291 2805.665 2803.482 2794.471 3
31 I 2873.082 2874.918 2877.916 2883.074 2878.711 4
32 I 2936.131 2938.041 2942.264 2953.865 2956.874 5
33 I 2991.728 2992.971 2995.345 3000.192 2996.198 6
34 I 3037.239 3038.315 3040.96 3049.075 3051.563 7
35 I 3075.217 3076.026 3078.641 3089.005 3096.775 8
36 I 3105.613 3106.216 3107.811 3113.674 3114.958 9
37 I 3125.893 3126.262 3127.436 3132.719 3135.77 10
38 I 3138.57 3138.628 3139.161 3143.074 3146.803 11
39 I 3143.636 3143.957 3144.412 3146.552 3146.022 12
40 I 3138.546 3138.463 3138.023 3137.111 3133.797 13
41 I 3125.844 3125.29 3123.768 3119.294 3112.398 14
42 I 3105.554 3105.479 3104.646 3101.177 3092.576 15
43 I 3075.111 3074.324 3072.19 3064.23 3050.268 16
44 I 3037.1 3035.561 3031.999 3019.414 3000.776 17
45 I 2991.583 2990.461 2988.138 2979.201 2965.734 18
46 I 2935.915 2933.989 2930.294 2917.045 2903.014 19
47 I 2872.826 2870.148 2865.159 2848.716 2835.102 20
48 I 2802.436 2799.873 2797.086 2792.841 2794.053 21
49 I 2721.263 2718.929 2716.002 2712.533 2712.276 22
50 I 2633.039 2631.291 2629.699 2627.147 2626.033 23
50 J 2538.352 2537.892 2537.784 2537.486 2536.937 24




115

Table 6.15. Bending moment in longitudinal direction of the bridge in the first I-girder
for all models

Element Moment-y Moment-y Moment-y Moment-y Moment-y Span
(kN.m)-0 (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 (m)
3 0 0 0 0 0 0
51 -282.52 -297.59 -313.96 -314.67 -320.06 1
52 -516.03 -534.63 -581.08 -628.61 -643.33 2
53 -709.6 -724.23 -766.22 -925.2 -939.3 3
54 -871.65 -885.18 -918.71 -1101.61 -1214.73 4
55 -1007.94 -1019.27 -1042.63 -1208.49 -1443.7 5
56 -1122.37 -1126.3 -1138.59 -1260.74 -1525.14 6
57 -1216.04 -1221.56 -1227.06 -1315.4 -1569.44 7
58 -1293.02 -1293.93 -1295.25 -1363.62 -1585.33 8
59 -1352.12 -1346.84 -1340.27 -1376.72 -1554.43 9
60 -1395.21 -1391.82 -1380.42 -1390.63 -1509.11 10
61 -1416.33 -1413.46 -1401.19 -1392.78 -1465.69 11
62 -1417.2 -1410.82 -1396.72 -1373.1 -1414.68 12
63 -1417.2 -1399.42 -1384.58 -1346.13 -1374.59 13
64 -1396 -1375.82 -1361.53 -1310.14 -1329.03 14
65 -1353.11 -1330.68 -1314.18 -1260.75 -1268.25 15
66 -1294.08 -1275.38 -1257.5 -1204.66 -1209.08 16
67 -1217.6 -1196.5 -1177.69 -1137.3 -1146.96 17
68 -1124.24 -1098.68 -1082.13 -1051.06 -1127.75 18
69 -1009.73 -988.76 -974.43 -976 -1051.72 19
70 -873.87 -854.7 -843.29 -897.12 -941.21 20
71 -713.09 -694.52 -686.58 -757.44 -796.02 21
72 -520.01 -506.87 -517.85 -564.94 -587.83 22
73 -287.2 -280.91 -289.8 -316.19 -323.94 23
73 0 0 0 0 0 24
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Table 6.16. Torsion moment of the bridge in the first I-girder for all models

Element Torsion Torsion Torsion Torsion Torsion Span
(kN.m)-0 (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 | (m)
3 -30.34 16.02 16.63 19.65 30.61 0
51 -38.79 -32.63 21.98 28.17 43.42 1
52 -41.58 -37.82 30.55 33.76 51.65 2
53 -37.76 38.3 38.8 42.52 56.01 3
54 -36.45 38.65 39.8 40.47 61.47 4
55 -34.85 36.82 41.2 45.49 69.89 5
56 -29.58 34.24 40.78 49.98 57.16 6
57 -28.32 33.23 40.28 52.81 57.53 7
58 -27.14 31.72 40.04 53.47 59.56 8
59 -23.91 32.25 42.15 56.21 62.45 9
60 -23.16 30.97 40.7 56.09 61.7 10
61 -22.76 29.48 40.19 54.92 60.67 11
62 22.76 31.54 43.26 57.84 65.31 12
63 23.16 31.59 41.76 56.06 62.62 13
64 23.91 31.74 41.39 53.89 59.77 14
65 27.14 34.12 43.96 55.67 60.22 15
66 28.32 35.16 42.13 53.64 55.28 16
67 29.58 35.36 41.6 49.45 50.1 17
68 34.85 38.66 44.11 48.1 56.49 18
69 36.45 38.97 40.73 4231 54.34 19
70 37.76 37.99 36.17 41.05 52.52 20
71 41.58 38.61 32.84 36.32 50.82 21
72 38.79 32.07 26.31 31.03 40.46 22
73 30.34 21.01 19.01 22.59 29.16 23
73 30.34 21.01 19.01 22.59 29.16 24
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Table 6.17. Shear forces in z-direction of the bridge in the first I-girder for all models

Element Shear-z Shear-z Shear-z Shear-z Shear-z Span
(kN)-0 (kN)-21 | (kN)-37.6 | (kN)-57 | (kN)-66.6 (m)
3 294.27 306.35 312.38 323.19 333.38 0
51 260.95 264.76 296.12 319.29 329.28 1
52 236.3 235.29 251.1 302.67 313.17 2
53 216.95 210.07 215.29 262.3 287.65 3
54 199.23 192.88 192.77 205.74 269.44 4
55 183.68 177.35 176.81 171.84 241.66 5
56 175.68 167.07 166.07 151.75 171.36 6
57 160.24 153.36 151.58 145.94 142.32 7
58 146.34 139.92 139.85 140.94 137.83 8
59 141.85 134.15 139.77 140.03 140.33 9
60 127.09 121.27 126.82 133.67 140.51 10
61 -113.91 -109.91 116.85 126.68 -145.13 11
62 113.91 -112.98 117.61 -131 -144.35 12
63 -127.09 -127.46 -127.43 -139.72 -146.36 13
64 -141.85 -141.36 -140.85 -148.12 -150.24 14
65 -146.34 -145.26 -145.63 -151.85 -149.56 15
66 -160.24 -160.27 -159.04 -158.58 -153.15 16
67 -175.68 -174.85 -172.76 -166.65 -160.05 17
68 -183.68 -181.49 -178.83 -172.58 -169.15 18
69 -199.23 -197.7 -192.89 -185.94 -192.33 19
70 -216.95 -214.23 -208.56 -209.9 -218.81 20
71 -236.3 -230.5 -225.36 -243 -254.82 21
72 -260.95 -254.64 -251.22 -277.55 -290.13 22
73 -294.27 -284.53 -285.91 -316.32 -330.96 23
73 -294.27 -284.53 -285.91 -316.32 -330.96 24
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Table 6.18. Axial forces of the bridge in the first I-girder for all models

Element Axial Axial Axial Axial Axial Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
3 -11.37 15.51 19.56 27.71 37.29 0
51 -22.62 -28.84 32.13 42.03 -57.21 1
52 -31.87 -47.18 -47.93 -50.15 -89.89 2
53 -37.56 -27.22 31.01 123.64 -117.62 3
54 -40 -36.35 -29.6 -67.14 -149.07 4
55 -39.93 -42.53 -41.23 -79.41 -182.27 5
56 -38.26 -31.38 -29.39 -84.1 -191.53 6
57 -35.6 -35.41 -37.32 -92.21 -200.95 7
58 -32.77 -39.02 -47.26 -103.49 -217.99 8
59 -31.51 -28.69 -44.32 -96.54 -199.75 9
60 -28.97 -36.28 -51.96 -105.52 -211.53 10
61 -28.37 -45.23 -64.11 -116.2 -223.84 11
62 -28.37 -40.52 -55.81 -98.3 -203.51 12
63 -28.97 -46.54 -64.62 -106.52 -214.23 13
64 -31.51 -55.04 -78.48 -116.91 -225.27 14
65 -32.77 -45.47 -57.24 -100.9 -203.65 15
66 -35.6 -51.86 -68.93 -109.49 -216.64 16
67 -38.26 -59.76 -80.01 -118.26 -227.22 17
68 -39.93 -44.26 -50.45 -91.32 -170.09 18
69 -40 -48.72 -56.84 -94.34 -149.98 19
70 -37.56 -50.11 -58.54 -96.28 -130.94 20
71 -31.87 -11.22 11.55 2522 -32.28 21
72 -22.62 6.48 20.7 22.38 -18.14 22
73 -11.37 9.07 12.85 15.24 13.97 23
73 -11.37 9.07 12.85 15.24 13.97 24
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Table 6.19. Axial stresses of the bridge in the first I-girder for all models

Elem Axial Stress | Axial Stress | Axial Stress | Axial Stress | Axial Stress | Span
(kN/m2)-0 (kN/m2)-21 | (kN/m2)-37.6 | (kN/m2)-57 | (kN/m2)-66.6 | (m)
3 -13.1 17.9 22.6 32 43 0
51 -26.1 -33.3 37.1 48.5 -66 1
52 -36.8 -54.4 -55.3 -57.9 -104 2
53 -43.3 -31.4 35.8 143 -136 3
54 -46.1 -41.9 -34.1 -77.5 -172 4
55 -46.1 -49.1 -47.6 -91.6 -210 5
56 -44.1 -36.2 -33.9 -97 -221 6
57 -41.1 -40.8 -43.1 -106 -232 7
58 -37.8 -45 -54.5 -119 -251 8
59 -36.4 -33.1 -51.1 -111 -230 9
60 -33.4 -41.9 -59.9 -122 -244 10
61 -32.7 -52.2 -74 -134 -258 11
62 -32.7 -46.7 -64.4 -113 -235 12
63 -33.4 -53.7 -74.5 -123 -247 13
64 -36.4 -63.5 -90.5 -135 -260 14
65 -37.8 -52.5 -66 -116 -235 15
66 -41.1 -59.8 -79.5 -126 -250 16
67 -44.1 -68.9 -92.3 -136 -262 17
68 -46.1 -51.1 -58.2 -105 -196 18
69 -46.1 -56.2 -65.6 -109 -173 19
70 -43.3 -57.8 -67.5 -111 -151 20
71 -36.8 -12.9 13.3 29.1 -37.2 21
72 -26.1 7.47 23.9 25.8 -20.9 22
73 -13.1 10.5 14.8 17.6 16.1 23
73 -13.1 10.5 14.8 17.6 16.1 24
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Node DZ DZ DZ DZ DZ Span
(m)-0 (m)-21 | (m)-37.6 | (m)-57 | (m)-66.6 | (m)
5 0 0 0 0 0 0
63 20.00485 | -0.00533 | -0.00674 | -0.01251 | -0.02147 1
64 -0.00672 | -0.00712 | -0.00842 | -0.01417 | -0.02344 2
65 20.0086 | -0.00894 | -0.01015 | -0.01576 | -0.0253 3
66 0.01068 | -0.01094 | -0.01182 | -0.01727 | -0.02698 4
67 -0.01286 | -0.01309 | -0.01356 | -0.01867 | -0.02844 5
68 -0.01484 | -0.01503 | -0.01542 | -0.01992 | -0.02963 6
69 -0.01657 | -0.01673 | -0.01705 | -0.02102 | -0.03055 7
70 -0.01804 | -0.01815 | -0.0184 | -0.02193 | -0.03124 8
71 0.01917 | -0.01927 | -0.01944 | -0.02264 | -0.03171 9
72 20.02 20.02006 | -0.02017 | -0.02315 | -0.03201 10
73 0.0205 | -0.02052 | -0.02057 | -0.02343 | -0.03205 11
74 -0.02066 | -0.02066 | -0.02065 | -0.0235 | -0.03186 12
75 0.0205 | -0.02046 | -0.0204 | -0.02334 | -0.03145 13
76 -0.02 0.01994 | -0.01983 | -0.02295 | -0.03084 14
77 -0.01917 | -0.01909 | -0.01894 | -0.02232 | -0.02999 15
78 -0.01804 | -0.01792 | -0.01775 | -0.02145 | -0.02894 16
79 0.01657 | -0.01646 | -0.01637 | -0.02037 | -0.02767 17
80 0.01484 | -0.0147 | -0.01507 | -0.01906 | -0.02617 B
81 -0.01286 | -0.01272 | -0.01357 | -0.01753 | -0.02449 19
82 20.01068 | -0.01084 | -0.01189 | -0.01583 | -0.02266 20
83 -0.0086 | -0.00902 | -0.01006 | -0.014 | -0.02078 21
84 -0.00672 | -0.00711 | -0.00814 | -0.01214 | -0.01899 22
85 20.00485 | -0.0052 | -0.00627 | -0.0105 | -0.01747 23
6 0 0 0 0 0 24
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Table 6.21. Final forces in pre-tentioned steel of the bridge in the first I-girder for all models

Elem | Part Final force Final force Final force Final force Final force | Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
3 I 2538.3524 2537.8921 2537.7843 2537.4864 2536.9365 0
51 I 2633.3966 2631.8391 2630.0328 2628.0413 2627.634 1
52 I 2721.5947 2719.4398 2716.9701 2713.6135 2714.1009 2
53 I 2802.6949 2799.5424 2793.931 2777.5775 2764.1632 3
54 I 2873.0817 2870.5428 2865.8994 2850.6745 2837.1482 4
55 I 2936.1306 2934.3181 2930.9146 2918.6829 2905.0943 5
56 I 2991.7277 2989.5199 2984.6846 2968.3966 2948.0712 6
57 I 3037.2386 3035.7743 3032.4058 3020.4778 3003.0299 7
58 I 3075.2174 3074.483 3072.5022 3065.0549 3052.0589 8
59 I 3105.6129 3104.5743 3101.8985 3093.8329 3083.7091 9
60 I 3125.8926 3125.3641 3123.9209 3119.7321 3113.4733 10
61 I 3138.5703 3138.4959 3138.1065 3137.3941 3134.613 11
62 I 3143.6363 3143.314 3143.0136 3145.0001 3148.8116 12
63 I 3138.5457 3138.5947 3139.1229 3143.1147 3147.2335 13
64 I 3125.8436 3126.1923 3127.3417 3132.659%4 3136.0374 14
65 I 3105.5543 3105.9804 3108.2634 3119.8229 3132.0218 15
66 I 3075.1108 3075.8894 3078.4378 3088.7679 3096.6655 16
67 I 3037.0996 3038.138 3040.702 3048.7354 3051.1861 17
68 I 2991.5832 2993.3687 2998.3752 3015.2915 3026.5992 18
69 I 29359154 2937.7812 2941.8819 2953.2245 2954.8499 19
70 I 2872.826 2874.61 2877.4585 2882.1984 2876.6789 20
71 I 2802.4363 2806.4211 2813.4033 2827.323 2836.6244 21
72 I 2721.2626 2724.1457 2728.479 2736.1267 2741.9238 22
73 I 2633.0393 2634.5487 2636.0338 2639.5056 2642.2647 23
73 J 2538.3524 2538.4757 2538.6901 2539.3466 2540.4377 24




122

Table 6.22. Bending moment in longitudinal direction of the bridge in the first I-girder

for all models

Element Moment-y Moment-y Moment-y Moment-y Moment-y Span
(kN.m)-0 (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 (m)
4 0 0 0 0 0 0
74 -224.39 -238.7 -247.46 -245.37 -240.1 1
75 -438.32 -459.12 -470.33 -459.15 -438.93 2
76 -633.44 -658.29 -670.77 -661.21 -632.68 3
77 -809.29 -831.55 -834.01 -812.41 -767.18 4
78 -961.76 -979.57 -969.48 -932.38 -870.14 5
79 -1088.91 -1104.67 -1089.22 -1035.82 -971.23 6
80 -1191.64 -1198.83 -1174.81 -1111.92 -1029.06 7
81 -1272.53 -1276.58 -1247.22 -1161.43 -1064.25 8
82 -1342.36 -1342.14 -1306.49 -1199.22 -1108.88 9
&3 -1386.89 -1376.3 -1330.85 -1220.22 -1114.98 10
&4 -1409.64 -1388.75 -1349.49 -1223.49 -1097.89 11
&5 -1410.46 -1403.9 -1361.68 -1219.52 -1076.25 12
86 -1410.79 -1388.76 -1336.85 -1180.62 -1031.93 13
&7 -1388.9 -1356.19 -1289.8 -1130.39 -968.78 14
88 -1345.74 -1309.19 -1247.29 -1077.17 -892.72 15
89 -1275.9 -1236.28 -1169.58 -993.09 -799.97 16
90 -1196.05 -1148.48 -1070.6 -892.5 -699.53 17
91 -1094.78 -1046 -966.67 -787.39 -649.71 18
92 -966.65 -913.22 -834.89 -663.4 -535.06 19
93 -814.01 -759.22 -685.36 -549.17 -420.41 20
94 -638.54 -591.69 -532.71 -423.58 -327.67 21
95 -441.41 -405.09 -369.75 -283.01 -219.12 22
96 -226.13 -208.53 -185.68 -142.45 -110.58 23
96 0 0 0 0 0 24
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Table 6.23. Torsion moment of the bridge in the first I-girder for all models

Element Torsion Torsion Torsion Torsion Torsion Span
(kN.m)-0 | (kN.m)-21 | (kN.m)-37.6 | (kN.m)-57 | (kN.m)-66.6 | (m)
4 28.27 30.2 29.24 -26.97 -36.9 0
74 30.25 31.87 31.03 -35.42 -45.44 1
75 33.76 35.23 33.86 32.48 -40.33 2
76 -40.38 -38.65 -39.41 -46.29 -50.97 3
77 -38.78 37.07 38.58 41.06 45.32 4
78 36.05 40.23 42 44.72 44.71 5
79 -37.09 33.61 38.61 48.9 51.71 6
80 -32.98 36.05 40.53 51.11 54.04 7
81 313 37.36 42.56 52.79 54.55 8
82 -30.12 31.75 40.51 54.45 57.62 9
83 26.22 33.99 42.34 54.75 56.86 10
84 28.87 35.93 43.59 55.16 55.66 11
85 -28.87 31.61 41.34 56.67 58.78 12
86 -26.22 34.04 43.29 55.91 58.06 13
87 30.12 37.05 44.62 54.42 55.43 14
88 -31.3 35.7 43.71 53.37 52.54 15
89 32.98 38.44 44.34 52.17 43.94 16
90 37.09 40.78 44.27 48.12 29.36 17
91 -36.05 38.24 40.13 42.86 10.51 18
92 38.78 38.36 38.44 31.33 10.51 19
93 40.38 38.24 35.95 15.56 10.51 20
94 -33.76 27.22 -25.8 1.55 1.14 21
95 -30.25 -26.79 1.47 1.55 1.14 22
96 -28.27 0.88 1.47 1.55 1.14 23
96 -28.27 0.88 1.47 1.55 1.14 24
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Element Shear-z Shear-z Shear-z Shear-z Shear-z Span
(kN)-0 (kN)-21 | (kN)-37.6 | (kN)-57 | (kN)-66.6 (m)
4 227.82 241.1 245.34 233.73 214.81 0
74 222.34 230.61 233.37 221.18 207.17 1
75 212.82 216.79 216.92 204.44 192.5 2
76 200.65 199.77 198.98 187.81 181 3
77 188.87 184.84 182.02 169.05 163.45 4
78 176.2 169.82 165.19 151.8 146.97 5
79 160.07 154.04 150.49 138.04 134.15 6
80 148.57 140.8 136.14 123.38 119.53 7
81 136.54 127.43 121.78 110.08 105.99 8
82 120.46 113.59 109.99 100.63 97.49 9
83 109.72 101.59 97.36 88.75 88.21 10
84 98.36 89.26 -85.34 -88.51 -85.01 11
85 -98.36 -100.7 -101.33 -99.67 -93.81 12
86 -109.72 -111.42 -111.15 -108.19 -100.74 13
87 -120.46 -121.59 -121.17 -116.2 -107.15 14
88 -136.54 -137.72 -134.83 -124.81 -113.13 15
89 -148.57 -148.42 -143.44 -130.5 -115.07 16
90 -160.07 -158.44 -151.96 -135.94 -113.14 17
91 -176.2 -171.88 -161.48 -140.07 -114.65 18
92 -188.87 -181.67 -168.38 -141.72 -114.65 19
93 -200.65 -190.37 -175.15 -147.8 -114.65 20
94 -212.82 -197.09 -177.7 -140.57 -108.55 21
95 -222.34 -203.04 -184.07 -140.57 -108.55 22
96 -227.82 -207.55 -184.07 -140.57 -108.55 23
96 -227.82 -207.55 -184.07 -140.57 -108.55 24
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Table 6.25. Axial forces of the bridge in the first I-girder for all models

Element Axial Axial Axial Axial Axial Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
4 8.1 21.73 37.63 76.5 106.41 0
74 14.63 38.31 64.86 128.12 175.78 1
75 21.24 52.23 86.47 168.36 225.2 2
76 26 39.13 57.19 112.4 200.69 3
77 30.33 46.04 66.19 134.98 220.8 4
78 33.8 51.6 73.48 153.37 231.49 5
79 35.85 48.17 62.15 94.75 147.87 6
80 38.19 48.96 64.77 104.79 145.76 7
81 40.71 51.65 67.65 113.62 141.58 8
82 42.04 50.66 59.59 76.94 73.44 9
83 42.95 47.29 60.25 80.54 66.79 10
84 43.6 48.98 62.29 81.89 -66.79 11
85 43.6 45.19 50.43 53.26 27.93 12
86 42.95 44.2 52.68 48.54 -39.34 13
87 42.04 46.43 56.43 44.08 -52.72 14
88 40.71 38.66 39.84 29.57 -36.03 15
89 38.19 37.24 38.53 -29.23 -46.06 16
90 35.85 37.56 37.57 -31.59 -55.33 17
91 33.8 26.66 -25.33 -27.07 -32.96 18
92 30.33 25.26 2291 -26.05 -32.96 19
93 26 24.03 22.43 26.95 -32.96 20
94 21.24 15.03 -17.25 14.62 15.75 21
95 14.63 11 10.59 14.62 15.75 22
96 8.1 8.02 10.59 14.62 15.75 23
96 8.1 8.02 10.59 14.62 15.75 24
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Table 6.26. Axial stresses of the bridge in the first I-girder for all models

Elem Axial Stress | Axial Stress | Axial Stress | Axial Stress | Axial Stress | Span
(kN/m2)-0 (kN/m2)-21 | (kN/m2)-37.6 | (kN/m2)-57 | (kN/m2)-66.6 | (m)

4 9.35 25.1 434 88.3 123 0

74 16.9 44.2 74.8 148 203 1

75 24.5 60.3 99.8 194 260 2

76 30 45.1 66 130 232 3

77 35 53.1 76.4 156 255 4

78 39 59.5 84.8 177 267 5

79 41.4 55.6 71.7 109 171 6
80 44.1 56.5 74.7 121 168 7

81 47 59.6 78 131 163 8

82 48.5 58.4 68.7 88.8 84.7 9
83 49.6 54.6 69.5 92.9 77 10
84 50.3 56.5 71.9 94.5 -77.1 11
85 50.3 52.1 58.2 61.4 322 12
86 49.6 51 60.8 56 -45.4 13
87 48.5 53.6 65.1 50.9 -60.8 14
88 47 44.6 46 34.1 -41.6 15
89 44.1 43 44 .4 -33.7 -53.1 16
90 41.4 43.3 43.3 -36.4 -63.8 17
91 39 30.8 -29.2 -31.2 -38 18
92 35 29.1 26.4 -30.1 -38 19
93 30 27.7 25.9 31.1 -38 20
94 24.5 17.3 -19.9 16.9 18.2 21
95 16.9 12.7 12.2 16.9 18.2 22
96 9.35 9.25 12.2 16.9 18.2 23
96 9.35 9.25 12.2 16.9 18.2 24




Table 6.27. Displacement in z-direction of the bridge in the first I-girder for all models
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Node DZ DZ DZ DZ DZ Span
(m)-0 (m)-21 | (m)-37.6 | (m)-57 | (m)-66.6 | (m)
7 0 0 0 0 0 0
86 20.011768 | -0.013388 | -0.017885 | -0.036094 | -0.065462 1
87 -0.013693 | -0.015242 | -0.019429 | -0.036842 | -0.065564 2
88 20.015929 | -0.017417 | -0.021346 | -0.037915 | -0.065616 3
89 0.018153 | -0.019577 | -0.023295 | -0.039069 | -0.06586 4
90 -0.020251 | -0.021612 | -0.025143 | -0.040207 | -0.066165 5
91 -0.022172 | -0.023468 | -0.026819 | -0.041261 | -0.066368 6
92 -0.023852 | -0.025085 | -0.028266 | -0.04214 | -0.066506 7
93 -0.025287 | -0.02643 | -0.029461 | -0.042824 | -0.066528 8
94 -0.026398 | -0.027484 | -0.030374 | -0.043276 | -0.066394 9
95 20.027217 | -0.028219 | -0.030994 | -0.043491 | -0.066088 10
96 20.02771 | -0.02865 | -0.031314 | -0.043453 | -0.065588 11
97 -0.027869 | -0.02875 | -0.031328 | -0.043172 | -0.064934 | 12
98 -0.02771 | -0.028527 | -0.031036 | -0.042631 | -0.064117 13
99 -0.027217 | -0.027987 | -0.030436 | -0.041868 | -0.063147 14
100 | -0.026398 | -0.027129 | -0.029549 | -0.04088 | -0.062088 15
101 | -0.025287 | -0.025974 | -0.028379 | -0.039689 | -0.061 16
102 | -0.023852 | -0.024527 | -0.026957 | -0.038361 | -0.059982 17
103 | -0.022172 | -0.022831 | -0.025321 | -0.036928 | -0.059068 B
104 | -0.020251 | -0.020932 | -0.023508 | -0.035488 | -0.058026 | 19
105 | -0.018153 | -0.018865 | -0.021578 | -0.034198 | -0.056858 | 20
106 | -0.015929 | -0.016705 | -0.019629 | -0.032993 | -0.05559 21
107 | -0.013693 | -0.01458 | -0.017871 | -0.031689 | -0.054248 | 22
108 | -0.011768 | -0.012884 | -0.016384 | -0.030316 | -0.052855 | 23
8 0 0 0 0 0 24
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Table 6.28. Final forces in pre-tentioned steel of the bridge in the first I-girder for all models

Elem | Part Final force | Final force | Final force | Final force | Final force | Span
(kN)-0 (kN)-21 (kN)-37.6 (kN)-57 (kN)-66.6 (m)
4 I 2537.675 2537.373 2536.906 2535.555 2533.639 0
74 I 2634.515 2635.857 2637.104 2638.018 2637.281 1
75 I 2721.705 2724.926 2727.997 2731.237 2731.347 2
76 I 2799.532 2803.682 2805.857 2804.587 2801.909 3
77 I 2870.55 2874.842 2877.326 2876.456 2873.961 4
78 I 2932.515 2937.199 2940.226 2940.17 2937.845 5
79 I 2985.569 2989.315 2990.652 2986.321 2981.859 6
80 I 3031.275 3034.632 3035.647 3030.946 3026.4 7
81 I 3068.197 3071.344 3072.237 3067.472 3062.882 8
82 I 3096.404 3098.044 3097.427 3090.606 3086.602 9
83 I 3117.348 3118.415 3117.164 3109.405 3105.687 10
84 I 3129.619 3130.213 3128.448 3119.84 3116.443 11
85 I 3133.234 3132.284 3129.624 3121.866 3123.16 12
86 I 3129.643 3128.167 3124.815 3115.912 3117.745 13
87 I 3117.397 3115.407 3111.377 3101.253 3102.965 14
88 I 3096.463 3093.27 3089.327 3083.915 3093.138 15
89 I 3068.304 3064.857 3060.431 3054.394 3062.6 16
90 I 3031.414 3027.621 3022.6 3015.466 3021.164 17
91 I 2985.713 2981.508 2978.145 2979.503 2990.642 18
92 I 2932.73 2928.878 2925.643 2926.139 2928.862 19
93 I 2870.806 2867.075 2863.68 2861.587 2858.379 20
94 I 2799.79 2797.41 2797.734 2800.61 2805.169 21
95 I 2722.037 2721.234 2721.95 2722.166 2725.616 22
96 I 2634.873 2635.122 2634.532 2634.983 2637.324 23
96 J 2537.675 2538.193 2538.354 2539.042 2540.275 24
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